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SECOND PUBLIC EXAMINATION
Honour School of Physics Part A: 3 and 4 Year Courses
Honour School of Physics and Philosophy Part A
Al: THERMAL PHYSICS

Wednesday, 17 June 2009, 9.30 am — 12.30 pm

TRINITY 2009

Answer all questions of Section A and three questions from Section B.
Start the answer to each question on a fresh page.
A list of physical constants and conversion factors accompanies this paper.

The numbers in the margin indicate the weight that the Examiners expect to
assign to each part of the question.

Do NOT turn over until told that you may do so.



Section A

1. The speed v of molecules in an ideal gas is given by the Maxwell distribution

3/2 2
P(v) = (27r;anT) dmvde ™ / 2kBT

where the symbols have their normal meanings. Estimate

(a) the most probable speed, average speed and rms speed for nitrogen molecules (N2)
at 300 K.

(b) the temperture of a gas comprised of nitrogen molecues that have a mean trans-
lational kinetic energy of 6.07 x 10~2! J.

[You may take the molar mass of a nitrogen atom (N) to be 14 gmol™.] [6]

2. An Otto cycle consists of four stages: (a) an adiabatic compression from V; to V2, .
(b) an isochoric pressure increase; (c) an adiabatic expansion from V5 to Vi; and (d) an
isochoric pressure decrease. Sketch the p-V diagram indicating where heat enters and
leaves the system. Assuming that the gas behaves like an ideal gas with a constant heat
capacity, show that the efficiency is

e.1 lS the ratio of the specific heat at constant pressure to the specific heat at
oﬁ“’ﬂ?‘*“i y lume 3]

oyt
e
&

A person (ms 57 8kg) tries to penetrate a garden fork (mass 1kg) into a melting
of ice by s uoh g on it with all his/her weight. Assume that no heat flows from
The mﬁi ‘has four prongs, and each prong has a square cross section
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7 how much must the temperature of the ice be lowered to resist

he density of wat w d ice at 0 °C to be 1000 kgm =2 and 916.7 kg m 3,
> latent heat t:'fi'.? fusion ¢ 1ce is 333 x 10% Jkg~1.]
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9. Write down the fundamental postulate of statistical mechanics and use it to show
that, for an isolated ensemble of weakly-interacting distinguishable systems of the same
type, the most likely population distribution is the Boltzmann distribution.

[You may assume that, for an ensemble of N distinguishable systems of the same type,
the number of ways of assigning systems to states with occupation numbers n; is given

l
by W = Al .
nilnglng! - - -

6. In the classical limit, the partition function for /N molecules of an ideal gas can
be conveniently written Z = (Vz)" /N! where z depends only on the temperature T,
some internal properties of a molecule and fundamental constants. Find an expression

for the chemical potential in terms of kg7, N/V and z. s
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Section B

The heat diffusion equation in cylindrical coordinates is:
oT & Fa?:r 10T | IR T OAT:
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s, - A paramagnetic solid object is placed inside a solenoid in vacuo. The solid can

be modelled as an ensemble of weakly mteractmg spin-half systems, each with magnetic
Ve dnpole moment . The dJagram shows the magnetic dipole moment M of the ob ject as
a unction of apphed magnetic field B, with two isotherms plotted.

G -
V)lth reasons, which isotherm (A or D) corresponds to the hlgher tempera-

) Write down ar expr&snon for M in terms of the populatlons of the two spin states
and other relevant quantltles Give an a.rgument to show that M is constant if

he i\:'-:-7{::{l:ifé',g"u}"';‘ 1S COnNS 1. nt. |
the g;;g;;;j@iin_'_i? not all relax or ‘flip’ to their lowest energy state.
‘\\ } ! ".\.

unction for the system and use it to obtain the equation
A Hj {r, ‘

’ "/‘/".:‘7\. L.,- ot » . . o
ot cycle. Cop ‘.,_t.,_he diagram and indicate on your diagram an example J
o - . . ‘ ! A [9]
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that the magnetlc work required to
0 has the form a(T) In(1—m?) and obtain

(&) —<4.>
q »

: (6]
rk done in each f*the four parts of a Carnot |
| and 7} 1 < T,. Hence, show that
W = — M ”3]3 . (5]
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8. Show that |AB| = |A||B| for arbitrary 2 x 2 matrices A and B, where |M | signifies
the determinant of M.

A three-component real vector r = (z,y, 2) is related to a complex 2 X 2 matrix

., 2z T — 1y
5= ( T+iy —=z ) '
Let S’ = USUT be similarly related to r’ = (z',y',2'), where U is a unitary matrix
of determinant 1. Find |S|, and show that 2/? + y2 + 2’2 = 22 + 42 + 22, 6]

The matrix exponential exp(M) is defined by

S by

1 1
exp(M)=I+M+§M2+§M3+....

Show that exp(ifo,) = cos(#) I + isin(f) o,. By relating S to the Pauli spin matrices,
or otherwise, show that, when S is transformed to S’ = USUT by U = exp(ifo;), the
associated vector r’ is related to r by a rotation through 26 about the z axis. [11]

Show that any 2 X 2 unitary matrix with unit determinant can be written as

a —=b*
D 0%

for some pair of complex numbers a, b. 3]

[The Pauli spin matrices are

|[Turn over]



s? Starting from the First Law

jabatic proces :
e b ature 1" occupying volume V,

9. What is meant by a quasistatic,
deal gas at temper

of Thermodynamics, show that, for an 1

Tv?~! = constant,
e to the specific heat at

[7]

where ~ is the ratio of the specific heat at constant pressur
constant volume.

The hydrostatic equation expresses the chan
atmosphere of thickness dz as

ge in pressure dp due to a laye

dp = —pg dz,
ation due to gravity. Using this ex-

where p is the density of air and g is the acceler .
h height for a parcel of air that rises

pression, show that the change in temperature wit
adiabatically in the atmosphere can be expressed as

(y—1)mg
T 9

where m is the molecular mass of dry air.

Hence estimate the change in temperature with height for an ideal parcel of dry
air as it rises adiabatically in the Earth’s lower atmosphere. Repeat the calculation for a
gas parcel in a planetary atmosphere composed of a mixture of monatomic gases whose
effective molar mass is 28.96 x 102 kg for Earth-like conditions, i.e. where g = 9.8m SHA:

Comment on your result. [5]
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10. The heat flux J, in the z-direction is given by

oT
0z’

Jy = —K

where & is the thermal conductivity. Explain the necessity for a negative sign on the

right-hand-side of this equation. Using simple kinetic theory, show that « is
k= 3CyA(v),

where Cy is the heat capacity per unit volume, A is the mean free path, and (v) is the
mean molecular velocity.

Consider a cylinder of radius a with thermal conductivity x; with uniformly dis-
tributed heat sources providing heat per unit volume H (Wm™2). This cylinder is
surrounded by a second cylinder of outer radius b with thermal conductivity xo. If the
cylinder is sufficiently long so that the temperature may be considered as a function of
radius only, show that the temperature in the cylinder at equilibrium can be described

by

2
T + -E-(a2 — %) + il In(b/a), if0<r<a,
4K 2K9
T(T) o HaZ
Te + o In(b/r), if a <71 < b,
2

where T, is the temperature of the cylinder at radius b.

A stainless-steel wire is 0.1 mm in diameter and 1m long. If the outside of the
wire is held fixed at 20°C, estimate the steady-state current passing through the wire
when the stainless steel at the centre of the wire begins to melt.' A second wire similar to
the first is encased in glass 2 mm thick. If the outside of the glass is held fixed at 20°C,
estimate the current passing through the wire when the stainless steel at the centre of
the wire begins to melt.

[For stainless steel, the melting point is 1400°C, k =19 Wm'K~!, and the resistivity

,.,:;
\ ¢ "Ib.
:
) l"“..
L ARy )
PUEN ' & ‘ »
. A’ p
V A
,|

'.‘
'
1
R L .
-
"'_' " A ‘.é‘
. ..77 )I .1‘. -
> — "
| ‘ TP «
- $e <
c" ‘
H .
. 1 R

[LAST PAGE]

[5]

9]

6]









2 i %
L R :
2 i N /{nl"(?)
















;\

’L Ca ) D @m}mgp‘_) -’ , 1o Af(?h" ,.

I T&Mpepm_w })&CI&LV‘?%V }"Jl\ﬁr‘ Tem Pem‘tv\w\

o f"‘l« partiales Tdpre— were [l

L | Fo te:—ﬁeﬂdz@—w—m N

'Pﬂ\ c(\d&iw). e the  biglee
M)y e O3 erd T&w: bre

—) /O.w WA y}vo’( CSaf on.

SR IVIVIENNIS 5y

e ;
1_\ Dpiticlls "N Lff@ﬁv A
fos f CAaACh K£t» el W[c'.*.zv:.__cﬁan}a_— !

N 2 Covyetyn + LAy NIy CO/‘O"fo;rT-
)1

e "-?5_” the /)acnam— OCcrtaJ_ _/?W‘f
WatEces o the  “Ppor [eng)

‘_ A Q%(L@:}b 9f |

f_‘mbb_n A O /*‘@f! oy

Stons 4)







| o T
+ e
L L R T N T
e /: \*. ;:"#' 5 s A
i " Ny 25T
T VB, = [

+ e s | &

1 BB thd
S B, f

\ (8 St

R )

. — o A—te e



PB el ) e DT f 0 )
9 BC W = -Npm, (- B )

= - _m*%lmu___) (T.-T.).

=V
- NlaT e M
\AJ = ’U: ' A ( lﬁ:‘: )

W = 'NJ"M];(BD = (o)

i |

T




L2 A("i'i - @:(:‘ ;3)

Jb, (_B_L LA [ P !’31: %“IF

ol s

{ecrar—pess S

Ms{ = e fna by )Lt ds) — (o eds) (AH))

6‘:0(:%4 Q}g;((l)‘; —t/:)XC/Z"f Orded - o4 & J(S‘f%

= % . c;Lbé - Jb’oxlz -—M

= . ad (g -BY) — b (d¢ —0P)

= (ad “be)crE-2P) = |AIB)

—

—

———— e

—

r-*rg‘» L\'“v

e —

XUR = b Y3 , | .
e [ i

S la 2
n"/ -

4

[Lth/’

—

-.

R (5] 2 usud] = (VSO

1 .
\ i
I -
' X g \
' ' Y B Rl B “ 7 % -3
w? 3 -

St S g

~

- : ,
Y\ |
LR /

m— ]'




e ‘.09.)\901/ t2c0)9 C2
,‘Ji)_iimro-ﬂ )

9 0\ - 2 ?6 ( )
. ]'11' 1\( f;. 1 (9) %
! ‘\-f -'& «j \ ¥l -
VG ‘ S

y -

9 (959 | 'ZS q5ce CO}{' o,
. ;’ “I:_'{ , ILB ('to—%l

N - >
.-l -
. g

=) “ i

.-‘\ -

i s

w]18.¢ u
4 - . J




= X ox 4 ([ -5t 1y ~/15w9 coss] 2/ %

AT ([ 1509 wm]@_t/;f_[:@ﬁa —M"@Z?] O3

e——————————————— JTL

+ (Sin Y (0519 ) 02

/ : &

-

R
’:\3

’7) b e gL

—

Ot

J !
Q\' b — det (A ) =1
;

‘ .
’
]
4
"
x
&

e
T < :
b\ 1578
\ '
1 * "'.,. D e
. -
] S —
I A ey (
/ A3

qu e b c,*) @O @
C X)) R - cLX)_d. =

| j bR £ (L)X =0 &
[ T' :: 2=\ C*)CE(:‘ 'O\D./ '

&’e"' ’(—J)CJ"’O &







e pral) 'qu\ 0?5”-(“(‘( S 5}/&{% RraMS " |/ n @]u/bw\w,
: ‘fhmu(]%%’ﬁ the r)-voc&)s :

i (gt dthavtr e O WMAS S Mﬂﬂc and  hst
ﬁ )\&,,( C?chu,m?«e, T £ Savend, “j &




2 2o ('L )T ) T+ T”'(WF“ZZ,P P

ATE & __‘W~7= i




:
p!

A
@ 5
1 P L N s

Heat — floves froen hiyh tompeatace 2 [ow~
= | ._’f’fwi?.e,./_: g\—,(_u_\,&j__ So ,,)C ).(__>wo 4}\2,/\9__ PN
be_ A f\f—g_cm MR &\‘ﬂ_m :

i e g e P e

——— A — ——————e et

\f’vf- _particles. 480y = N\aduchdV

R N U39 £18) yshe du do I

([ (R-02y =T (&)

AV E
(&

B S - Ol
" ey 42“ ) C T (%) =, 22 QZ
SO




; -S So L weqﬁw_) V’zﬁ‘@ o CM}" 20 JBJ/Z :
__‘_Cv o A . b’f'/" A,th_s. —-1 o
4 o Tl AL g
e —1 6y 7\9; sz(__)ﬂv Jo (oS’ stno | If
/ et O NG JDW
D, TR 27
L A U IS










CA<" I ORNOS; x/.'3 re
(= PURE 5 G 3_-/<‘
o= g0 = JeT < <)

)c = s v_\/tvv"//"’l'

e

| 6."" R

1

-
]
| iR |
Rty e \
el ke A

T i !hf.-"? .

- a— r .““u
-" '. '

L g f
=R



