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Chapter 8

How Water Behaves
THE MAIN IDEA

Water is exceptional.

8.1 Open Structured Crystals
8.2 Melting and Freezing
8.3 The Stickiness of Water
8.4 Liquid and Gaseous Phases
8.5 Water’s Specific Heat
8.6 Phase Changes and Energy 

8.4 Liquid and Gaseous Phases

Molecules of water in the liquid phase move about in all 
directions at different speeds. Some of these molecules may 
reach the liquid’s surface moving fast enough to overcome 
the hydrogen bonds and escape into the gaseous phase. As 
presented in Section 2.6, this process of molecules converting 
from the liquid phase to the gaseous phase is called evap-
oration (also sometimes called vaporization). The opposite 
of evaporation is condensation—the changing of a gas to a 
liquid. At the surface of any body of water, there is a constant 
exchange of molecules from one phase to the other, as illus-
trated in Figure 8.21.

As evaporating molecules leave the liquid phase, they 
take their kinetic energy with them. This has the effect of 
lowering the average kinetic energy of all of the molecules 
remaining in the liquid, and the liquid is cooled, as Figure 
8.22 shows. Evaporation also has a cooling effect on the 
surrounding air, because liquid molecules that escape into 
the gaseous phase are moving relatively slowly compared to 
other molecules in the air. This makes sense when you con-
sider that these newly arrived molecules lost a fair amount 
of their kinetic energy in overcoming the hydrogen bonds of 
the liquid phase. Adding these slower molecules to the sur- 
rounding air effectively decreases the average kinetic energy 
of all the molecules making up the air, and the air is cooled. So, 
no matter how you look at it, evaporation is a cooling process. 
Figure 8.23 shows a useful application of this cooling effect.

^  Figure 8.21
The exchange of molecules at 
the interface between liquid and 
gaseous water.
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As water cools, the rate of evaporation slows down, because 
fewer molecules have sufficient energy to escape the hydrogen 
bonds of the liquid phase. A higher rate of evaporation can be 
maintained if the water is in contact with a relatively warm surface, 
such as your skin. Body heat then flows from you into the water. 
In this way the water maintains a higher temperature, and evapo-
ration continues at a relatively high rate. This is why you feel cool 
as you dry off after getting wet—you are losing body heat to the 
energy-requiring process of evaporation.

When your body overheats, your sweat glands produce 
perspiration. The evaporation of perspiration cools you and helps 
you maintain a stable body temperature. Many animals, such as 
those shown in Figure 8.24, do not have sweat glands and must 
cool themselves by other means.

Warm water evaporates, but so does cool water. The only 
difference is that cool water evaporates at a slower rate. Even frozen 
water “evaporates.” This form of evaporation, in which molecules 
jump directly from the solid phase to the gaseous phase, is called 
sublimation, as introduced in Section 2.7. Because water molecules 
are so firmly held in the solid phase, frozen water does not release 
molecules into the gaseous phase as readily as liquid water does. 
Sublimation, however, does account for the loss of significant por-
tions of snow and ice, especially on sunny, dry mountaintops. It’s 
also why ice cubes left in the freezer for a long time tend to get 
smaller.

At the surface of any body of water, there is condensation 
as well as evaporation, as Figure 8.21 indicates. Condensation 
occurs as slow-moving water vapor molecules collide with and stick 
to the surface of a body of liquid water. Fast- moving water vapor 
molecules tend to bounce off each other or off the liquid sur- face, 
losing little of their kinetic energy. Only the slowest gas molecules 

^  Figure 8.22
Evaporation is a cooling process.

Figure 8.23
When wet, the cloth cover-
ing on this canteen promotes 
cooling. As the faster- moving 
water molecules evaporate 
from the wet cloth, its tem-
perature decreases and cools 
the metal, which in turn cools 
the water in the canteen.
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condense into the liquid phase, as Figure 8.25 illustrates. As this 
happens, energy is released as hydrogen bonds are formed. This 
energy is absorbed by the liquid and increases its temperature. 
Condensation involves the removal of slower-moving water vapor 
molecules from the gaseous phase. The average kinetic energy of 
the remaining water vapor molecules is therefore increased, which 
means that the water vapor is warmer. So, no matter how you look 
at it, condensation is a warming process.

C O N C E P T   C H E C K
If water were less “sticky,” would you be cooled more or less by its evaporation?

CHECK  YOUR  ANSWER    Water molecules leave the liquid phase only when they have enough 
kinetic energy to overcome hydrogen bonding. It is hydrogen bonding that makes water sticky, so 
to say that water is less sticky is to say that hydrogen bonds are weaker than they actually are. Then 
at a given temperature, more molecules in the liquid phase would have sufficient kinetic energy 
to overcome the weaker hydrogen bonds and escape into the gaseous phase, carrying heat away 
from the liquid. The cooling power of evaporating water would therefore be greater. This is why 
less “sticky” substances, such as rubbing alcohol, have a noticeably greater cooling effect as they 
evaporate.

How is a hurricane connected 
to the hydrogen bond?

CONNECTIONS
CHEMICAL

^  Figure 8.24
(a) Dogs have no sweat glands 
(except between their toes). They 
cool themselves by panting. In this 
way, evaporation occurs in the mouth 
and the bronchial tract. (b) Pigs have 
no sweat glands and therefore cannot 
cool off by the evaporation of per-
spiration. Instead, they wallow in the 
mud to cool themselves.
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A burn to your skin from 100°C water vapor is much more 
damaging than a burn from 100°C liquid water. Why? The water 
vapor gives up considerable energy when it condenses to a liquid 
and wets the skin. This energy released by condensation is utilized 
in heating systems, such as the household radiator shown in Figure 
8.26.

The water vapor in our atmosphere also gives up energy as 
it condenses. This is the energy source for many weather systems, 
such as hurricanes, which derive much of their energy from the 
condensation of water vapor contained in humid tropical air, as 
Figure 8.27 illustrates. The formation of 1 inch of rain over an area 
of 1 square mile yields the energy equivalent of about 32,000 tons 
of exploded dynamite. We explore this further in the Chapter Essay 
on “Winds from Water”.

After you take a shower, even a cold one, you are warmed 
by the heat energy released as the water vapor in the shower stall 
condenses. You quickly sense the difference if you step out of the 
stall, as the chilly guy in Figure 8.28 is finding out. Away from the 
moisture, the rate of evaporation is much higher than the rate of 
condensation, and as a result, you feel chilly. When you remain in 
the shower stall, where the humidity is higher, the rate of conden-
sation is increased, so you feel that much warmer. Now you know 
why you can dry yourself with a towel much more comfortably if 
you remain in the shower stall.

Spend a July afternoon in dry Tucson or Las Vegas and you’ll 
soon notice that the evaporation rate is appreciably greater than 
the condensation rate. The result of this pronounced evaporation is 
a much cooler feeling than you would experience on a same-tem-
perature July afternoon in New York City or New Orleans. In these 
humid locations, condensation outpaces evaporation, and you feel 
the warming effect as water vapor in the air condenses on your skin.

^  Figure 8.26
Heat is given up by water vapor 
when the vapor condenses inside 
the radiator.

^  Figure 8.27
As it condenses, the water vapor in 
humid tropical air releases ample quan-
tities of heat. Continued condensation 
can sometimes lead to powerful storm 
systems, such as a hurricane, shown 
here from space.

Figure 8.25 >
Condensation is a warming process

^  Figure 8.28
If you’re chilly outside the shower 
stall, step back inside and be warmed 
by the condensation of the excess 
water vapor there.
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Boiling Is Evaporation beneath the Surface
When liquid water is heated to a sufficiently high temperature, bub-
bles of water vapor form beneath the surface, as we saw in Section 
2.7. These bubbles are buoyed to the surface, where they escape, 
and we say the liquid is boiling. As shown in Figure 8.29, bubbles 
can form only when the pressure of the vapor inside them is equal to 
or greater than the combined pressure exerted by the surrounding 
water and the atmosphere above. At the boiling point of the liquid, 
the pressure inside the bubbles equals or exceeds the combined 
pressure of the surrounding water and the atmosphere. At lower 
temperatures, the pressure inside the bubbles is not enough, and 
the surrounding pressure collapses any bubbles that form.

What does the pressure 
inside a bubble of boiling 
water equal or exceed?

READING CHECK

Recall from Section 8.2 that 
adding salt lowers the freez-
ing point of water. The reason 
is because the presence of a 
solute decreases the number 
of water molecules in con-
tact with the surface of an 
ice crystal. Interestingly, salt 
water has a higher boiling 
point for similar reasons. In 
salt water, fewer water mol-
ecules at the liquid’s surface 
are able to escape into the 
gaseous phase. This makes 
evaporation more difficult. 
Higher temperatures, there-
fore, are needed to get the 
salt water boiling.

FOR YOUR
INFORMATION

< Figure 8.29
Boiling occurs when water 
molecules in the liquid are 
moving fast enough to 
generate bubbles of water 
vapor beneath the surface 
of the liquid.
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At what point boiling begins depends not only on tem-
perature but also on pressure. This includes the pressure from the 
weight of the surrounding liquid as well as the pressure from the 
weight of the atmosphere at the surface. As atmospheric pres-
sure increases, the vapor molecules inside any bubbles that form 
must move faster in order to exert enough pressure from inside 
the bubble to counteract the additional atmospheric pressure. So 
increasing the pressure exerted on the surface of a liquid raises 
its boiling point. A cooking application of this effect of increased 
pressure is shown in Figure 8.30.

Conversely, lower atmospheric pressure (as at high altitudes) 
decreases the boiling point of the liquid, as Figure 8.31 illustrates. 
In Denver, Colorado, the Mile-High City, for example, water boils at 
95°C instead of the 100°C boiling temperature at sea level. If you try 
to cook food in boiling water that is cooler than 100°C, you must 
wait a longer time for proper cooking. A three-minute boiled egg in 
Denver is runny and undercooked. If the temperature of the boiling 
water were very low, food would not cook at all. As the German 
mountaineer Heinrich Harrer noted in his book Seven Years in Tibet, 
at an elevation of 4500 meters (15,000 feet) or higher, you can sip 
a cup of boiling tea without any danger of burning your mouth.

Boiling, like evaporation, is a cooling process. At first 
thought, this may seem surprising—perhaps because we usually 
associate boiling with heating. But heating water is one thing; boil-
ing is another. As shown in Figure 8.32, boiling water is cooled by 
boiling as fast as it is heated by the energy from the heat source. So 
boiling water remains at a constant temperature. If cooling did not 
take place, continued application of heat to a pot of boiling water 
would raise the temperature of the water. The reason the pressure 
cooker in Figure 8.30 reaches higher temperatures is that boiling is 
forestalled by increased pressure, which in effect prevents cooling.

C O N C E P T   C H E C K
Is boiling a form of evaporation, or is evaporation a form of boiling?

CHECK  YOUR  ANSWER   Boiling is evaporation that takes place beneath the surface of a liquid.

^  Figure 8.30
The tight lid of a pressure cooker holds 
pressurized vapor above the water sur-
face, and this inhibits boiling. In this 
way, the boiling temperature of the 
water is increased. Any food placed in 
this hotter water cooks more quickly 
than food placed in water boiling at 
100°C.

C O N C E P T   C H E C K
If the water level in a bowl of water remains unchanged from one day to the next, can you conclude 
that no evaporation or condensation is taking place?

CHECK  YOUR  ANSWER   Not at all, for there is much activity taking place at the molecular level. 
Both evaporation and condensation occur continuously and simultaneously. The fact that the 
water level remains constant indicates equal rates of evaporation and condensation—the number 
of H2O molecules leaving the liquid surface by evaporation is equal to the number entering the 
liquid by condensation.
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A simple experiment that dramatically shows the cooling 
effect of evaporation and boiling consists of a shallow dish of 
room-temperature water in a vacuum jar. When the pressure in 
the jar is slowly reduced by a vacuum pump, the water starts to 
boil. The boiling process takes heat away from the water, which 
consequently cools. As the pressure is further reduced, more and 
more of the slower-moving liquid molecules boil away. Continued 
boiling results in a lowering of the temperature until the freezing 
point of approximately 0°C is reached. Continued cooling by boiling 
causes ice to form over the surface of the bubbling water. Boiling 
and freezing take place at the same time! The frozen bubbles of 
boiling water in Figure 8.33 are a remarkable sight.

Spray some drops of coffee into a vacuum chamber and 
they, too, boil until they freeze. Even after they are frozen, the water 
molecules continue to evaporate into the vacuum until all that is left 
to be seen are little crystals of coffee solids. This is how freeze-dried 
coffee is made. The low temperature of this process tends to keep 
the chemical structure of the coffee solids from changing. When hot 
water is added, much of the original flavor of the coffee is retained.

The refrigerator also employs the cooling effect of boiling. 
A liquid coolant that has a low boiling point is pumped into the 
coils inside the refrigerator, where the liquid boils (evaporates) and 
draws heat from the food stored in the refrigerator. Then the coolant 
in its gas phase, along with its added energy, is directed outside 
the refrigerator to coils located in the back, appropriately called 
condensation coils, where heat is given off to the air as the coolant 
condenses back to a liquid. A motor pumps the coolant through 

^  Figure 8.32
Heating warms the water from 
below, and boiling cools it from 
above. The net result is a constant 
temperature for the water.

(a)            (b)

^  Figure 8.31
The boiling point of water (as well as other liquids) decreases with increasing altitude. (a) At about 5000 feet 
elevation, full boiling water registers a temperature of about 95°C. (b) At even higher elevations, the boiling 
temperature of water can be much less.
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the system as it undergoes the cyclic process of vaporization and 
condensation. The next time you’re near a refrigerator, place your 
hand near the condensation coils in the back; you’ll feel the heat 
that has been extracted from inside.

An air conditioner employs the same principle, pumping 
heat energy from inside a building to outside the building. Turn the 
air conditioner around so that inside cold is pumped outside and 
the air conditioner becomes a type of heater known as a heat pump.

Figure 8.33 >
In a vacuum, water can freeze 
and boil at the same time. This 
is known as water’s triple point, 
which is where it can exist 
as a solid, liquid, and vapor 
simultaneously.


