Additional Practice Problems: THERMODYNAMICS

9. A system is comprised of 10 g of Ar gas at 0°C and P = latm. When
3400 J of heat are added to the system at constant pressure, the resultant
reversible expansion causes the system to perform 900 J of work. Calculate
(a) the initial state (P,V,T), (b) the final state (P,V,T), and (c) AU for
the process, if the gas is assumed ideal.

The number of moles of gas is:

10 1
J = — moles (1)

"7 3005 g mol-1 4

(a) Initially, the pressure and temperature are given: P = 1 atm and
T = 0°C = 273 K. The initial volume is determined from the ideal
gas law:

nRT _ (L mol)(0.082057 L atm K" mol )23 K) __

(2)

(b) In the final state, the volume and temperature have attained new values,

Vinitial =
initial P 1 atm

dw = —PdV (3)

Vf'inal
w=— / PdV = —P / AV = —P(Viomat — Vimitiat)  (4)

Vinitial
w 900 J 0.082057 L atm
inal = T 5 initial — . L
Viina = Zp + Viniiat = 70 =g 31407 1500 (5)
Viina = 14.5L (6)
(7)

Note that the work is negative since the gas did work on the surround-
ings (the internal energy must be lowered by this process!) Given this
change in volume, the temperature is now,

Tyimat = PViinal _ : (1 atm)(14.5 L) _ 7K
nR (7 mol)(0.082057 L atm K~! mol~1)
(8)
(c) To determine the change in internal energy, the first law is applied:
dU = dq + dw 9)
AU = 3400 — 900 = 2500 J (10)



10. Determine the total internal energy change and net heat transferred to one

11.

mole of an ideal gas undergoing the 4-step process shown schematically
below, in terms of 77, T, Vi, and V5.

We know that the internal energy is a state function. This means that its
value only depends on its current state and not on the path taken to get to
that state. Since we know the starting and end states (they are the same
state), we can directly determine the change in internal energy:

finalstate
av- [ AU = Ufinat = Usnitar = 0 (11)
initial state

This is a general result for any state function: The change in the value of
a state function in a cyclic process (one which begins and ends in the same
state) is zero.// Because we know that the change in internal energy for the
cycle, we can determine the total heat transfer for the cycle (the cycle is the
four-step process). Applying the first law:

AU=0=gqg +wi+¢+g+ws+q=0 (12)
Qtotal = 1 + @2 + 43+ g1 = —w1 — w3 (13)
we have applied the first law to the cycle, and the work in steps 2 and 4 is zero

due to constant volume. (Note also that g2 = fcvdT =cp(To —Th) = —qu.
This information is interesting but not necessary to solve the problem....Here,

¢y = 3 is independent of temperature.)
\% \%Z
2 > nRT 1%
wy = — PdV:—/ nvldV:nRT1 lnvl (14)
Vi Vi 2
i i nRT. Vi
wy=— | PV = —/ D20V = nRTy Inn2 (15)
v v, V Vi

V- V-
Giotal = —(w1 +w3) = nR(Ty — T3) ln_V2 = R(Ty —T5) ln—VQ (16)
1 1

Many gases do not obey the ideal gas law, but are better described by
another equation of state, known as the Van der Waals equation of state:

P+ 9%V — nb) = nRT
Carbon dioxide is described by the Van der Waals equation of state, with
parameters a = 0.3640 (Pa m® mol=2) and b = 4.267210° (m?® mol~1).
Compare the work needed to reversibly compress 1 mole of carbon dioxide
from 6 L to 2 L at a constant temperature of 298 K using the ideal gas




model vs. the Van der Waals equation of state.

First, if we treat CO5 as an ideal gas, we have:

Vs Vi .
w:f/ PdV:f/ PRT vy R YT — R Yt — o701 g
v, v, V Vi Vi
(17)

For the Van der Waals gas, first we re-arrange the equation of state to obtain
an expression for the pressure P:

nRT an’?
P = - — 1
V—-nb V2 (18)
Then the work can be calculated as:
Vs Vi RT a Vi-b a a
f
= — PdV = — ————dV =—RTI ——— =2636J
v Vi »/Vi V—b V2 n‘/l_b—’_vf Vi
(19)

We see that the Van der Waals equation of state predicts a lower amount of
work performed to compress the gas—this arises due to the second term in
the pressure: the constant a accounts for Van der Waals attractions (induced
dipole-induced dipole) between molecules within the gas, which reduce the
pressure relative to that of the ideal gas. Thus, the ideal gas law overestimates
the amount of work required to compress a gas with weak self-attractive
interactions. The constant b in this equation of state accounts for the finite
volume of real molecules.



