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6.1 Tall tale .
The mythical lumberjack Paul Bunyan usually cut down trees, but on one occasion
he attempted to diversify and run his own sawmill. As the historians tell it, “Instead
of turning out lumber the mill began to take in piles of sawdust and turn it back into
logs. They soon found out the trouble: A technician had connected everything up
backwards.”

Can we reject this story on the basis of the Second Law?

6.2 Entropy change upon equilibration

Consider two boxes of ideal gas. The boxes are thermally isolated from the world and,
initially, from each other as well. Each box holds N molecules in volume V. Box 1
starts with temperature T, ;, whereas box 2 starts with T, ,. (The subscript “i” means
“initial,” and “f” will mean “final”) So the initial total energies are E;; = N%kg T
and E;» = N3kgTi .

Now we put the boxes into thermal contact with each other but still isolated from
the rest of the world. We know they’ll eventually come to the same temperature, as
argued in Equation 6.10.

a. What is this temperature?
b. Show that the change of total entropy S,o is then

(T + Tip)?
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¢. Show that this change is always > 0. [Hint: Let X = % and express the change
of entropy in terms of X. Plot the resulting function of X.]
d. Under a special circumstance, the change in S, will be zero: When? Why?
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6.4 Efficient energy storage

Section 6.5.3 discussed an energy-transduction machine. We can see some similar
lessons from a simpler system, an energy-storage device. Any such device in the cellu-
lar world will inevitably lose energy, as a result of viscous drag, so we imagine pushing
a ball through a viscous fluid. We push with constant external force f; as the ball
moves, it compresses a spring (Figure 6.11). According to the Hooke relation, the




240 Chapter 6 Entropy, Temperature, and Free Energy

Figure 6.11: A simple energy-storage device. A tank filled with a viscous fluid contains an
elastic element (spring) and a bead, whose motion is opposed by viscous drag.

spring resists compression with an elastic force f = kd, where k is the spring constant.®
When this force balances the external force, the ball stops moving, at d = f/k.

Throughout the process, the applied force was fixed, so by this point we’ve done
work fd = f*/k.Butintegrating the Hooke relation shows that our spring has stored
only fod f(x)dx = 1kd?, or 1 f?/k. The rest of the work we did went to generate
heat. Indeed, at every position x along the way from 0 to d, some of the applied force
compresses the spring while the rest goes to overcome viscous friction.

Nor can we get back all the stored energy, %fz/ k, because we lose even more to
friction as the spring relaxes. Suppose that we suddenly reduce the external force to a
value f| that is smaller than f.

a. Find how far the ball moves and how much work it does against the external force.
We'll call the latter quantity the “useful work” recovered from the storage device.

b. For what constant value of f; will the useful work be maximal? Show that even
with this optimal choice, the useful work output is only half of what was stored in
the spring, or  f*/ k.

¢. How could we make this process more efficient? [ Hint: Keep in mind Idea 6.20.]
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6.6 Polymer mesh
D. Discher studied the mechanical character of the red blood cell cytoskeleton, a
polymer network attached to its inner membrane, Discher attached a bead of diameter

¥ Another Hooke relation appeared in Chapter 5, where the force resisting a shear deformation was propor-
tional to the size of the deformation (Equation 5.14 on page 172).
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Figure 6.12: (Schematic; optical micrograph; experimental data.) (a) Attachment of a single
fluorescent nanoparticle to actin in the red blood cell cortex. (b) The red cell, with attached
particle, is immobilized by partially sucking it into a micropipette (right) of diameter 1 um. =
(c) Tracking of the thermal motion of the nanoparticle gives information about the elastic . -
properties of the cortex. [Digital image kindly supplied by D. Discher; see Discher, 2000.]

40 nm to this network (Figure 6.12a). The network acts as a spring, constraining the
free motion of the bead. He then asked, “What is the stiffness (spring constant) of this
spring?” . -

In the macroworld, we’d answer this question by applying a known force to the 8
bead, measuring the displacement Ax in the x direction, and using f = kAx. Butit’s 4
not easy to apply a known force to such a tiny object. Instead, Discher just passively
observed the thermal motion of the bead (Figure 6.12¢). He found the bead’s root-
mean-square deviation from its equilibrium position, at room temperature, to be
V ({Ax)?) = 35nm; from this, he computed the spring constant k. What value did
he find? =
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