
Some Properties of Steam as Applied to a Lumber
Dry Kiln

By Stanley E. Corder, Oregon Forest Products Laboratory

Drying lumber requires manipulation and control of temperature and
humidity. The working medium is usually steam. An understanding of the
nature and properties of steam is, therefore, highly desirable. The purpose of
this paper is to describe and analyze the properties and characteristics of
steam.

STATE CHANGE
The heat properties of the material—water and water vapor—are of most

interest, so these properties will be examined in some detail. Most materials
can occur in three separate states depending on pressure and temperature
conditions. These states are solid, liquid, or gaseous. The characteristics of
materials are markedly different in the three different states. Water is
somewhat unique in that its name changes when it changes state. When solid
it is ice; when liquid, water; and when a gas or vapor, it is usually called steam.
Normally, a material's name is not changed when it changes state. For
example, steel is called steel in the solid state and is called molten steel when
liquid; oxygen under ordinary conditions is a gas but under certain conditions
can exist as a liquid. It is referred to then as liquid oxygen.

In measuring heat, the term Btu (British thermal unit) is used commonly.
A Btu is defined as the heat required to raise one pound of water one degree
Fahrenheit (at 62 deg F). It is incomplete to say a material has a certain
absolute amount of heat. Heat always will flow from a material of higher
temperature to a material at a lower temperature. Therefore, as long as a
material is at a higher temperature than some other material, it possesses heat
relative to the other material. For example, ice at 0 deg F possesses heat
relative to air at -10 deg F. The lowest temperature possible is -460 deg F. Heat
measured above this temperature would be absolute heat, since there can be
nothing at a lower temperature to which heat can be transferred. However,
this usually is not the basis used. Instead, we measure the heat above some
arbitrary starting point or datum. For steam, the datum of water at 32 deg F
commonly is used as the point from which heat is measured, and is the basis
used in most steam tables. This starting point is entirely arbitrary, but since
heat transfer is always calculated by a difference between two conditions, the
same result is obtained regardless of the datum chosen.

Figure 1 is an illustration of the changes that take place as heat is added to
the solid (ice) changing it first to a liquid (water), which finally ends as a
vapor (steam) upon continued addition of heat. Starting with superheated
steam and extracting heat, the same line will be followed from right to left. For
illustration, assume one pound of ice at an initial temperature of -100 deg F and
at constant atmospheric pressure, or 0 psi.

If heat is added to the ice at -100 deg F, its temperature rises about 2 deg
F for every Btu added until the temperature reaches 32 deg F. Sixty-one Btu
have been added to raise the temperature from -100 deg F to 32 deg F, a total of
132 deg. The volume has increased very slightly, with the one pound of ice
now occupying 0.018 cu ft.

Further addition of heat does not result in a continued temperature rise
but, instead, the ice melts into water at a constant temperature of 32 deg F.
It takes 144 Btu to transform one pound of ice into one pound of water. This
heat is called the heat of fusion. There is also a slight reduction in volume
from 0.018 cu ft to 0.016 cu ft in changing from ice to water. This volume
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FIGURE I. ICE , WATER , AND STEAM AT ATMOSPHERIC PRESSURE.

difference explains broken water pipes in the winter from water changing into
ice, with consequent expansion.

Continued application of heat raises the temperature of the one pound of
water 1 deg F for every Btu added until a temperature of 212 deg F is reached.
This temperature rise is 180 deg F up from 32 deg F and requires 180 Btu. Here,
again, there is only a slight increase in volume so that the one pound of water
at 212 deg F occupies 0.02 cu ft.

With continued addition of heat the temperature remains at 212 deg F and
the liquid (water) is transformed into a vapor (steam). It takes 970 Btu to
change a pound of water at 212 deg F into steam at 212 deg F. This heat is
called the heat of vaporization. There is also a marked increase in volume from
the change of water to steam. The water occupied 0.02 cu ft, whereas the
steam needs 26.8 cu ft, an increase in volume of 1,340 times.

When all the water has been changed to steam, it is called saturated steam.
When there is water mixed with the steam, it is known as wet steam. The
steam used normally for drying lumber usually will be wet to some degree
(unless reduced in pressure by a throttling valve) because the steam as
generated in the boiler carries some entrained water and there is some
condensation of steam in the pipe from the boiler to the kilns.

If heat now is added to the one pound of saturated steam at 212 deg F, the
temperature will rise. This rise is about 2 deg F for each Btu added to the
one pound of steam. Thus, if heat is added until the steam is at 400 deg F,
90 Btu are required to raise the temperature 188 deg F (400 minus 212). The
steam in this condition is called superheated steam. It is common to use
superheated steam in large steam power-generating plants but it is usually not
the practice at sawmill boiler plants. Kiln operators, therefore, are interested
mainly in the transition from water to saturated steam.
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PRESSURE EFFECTS

Pressure has little effect on properties of the solid (ice) or the liquid
(water). It is only the point of transition from water to steam and the
properties of the steam which are affected markedly by pressure. Figure 2
shows the heat-temperature relationship of water and steam up to the
saturation point of steam for several pressures between 0 and 200 psi. For
illustration, at 15 psi the water changes to steam at a temperature of 250 deg F,
and 945 Btu (1164 minus 219) are required to change one pound of water to one
pound of saturated steam. At 100 psi the water changes to steam at a
temperature of 338 deg F and 880 Btu (1190 minus 310) are needed to change
one pound of water into one pound of saturated steam. It should be noted
that the total heat (above water at 32 deg F) is 1190 Btu at 100 psi (saturated)
and 1164 Btu at 15 psi (saturated), a difference of only 26 Btu higher at 100 psi.
However, the heat required for evaporation only is 65 Btu (945 minus 880)
greater at 15 psi than at 100 psi. The difference in heat required is caused by the
water at 100 psi being at a temperature of 338 deg F when evaporation starts,
whereas at 15 psi the water is at 250 deg F when evaporation starts. In other
words, the water contains 91 (310 minus 219) more Btu at 100 psi than at 15 psi
when evaporation begins.

In the heating coils of a dry kiln, we start with near-saturated steam and
remove heat so that steam is condensed. If the condensed steam is immediately
removed from the system (by steam traps), heat is not obtained from the
condensate. However, if the condensate remains in the coils for some time
after being condensed, heat will be removed with a consequent drop in con-
densate temperature.
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FIGURE 2. RELATIONSHIP OF HEAT TO TEMPERATURE OF WATER AND STEAM.
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The process involved in going from a higher to a lower pressure such as
occurs in a steam trap or in a steam pressure-reducing valve is one of constant
heat. This is best illustrated by referring to Figure 2.

A steam trap operating at 100 psi, exhausting to atmospheric pressure, will
be used for illustration. The heat remaining when the steam has condensed to
water at 100 psi is 309 Btu at a temperature of 338 deg F (point A). A vertical
line from point A stays at a constant heat of 309 Btu, and at 0 psi goes through
point B. The condition at point B shows that there are 129 Btu (309 minus
180) in excess of the heat in water at 212 deg F. The 129 Btu will make 0.133
pounds of steam, leaving 0.867 pounds of water. This 0.133 pounds of steam is
called flash steam. Summarizing, one pound of water at 100 psi and 338 deg
F contained 309 Btu. The pressure was reduced to 0 psi by going through the
steam trap. Pressure reduction gave a mixture of 0.133 lb of flash steam
and 0.867 lb of water at a temperature of 212 deg F. If the steam trap outlet is
open to atmosphere, this flash steam is lost.

The effect of pressure on the volume occupied by the saturated steam is
shown in Figure 3. The relative size of a pipe required to carry an assumed
quantity (8,000 lb per hr) of saturated steam at a given velocity of 6,000 feet
per minute is illustrated also. It can be seen that as the steam pressure is
reduced, the steam lines have to be increased in size to take care of the volume
increase.
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If there is a pressure reduction of steam through a steam turbine, the
lower pressure steam coming from the turbine will contain some entrained
water. If 200 psi saturated steam goes into a steam turbine and is exhausted
at 15 psi, the exhaust steam would contain about 5-10 per cent entrained
water. This steam, although somewhat wetter than steam coming directly
from a boiler, still contains a major portion of its heat, which can be used in the
dry kiln.

Summarizing the effect of pressure on steam, it is found that lower pressure
steam is associated with: (1) lower temperatures, (2) greater volume and
(3) an increase in heat from saturated steam to water.

HEAT TRANSFER
In a dry kiln, there is a process of heat transfer from the heat source

(steam) to the drying material (lumber). Heat can be transferred in three
ways: (1) conduction, (2) convection and (3) radiation. Conduction of heat
occurs by molecular transfer in a material. For example, when one end of a
poker is put into a fire, the other end will become warm by conduction of heat
through the poker. Convection is a process in which heat is transferred to or
from a gas or liquid in motion by contact with a surface. When air is heated
or cooled, it is usually by convection. Radiation is a process of heat
transmission directly from one object to another through space by waves (the
way light is transmitted). This type of heat transfer is illustrated by a
fireplace. A person can be warmed on the part of his body exposed to the
fire while the portion of his body shielded from the fire is chilled.

The heat-transfer process in a dry kiln starts with steam. Heat is
transferred from the steam to the steam coils by convection; heat is transferred
from the inside to the outside of the steam coils by conduction; air passing over
the coils transfers heat from the coils to the air by convection; heat is transferred
by convection from the hot air to the lumber. Heat transfer in a dry kiln is
mainly a convective process.

The heating coils in dry kilns are commonly referred to as radiation
surface. This is actually a misnomer since most of the heat is transferred
by convection and relatively little by radiation. A more accurate name for
the coils would be heating surface.

The general heat transfer equation applied to a dry kiln is:

Q =- U A (tsteam — Lair)

where:

Q = Heat transferred, Btu/hr

U	 Over-all heat-transfer coefficient, Btu/hr sq ft °F.

A = Heat-transfer area, sq ft

t = Temperature of air and steam, deg F.

The over-all heat-transfer coefficient, U, in this equation depends on a
number of factors such as the steam condition in the coils, the kind of coils, and,
most important, the air velocity over the coils. A high air velocity increases
this coefficient, U, and therefore increases the rate of heat transfer in the
kiln.

The heat transferred is directly proportional to the area of the heating
surface. This means that doubling the number of coils would double the heat
transferred.

The heat transferred is also directly proportional to the temperature
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difference between the steam and the air. The temperature of steam increases
with an increase in pressure as shown in Figure 2. Higher steam temperature
gives a more rapid rate of heat transfer at higher steam pressures. For
example, in a kiln operating at 160 deg F air temperature and 100 psi steam
(338 deg F), the tsteam — tair is 178 deg F (338 minus 160). If the steam pressure
is reduced to 15 psi (250 deg F), the tsteam — tair is 90 deg F (250 minus 160).
The temperature-difference term has been reduced by about one half (178 to
90). Therefore, in order to obtain the same heat transfer at the lower steam
pressure, the heating-surface area would have to be doubled. The larger
heating-surface area is needed, not because the lower pressure steam contains less
heat, but because the steam temperature is lower at the reduced steam
pressure.

BOILER RATINGS
Most large high-pressure boilers are rated now by giving the pounds of

steam per hour with the steam conditions.

A term used for many years and still commonly used for boilers at
sawmills is boiler horsepower. This term was originated when one boiler
horsepower produced one horsepower in a steam engine or turbine. Ad-
vances in turbines and boilers have made this meaning obsolete. One boiler
horsepower is equivalent to the evaporation of 34.5 lb of water at 212 deg F
into saturated steam at 212 deg F. The heat equivalent of a boiler horsepower is,
therefore, 970 x 34.5 or 33,500 Btu per hour. The definition of boiler horse-
power involves changing water to steam at 212 deg F. However, in a boiler,
steam is not evaporated at 212 deg F. For this reason, a boiler horsepower is
equivalent to about 30 lb steam per hour at 100 psi.

The steam requirements for a normal well-constructed kiln are about 1 to
1.5 boiler horsepower per M fbm kiln capacity for Douglas fir. The require-
ments for pine are somewhat higher (about 1.5-2.5 boiler horsepower per M
fbm) because of the greater moisture in pine.

Small leaks in steam lines can cause quite a loss of steam. For example,
a 1/16-inch diameter hole in a 100 psi line will result in a loss of 18 lb of steam
per hour. This small leak requires 0.6 boiler horsepower.

STEAM PIPE EXPANSION
Steam pipes, like nearly all materials, expand with an increase in

temperature. Unless this is recognized and provided for in the piping layout,
trouble will occur.

Steel pipes will expand about 0.8 inch in 100 feet of length for every 100 deg F
temperature increase. Thus, a cold steel pipe 100 feet long at 32 deg F will
expand about 2.5 inches when carrying 100 psi steam at a temperature of 338
deg F. The expansion of copper is about 50 per cent greater than that of steel.

CONCLUSION
The behavior and characteristics of steam have been analyzed, particu-

larly as steam is associated with drying lumber. Some of the terms used in
understanding steam have been explained and some mention has been made
of associated effects influenced by steam. If a clear picture of the behavior
of steam in dry kilns has been presented, the purpose of this paper has been
served.
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