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Abstract
Once speaking on the energy budget of the Earth Heinrich Hertz had recognized that evaporation and the consequent
precipitation over the globe is achieved through a hypothetical steam engine leading to around one meter of annual
rainfall. Here, the sea works as boiler, while the layer of air where clouds are formed plays the role of condenser, 15°C
colder than its boiler. Hertz had observed that this steam engine can hardly achieve one-third of the corresponding Carnot
efficiency. His saying has been pedagogically demonstrated here to be true by estimating the amount of water-vapor
evaporating annually over the sea, followed by its lifting to an altitude where it condenses giving us the anticipated rain.
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Resumen
Hablando una vez sobre el presupuesto energético de la Tierra, Heinrich Hertz habia reconocido que la evaporacion y
la consiguiente precipitacion sobre el globo se logra a través de una maquina de vapor hipotética que conduce a
alrededor de un metro de precipitacion anual. Aqui, el mar funciona como caldera, mientras que la capa de aire donde
se forman las nubes hace el papel de condensador, 15°C mas frio que su caldera. Hertz habia observado que esta
maquina de vapor dificilmente puede alcanzar un tercio de la eficiencia de Carnot correspondiente. Se ha demostrado
pedagdgicamente que su dicho es cierto al estimar la cantidad de vapor de agua que se evapora anualmente sobre el

mar, seguido de su elevacion a una altitud donde se condensa dandonos la lluvia anticipada.
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I. INTRODUCTION

In a classic lecture in 1885 bearing topic “On the energy
balance of the Earth”, Heinrich Rudolf Hertz [1] had
mentioned “... the greater portion of the Earth’s surface is
indeed covered with water, which evaporates under the
influence of the incident solar radiation, and indeed not on a
very small scale. Every year, we may assume that on the
average a water layer a meter high over the entire Earth is
converted into water-vapor...” Also “if we consider the
evaporated surface of the sea as the boiler, then we must take
as the condenser the layer of the air in which the clouds are
formed. The latter layer is cooler than the boiler, and it must
be so, for otherwise absolutely no conversion of heat into any
kind of work would be possible. The difference [in
temperature] is, however, not great, we can hardly assume that
the difference between the temperature of the Earth and that
of the cloud-covering layer amounts to more than 15 °C on
the average. But a steam engine, whose condenser is only 15
°C colder than its boiler can, even with the most perfect
design, convert at most about 120 of the heat provided into
useful work”.
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I1. DEVELOPMENT

We know that most perfect designed engine follows the
Carnot cycle between heat source temperature T;and heat sink
temperature T,; in the situation under consideration
temperatures are T; = 288°K, and T, = 273 °K and the
efficiency so obtained would be

—k-1_28x1/20=0.05.

T, 288

Ncarnot = (1)
Hertz, further elaborates that “The large sun-machine of
which we are speaking, however, is far from actually reaching
this theoretically possible maximum; probably it achieves
scarcely one-third of it”. As per Hertz conjecture the real
efficiency ngeq; Will be one-third of Carnot efficiency
Nearnot, that is 0.017 wide (1). The students are usually eager
at this point to examine the above statement through another
expression for efficiency, which is the real efficiency

w
NReal = Q_l (2)

The overhead symbols will be discussed in the sequel along
with the cycle, which describes the processes of evaporation
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in the boiler (T, = 288°K) at vapor pressure Pygay =
1704.1 Pa [2] and condensation at an altitude where T, =
273 °K and vapor pressure .3 = 610.8 Pa; the process
of phase transitions occurring at both ends having a
temperature difference of 15 °C. This fact advises that we
have to follow the cycle [3] shown in figure 1 which describes
it perfectly. The solar radiation provides latent heat Q, [4] to
evaporate sea water along the path 1 — 2 displayed in the PV
diagram portraying the phase transition. The vapor so formed
moves up to a lower vapor pressure (Py5, ) and a lower
temperature (T,) point 3 [5] where it starts condensing
following the path 3 — 4. At the point 4 the condensation
process concludes and the rain water dropping to the surface
of oceans, thereby beginning the cycle once again as of point
1.

The work so performed

W= (PZI;%aSZ;(OT - 2177l131;{01”) ' (Vvapor - Vwater)y (3)

where V,,.:er IS the volume of water evaporating annually,
while V4,0 is the corresponding volume of water vapor
through Voapor = Vuapor * Mwater; here Vygpor = 77.97 m* -
kg~1 is the specific volume of water vapor [2] generated per
kilogram of evaporated water, and M,,4¢or = D * V., qter IS the
average mass of water evaporating annually; the density of
water D = 103 kg - m™3. The volume as well as the mass of
water evaporating annually, which is around a meter thickness
water layer over the sea can be evaluated through [6]

Voater = 4?" [R® — (R — 1)%] = 4nR? = 5.1- 104 m? -
yr~1; Radius of Earth (R) = 6.371-10°m

Myaior =D - Viparer = 103 -5.1-10%* = 5.1- 10'7kg -
yr=t (4)

The corresponding volume of water vapor produced annually
can also be evaluated as

Voapor = Voapor " Mwater = 77.97 * 5.1 10Vm? - yr~t =
3.98-10Y m3 - yrt (5)

Thus, the work part which is performed annually comes out
to be via (3)

W = (1704.1 — 610.8) - (3.98 - 101 — 5.10 - 10'%) =
4.35-10%%] - yr~t (6)

The denominator part of the expression (2), that is Q, can be
counted using

Q1 = Mygrer L = 5.1+10Y7 - 2.46 - 10° = 1.26 - 10%*] -
yr~1; Latent heat (L) = 2.46 - 10° ] /kg @

Thus, the efficiency of evaporation-precipitation cycle
appears to be
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= 0.035. ©)

This value is, of course, less than the Carnot efficiency
estimate (1) in agreement with the second law of
thermodynamics, however, it is still twofold compared to
Hertz inference of 1.7%. This is so because, in actual
atmosphere, it is the mixture of air and water vapor, and not
only water vapor as supposed in the calculations here for
teaching purpose.
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Figure 1. Pressure-volume diagram of the evaporation process
(1-2), lifting of vapor (2—3) followed by condensation (3—4) and
finally rain (4—1) over the globe. It may be added that the marginal
change in the volume of water-vapor when it moves up to the lower
vapor pressure point 3 has been ignored.
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