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Hannah: Is there anything in it?

Valentine: In what? We are all doomed? (casually) Oh yes, sure - it’s called
the second law of thermodynamics.

Hannah: Was it known about?

Valentine: By poets and lunatics from time immemorial

-Arcadia, by Tom Stoppard

3: Calorimetry and Entropy (30 Points)

A hot block of metal with inital temperature T,,, mass M, and specific heat Cp,
s dropped from a height h into a container of water, specific heat C,, = 2C,,,
which also comains mass M of water but is at initial temperature T,,. Find
the entropy change of the system (metal plus water) after the block has come to
rest in the water and the combined system has reached thermal equilibrium. You
may assume that no water is vaporized. Neglect the container wall heat capacity
and air resistance.

Before we calculate any entropy changes, we need to find the final temper-
ature of the equilibrated system. In most calorimetry problems, we would just
apply > @Q = 0. There is a subtlety here, however. When we say that the heats
of the components sum to 0, we are really saying that no heat enters or leaves
the system. That is not the case here, however. We are adding heat since we are
dropping the block in. Initially, the metal has a potential energy M gh, which
is all converted to kinetic energy as it reaches the end of its fall. What happens
to this energy? It becomes additional heat added to the system! Using our first
law, AE = AQ — AW and noting that there is no work being done, we can
conclude that Qgrop = Mgh. We add this to the right side of the equation. We
do this because the equation will then tell us that the heat gained by the water
minus the heat lost by the metal is equal to the additional heat added to the
system.

For the heats lost by the metal and gained by the water, we merely use AQ =
MCAT where, as always, AT = (Ty — T;). This gives:

AQy = MCW(Ty—T,) =2MC,(Ty —Ty)
AQm = Mcm (Tf - Tm)
AQdTOp = Mgh

Plugging these in to our initial statement and expanding, we have

QMCmTf —2MC,, Ty + MCmTf - MC, Ty = Mgh



We can cancel out the Ms, and divide by C,, to give

h
9T} — 2y + Ty — Tpy = 2
Cm
Rearranging, we get
7 = Len, + 1, + 2 (1)
P g\ e T im o

Whenever arriving at a pivotal point like this, it’s good to take stock and
make sure everything makes sense. First, the dimensions of % are ms~2m/(m?s2K~1) =
K, which agrees with the rest of the formula. Now, suppose you had initially
but the Mgh term on the wrong side and wound up with a minus sign. How
could we spot this error? Notice that if the metal starts at a higher point, more
heat would be added, so the final temperature would be greater, indicating we
need a plus sign.

We are now ready to find the entropy change of this process. The first thing to
note is that it is irreversible. Thus, we can’t blindly apply our integral formula
for entropy. Instead, we break our system up into two segments: the water and
the metal. The temerature changes of each of these three components, then, can
be modeled by reversible processes, since entropy is a state variable. The total
entropy change would be the sum of these two [note that the effect of the heat
from falling is automatically accounted for in using 7y and in our modeling].
We know that AQ = MCAT'. This is easily converted to a differential relation:
dQ = MCdT. Then, dS = dQ/T = MCdTT. To find the entropy change, we
just integrate:

d

T
AS:MC/ —T:MClnB
T; T

T;

We are bringing the metal from temperature 1), to T, so AS,, = MCp,In ;1—"

Similarly, AS,, = 2MC,, In QT,—f Adding, combining and rearranging so that all
of our terms are implicitly positive,

AS = MC’m(an& —lnT—m

) (2)
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