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Nature’s Steam Engine

C'est & la chaleur que doivent étre attribués Jes grands mouvements qui
frappent nos regards sur fa terre; c’est 3 elle que sont dues les agitations
de I’atmosphére, fascension des nuages, la chute des pluies et des autres
météores, les courants d'eau qui sillonnent fa surface du globe et dont
I'hornme est parvenu a employer pour son usage une faible partie; enfin les
tremblements de terre, les éruptions volcanique reconnaissent aussi pour

cause le chaleur,

—Nicolas Léonard Sadi Carnot®

* husthe great nineteenth-century French sci-
entist Carnot attributed to the flow of heat the
grand motions of the atmosphere, the flow of
rivers, and the forces inside the earth that drive
earthquakes and volcanoes. Physicists such as

Garnot were motivated, in part, by a desire to

‘understand the theory underlying the operation

of steam engines, and they were particularly con-
cerned to determine how efficient such engines
can be made, Carnot showed that for any engine
to convert heat energy into mechanical energy,
heat has to flow from a high-temperature reser-
voir to a low-temperature reservoir, and he sug-
gested that the fraction of heat energy that can be
converted is proportional to the difference
between the temperatures of the two reservoirs.
Garnot’s other great contribution to ther-

modynamics was his demonstration that a partic-

841t is to heat we should attribute the great movemnents that app

ular kind of heat engine maximizes the conver-
sion of heat energy to mechanical energy. This
ideal heat engine works on a particular thermody-
namic cycle in which a working substance is
transformed in four steps, ending up in the same
state that it began. He illustrated this cycle by
considering a gas in a cylinder contained by a
piston {Figure 10.1):

Step 1: The gas is heated and at the same

time, the piston rises, reducing the pressure on

the gas. When pressure falls, the gas cools, but in
this case, just enough heat is added to keep the
temperature of the gas constant. This is called
tsothermal expansion. '

Step 2: The heating is turned off, but the
piston continues to rise, further reducing the
pressure on the gas. As the pressure is reduced,

the gas cools. This is called adiabatic expansion.

ear to 1s on earth; to it are due the agitations of the atmosphere,

the rising of clouds, the fall of rain and other meteors, the water currents that furrow the surface of the globe and of which man
has managed to turn a smalf part to his use; and finally, earthquakes and velcanic eruptions are also caused by heat” Reflexions

sur la Puissance Motrice du Feu, Paris, 1824.
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Figure 10.1: The four steps
of the classical Carnot energy
eycle: isothermal expansion;
adiabalic expansion;
sothermal compression;

and adiahatic compression.

B

(“Adiabatic” means “without addition of heat.”)

Step 3: In the reverse of step 1, the gas is
cooled and at the same time, the piston falls,
increasing the pressure on the gas at Just such a
rate as to keep its temperature constant. This is
called isothermal cam'pres_sz;an, and the gas loses
heat during this step.

Step 4: In this last step, the cold source is
removed, and the gas is compressed untl it
warms to the temperature it had at the start of the
cycle. Thisis called adiabatic compression.

Carnot showed that this cycle, which now
bears his name, does work on whatever is
attached to the piston. So, for example, if the
piston is connected to a crankshaft, some of the
heat energy (supplied by the fire in this example)
is used to accelerate the shaft or, if there is
enough friction somewhere m the system, to
keep the shaft turning against friction. As noted
earlier, he also showed that the fraction of energy

supplied by the keat source that is ultimately

used to do this work is proportional to the differ-
ence between the temperatures of the substance
(gas, in this case) in steps 1 and 3, The greater
this temperature difference, the more work can
be done for the same input of heat energy. This
relation can be expressed mathematically. Let 7
be the mechanical work that can be done by the
engine, and Q the rate of heat input. Also let 7j,
be the absolute temperature’ of the substance at
the beginning of the cycle, and let T,; be the
temperature at the end of step 2. Then '
Thot = Lootd '
— . (10.1)
An automobile engine is an example of a
heat engine. Heat is put into the engine when a
spark plug ignites the mixture of gasoline and air
inside each cylinder. This happens when the
piston is nearly at the end of the cylinder, and the
mixture 1s at maximum compression and maxi-
mum temperature. (In a diesel engine, the gases

get so hot from compression that they ignite

"The absolute temperature is measured in degrees Kelvin, where 0 Kelvin is “absolute zero.” This is the coldest temperature any
substance can attain, at which all molecular motions cease. ¢ Kelvin is equal to -273 C or -459 F.
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Figure 10.2: The energy cycle

of & mature hurricane. dir

spirals inward close to the sea

surface, between poinits A and
B, acquiring heat from the
seean by evaporation of. ;95@-
water, dir then ascends in the
eyewall, from B to G, without
acquiring or losing heat other
than that produced when
water vapor condenses.
Between C and D, the air loses
the heat it origenally acquired
Jrom the ocean. Finally,
between D and 4, the air
refurns fo ils starfing point,
I a veal hurricane, the
energy cycle is open because.
hurricanes conlinuonsly
exchange avr with their envi-
rowment (see text). The colors
show a measure of the air’s
keat content, with warm
colors corresponding to high
keat eontent.
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without a spark plug.} After the miniature explo-
sion takes place, the gases in the cylinder expand
and cool, and the piston is forced rapidly down-
ward. Heat 1s then taken away from the cylinder
by the circulation of cool water {or air, if it’s an
old VW Beetle) through the engine and ulti-
mately exchanged to the atmosphere through the
car’s radiator.

The auto engine departs in several re-
spects from the ideal heat engine first deseribed
by Carnot. But it turns out that a hurricane is an
almost perfect example of a Carniot heat engine.

In a hurricane, the working substance is
not just air, but a mixture of moist air, water
droplets, and ice crystals. (We could choose dry
air as the working substance, but then we would
have to take into account the enormous conver-
sion of energy that takes place when water vapor
condenses into liquid water drops or ice crystals.
By choosing moist air and condensed water as
the working fluid, we can mostly avoid dealing
with phase changes of water.} The heat cycle of
the hurricane is shown in Figure 10.2.

This diagram shows a cross section
through an idealized hursicane. The central axis
of the storm is on the left side of the diagram. The
wind speeds of the storm are assumed not to be
changing in time, and we neglect aﬁy vatiations inl
the properties of the air as one moves around the
axis of the storm. Let’s follow a sample of air that
begins at point A near the sea surface, a hundred
kitometers or so from the storm center. The air
begins to spiral in toward the eyewall at point B.
The storm center is an area of relatively low pres-
sure, so the pressure on the air decreases as it
travels from A to B. But it 1s always i contact
with the sea surface, which acts as an almost
unlimited heat reservoir, so its temperature is
approximately constant. It is during this leg that
enormous quantities of heat are added to the air.
Leg A-B is the firebox of the hurricane.

At first it does not seem obvious that air is
heated as it flows from A to B. But remember that”
air flowing from high to low pressure would cool .
were no heat added toit. Here, heat flowing from

the sea into the air keeps it at nearly constant
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temperature. But there is a much more important
source of heat: the enormous flow of energy that
occurs when seawater evaporates into the inflow-
ing air. Just as in a steam engine, the heat from the
ocean is used mostly to evaporate water. Evapo-
ration of water is a very efficient way to transfer
heat from one body to another. That is why you
feel cold when you are wet, especially if it is
windy andfor dry: evaporation is taking heat
from foui" body. : _
Thus the addition of heat in leg A-B

shows up mostly as an increase in the humidity

of the air. This form of heat is called lafent heat.
Evaporation of seawater into the inflowing air is
by far the most important seurce of heat driving

the hurricane. And while evaporation occurs

over most of the area covered by the storm, the

part of the evaporation that is actually effective in
driving the storm occurs very near the humi-
cane’s eyewall, where the winds are strongest.
When hurricanes make landfall, they quickly die
because they are cut off from their oceanic
Energy Source.

There is one further effect on the energy

of hurricanes. The terrific winds blowing across

the surface near the eyewall are constantly being

dissipated by friction, Just as you produce heat
when you rub your hands together, this frictional
dissipation heats the air near the surface. We
shall return to this point in a moment.

The colors in Figure 10.2 show the en-
tropy of the moist air; very loosely, this measures

the total heat content of the air (including the

latent component). Note that as air approaches |

the eyewall, its entropy increases rapidly, reflect-
ing the large input ofheat from the ocean.

Now at point B, the air turns and flows
upward through the towering cumulenimbus

clouds that make up the hurricane’s eyewall. It is

here that the latent heat is converted into seasible
heat as water vapor condenses. But it is important
to note that although there is enormous conver-
sion between these two forms of heat, the fotal
heat content (entropy, actually) remains approxi-
mately constant along this leg. (Note that the
colors do not change along leg B-C.) As the air
flows upward, the pressure on it decreases very
rapidly. What we have here is an example of adia-
batic expansion.

Tn: the real world, the heat absorbed from
the ocean and shot upwards through the hurri-
cane’s eyewall is expelied into the distant envi-
ronment. But in computer models, we can place
walls around the outside of the storm, forcing the
air to return to the surface and thereby closing
the loop. This makes it a little easier to describe
the thermodynamic cycle of the storm.

By the time the air reaches point C in the
high troposphere or lower stratosphere, some 12
to 18 km above the sea surface, the adiabatic
expansion has lowered its temperature to a value
close to that of the undisturbed upper tropical
atmosphere, around -70°C or about 200 Kelvin.
The air remains at approximately this tempera-
ture as it _sink,é down toward the tropopause
(point D). Although the air is undergoing com-
pression, it is losing heat by electromagnetic
radiation to space {see Chapter 4). This leg of
the cycle is very nearly one of isothermal com-
pression.

Finally, the air sinks from point D back to
the starting point A, In réality, the air is losing
heat by radiation to space, just as i leg G-D;
but it turns out that the amount of heat lost is
almost equivalent to the amount of heat that
would have been lost if the rainwater, instead of
falling out of the storm, had remained in the am,

evaporating as the air descends. This latter is,
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once again, just a conversion between two differ-
ent forms of heat that preserves the total heat con-
tent. Thus leg D-A is very nearly one of adiabatic
compression. '

The thermodynamic cycle of a mature
hurricane is almost exactly like the idealized
cycle envisioned by Carnot. The hurricane
would be a perfect steam engine but for one
interesting feature.

In Carnot’s cycle, as in real steam engines,
the mechanical erergy produced by the engine is
used to do something outside the engine itself,
like power a locomotive. If the locomotive is
moving at constant speed, then there is an equi-
librium between the mechanical energy produc-

tion by the engine and the frictional dissipation of

energy of the wheels on the tracks, the air moving

. past the train, and all the moving parts of the

engine and drivetrain. "This frictional dissipation
turns the kinetic energy into heat, which is Jost to
the environment.

The mechanical energy produced by the
hurricane’s heat engine shows up as the energy
of the winds. But in a mature haxrricane, almost
all of the frictional dissipation occurs in the
inflow layer. Thus the power of the winds is con-
verted back into heat, which then flows back into
the system at the high temperature reservoir
where beat energy is being injected in the first
place. Thus, unlike in the locomotive, some of
what would have been wasted heat energy is
recycled back into the front end of the heat
engine. This recycling of waste heat makes hurri-
canes somewhat more powerful than they would
be otherwise,

We can use our understanding of the hur-
ricane’s Carnot cycle to estimate how strong the
winds ean get, assuming that the sea surface tem-

perature remains unaffected by the storm. First,
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the rate at which kinetic energy is dissipated in

the atmosphere near the surface is given by
D=CppP?, (10.2)

where I is the rate of energy dissipation per unit
area of the surface, p is the density of the air, V' is
the wind speed and G, is a number called the
drag coefficient, which is a property of the surface
itself and increases with the roughness of the sur-
face. Thus, the dissipation of kinetic eﬁergy
increases rapidly with wind speed. Now the rate
at which heat is added to the inflowing air
depends on two processes: evaporation from the
ocean and the conversion of kinetic energy back
into heat. The total rate of heat input per unit area

of the earth’s surface is given by

Q=CppVE+ CDp’V", (10.3Y

where the new symbols are Gy, the enthalpy

exchange coefficient, and E, the evaporative

potential of the sea surface. The firstis a number :

like the drag coefficient, but it measures how
quickly heat flows across the air-sea interface.
The second is a measure of theApotential for
transferring heat from the ocean to the atmos-
phere and 1s a function both of the air-sea tem-
perature difference (which is usually a small
effect in the Tropics) and the relative humidity of
the air near the surface. The lower the relative
humidity, the more water can evaporate into the
air and the bigger the value of E. In fact, E is
a measure of the air-sea thermodynamic dis-
equilibrium and is a direct consequence of the

greenhouse effect {see Chapter 4). The more

“greenhouse gases (and clouds) in the atmos-

phere, the less heat can escape from the ocean by
means of radiation and the more heat has to get
out by evaporation, thus the larger the value of E,

According to equation (10.1), the amount




" Nature’s Steam Engine

of work produced by the hurricane’s Carnot cycle
is just the heat input, given by equation {10.3),
multiplied by the thermodynamic efficiency,
( Lot = Tooua ) [ Taatt

iHflmf - T;:'old

Wﬁ(GKpVE"*' GDpV'?)X T
hot

) . (10.4)

Equating the work given by equation (10.4) to the
dissipation of kinetic energy given by equation
(10.2) and doing a little algebra gives a formula

for the maximum wind speed in a hurricane:

Vmax = J

Although we have derived this.'equatioxi by

Tt = Tt

T, .E . {105

approximate arguments, the same equation has
been derived exactly using a different approach
published in the professional literature. Note that

now T, rather than T;,, appears in the bottom -

part of the fraction in equation (10.5). Thisisa
consequence of allowing the feedback elfect of
dissipative heating, and it makes V. larger than
it would otherwise be. We shall refer to the maxi-
mum wind given by equation (10.5) as the
potential infensity of the hurricane. To calculate
it, we need to know the ratio of the surface
exchange coefficients, the modified thermody-
namic efficiency, and . To get this last number,
all we need to know is the sea surface tempera-
tuze, the temperature and humidity of the air just
above the surface, and the surface pressure at the
location of maximum winds. Unfortunately, we
do not know in advance what this surface pres-
sure will be; it depends on the maximum wind
speed itself. The solution to this problem is to
make a guess at the surface pressure, calculate the
maximum wind speed from equation (10.5), use
that to make a new estimate of the surface pres-

sure at the location of maximum winds, use that

to make a new estimate of &, plug that back into
(10.5), and keep going around this loop. Eventu-
ally, the estimates of wind speed and surface pres-
suré converge to the correct answér, unless the
sea surface is extremely hot andfor 7., is very
small. In that case, there 1s no solution to the

equation. What happens under these conditions

is a runaway feedback: the lower the surface pres-

sure, the more heat input results from the isother-
mal expansion of inflowing air; this additional
heat input makes the storm more intense, drop-
ping the surface pressure even lower, resulting in
yet more heat input from isothermal expansion,
and so on. The additional dissipation of kinetic
energy simply cannot keep up. Although the con-
ditions under which this would happen are far
from those found on earth, we have simulated
them with a computer model. The resulting
storms, which we nicknamed Aypercanes, col-
lapse down to very tight vortices, with eyes only a
few kilometers in diameter and with wind speeds
approaching or even exceeding the speed of
sound. These storms, rather than extending
upward only into the very low stratosphere,
would reach up to 30-40 km altitude, where they
would deposit vast quantities of water inalayer of
air that is normally very dry. This could cause a
series of chemical reactions that would largely
destroy the ozone layer that protects us from
lethal ultraviolet radiation.

Besides E, we need to know the sea surface
ternperature, 73, , and the temperature where
air is flowing out of the top of the stortn, 7,,;3. To
estimate these, we need to know the vertical tem-
perature profile of the atmosphere in the distant
environment of the storm. Fortunately, this can be

provided by weather balloons and other means.

Finally, we need to know the ratio Gg/ GD_-':
We know that at very low wind speeds, this::
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Figure 10.3: Map showing . ..

the maximum wind speed

{in mph) achicvable by
hurricanes ooer the course

of um pverage year, according
to Garnot’s theory of heat
engines.

B
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MPH

ratio is close to one. However, as the wind
increases, waves develop on the ocean, maliog it
rougher and increasing the drag coefficient, Cp.
Up to wind speeds of around 60 mph, measure-
ments show that this increase in Cj is enough to
lower the ratio Cx/Gp to around 1/2. But using
a value of 1/2 in equation (10.5) gives wind
speeds that are too small to-explain real hurri-
canes. Gomputer models show that at hurricane-
force wind speeds, the ratio of exchange coeffi-
cients should be close to one, suggesting that
some other processes are at work. Many research
scientists believe that the missing ingredient is
sea spray, which can transport enormous quant-
ties of heat from the ocean to the atmosphere, as
well as serving as an additional source of drag,
The physics of air-sea interaction at hurricane
wind speeds is an iraportant research issue today.

Using climatological records of atmos-

pheric temperature and humidity, and sea sut-

face temperature, and assuming some value of
Cx/Cp, we can estimate the maximum wind
speed that can be achieved in hurricanes. Figure
10.3 shows the maximum wind speed that can
occur over the course of a year, assuming monthly
mean climatological conditions. Deep in the
‘Tropics, hurricanes can apparently have winds as
high as 200 mph. The potential intensity of
storms decreases rapidly, poleward of around 30°
latitude. Comparing this map to the map of gene-
“is locations (sce Chapter 14), itis clear that hur-
ricanes only develop where the potential intensity
is large.

The hurricane Carnot heat engine, with
its recycling of waste heat, is one of the most effi-
cient natural generators of power on earth. The
amount of power diss;lpated by a typical mature
Atlantic hurricane, as given by equation (10.2)
integrated over the whole surface area covered by

the storm, is on the order of 3 trillion Watts,
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which happens to be very nearly equal to the
worldwide electrical generation capacity as of
January 1996. This is enough to light 30 billion
100-Watt light bulbs. A Pacific supertyphoon
can dissipate ten times this power.

As Carnot states at the opening of this
chapter, the flow of heat drives almost everything

61

that happens in the earth’s atmosphere and
oceans, and also deep within its interior. Among
these phenomena, an intense hurricane comes

closest to Carnot’s ideal heat engine.
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