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Duration - 2 hours: Non-programmable calculators allowed.

Answer all questions in ink in the spaces provided on the test paper.

Supplementary information can be found at the end of the test paper.

Please note that some questions involve multiple parts and not all questions are worth the

same number of marks.
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1. (5 points) Explain why the boiling temperature of a one component liquid always
increases with pressure for temperatures below the critical point.

2. (5 points) What is wrong with the phase diagram for a single component system in
the picture below? Note that «, 8, v and § denote different phases.
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3. (25 marks total) Consider a Carnot cycle heat engine using an arbitrary gas as a
working substance. Recall that the processes between states A - B and C — D
are reversible and isothermal, while those between states B — C and D —A are
reversible and adiabatic. Use the first and second laws of thermodynamics to answer
the questions below.

PA.

(1) (10 points) By computing entropy changes, show that
T_c_ —_ _Qc
T Qn’
where 7, and T}, are the cold and hot temperatures in the isothermal steps of
the cycle and @, and @y, are the heat flow during these steps.
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(i) (10 points) Show that the work done is given by

W=~Qh(1—%>.

(iil) (5 points) Show that the efficiency ¢ of the Carnot cycle is a function only of
the ratio of the temperature of the cold reservoir to that of the hot reservoir,

T
e=1-"

T
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4. (20 marks total) Suppose we have one mole of a pure system of a volatile substance
A with a vapor pressure P} = 2 atm at a temperature T

(i) (5 marks) Describe the phase composition of the system as the pressure P is
gradually increased isothermally from a pressure of P = 1 atm to a pressure of
P = 3 atm. Note the pressures where the system changes composition.

Now suppose that one mole of a volatile substance B with vapor pressure Pg =1
atm is added to the system at temperature T

(ii) (5 marks) At what pressure does vapor first appear in the mixture and what is
the composition of this vapor?
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(iii) (10 marks) Suppose the total pressure of the mixture is P = 1.4 atm. Compute
the composition of the liquid and vapor phases and determine the number of
moles of liquid and vapor at this pressure.
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5. (45 marks total) Consider a particle of mass m confined by a harmonic potential of

2

1
the form V(z) = 5w z2, where w is the frequency of the oscillator. The energy of

the state 1, (z) with quantum number n is E, = hw (n + %)

(i) (15 marks) Write down the Hamiltonian operator for the system and verify
that the ground state wavefunction

Ot2 1/4
7,[20(37) — (__) e—a2m2/2,

where o = mw/h, satisfies the time-independent Schrédinger equation with
energy Ep = hw/2.
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(i) (5 marks) What is the lowest frequency of light v at which the system absorbs?

(iii) (10 marks) Using the wave function in part (i) and the integrals provided in the
formula sheet, show that the expectation value of the potential energy in the
ground state is equal to half the energy of the ground state, i.e (V) = Ey/2.
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(iv) (15 marks) Suppose two identical non-interacting particles of mass m are posi-
tioned in the harmonic potential. Write down
— The Hamiltonian for the two particle system.

— The wavefunctions vy, n,(Z1,2) in terms of the single particle wavefunc-
tions ¢, (z) and the allowed energies E, n, assuming that the overall wave-
function must be anti-symmetric with respect to how we label particles so
that

'l/)m,nz (1“17 I2) = ""l.bnh'nz ('/1:2) .‘Z']).

— The ground state energy of the system.
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Y1
II

Identities:

Integrals:

Equation sheet

298 K =25°C P° =1bar=1x 10° Pa=1x105m1ig82
8.3145 J/(K — mol) = 0.082 L — atm/(K — mol)
1.055 x 10734 J — s h=6.626x10734J — s c=3.0x108m/s
TdS — pdV H=U+PV G=H-TS A=U-TS
au oUu
> = - =) = Y ==
dgrev dS > dq/T € w/qq (BS)V T (8V>S P
8H 84 8A
T — | =V - = — ) ==
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-S —_ = —_— = — _ =
(3P)T v (BT)p 5 <6P)T v
-(3), @)~ (). &G, -G).- (&
0S8 /)y OP)s \8S)p ov /)y \aT /)y OP)r \OT/p
6G)
— G=Y niu AGS, =3 1;AGS; = —RTInK
(37?4‘ T, Pnj#n; ; K XZ: ' ’
" dinKp AHS,
Ha-’ = f=c—p+2
i T RT?
ASy _ AHu mEr o BHwp (11
AVy  TAVy P, R \Ty T
1 _ RIn Xsolvent
Ttus A Hiys
pl+RTWnP/P; pe = u¥ + RT'Ina;
P} P} P}
P+ (P¥ — Py, = 142 -
SRS e M M T BT Pom
P} P-P} P} n ni4 -Z
v 1 2 1 1 tot Y1 1
= — = ——— Z = — ==
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TN = —ofxe”* T deea —a(l a:z:)

oo o
2,2 ‘\/E 2 g2 \/7—1'
—&°T T __
/ dz e =, / dx xz“e =
« —0 oY

1
—oo 202

e =cosz+isinz, (e”) =e
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