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the greatly reduced relative humidities expenmced in houses
in extreme cold weather, when cold outdoor air enters the
house and is heated.

WATER IN BUILDING MATERIALS

The surfaces of most common materials have an affinity.
) lir forces of attraction will hold, ~ ~
terials pamally saturated with water thete is likely to be a

for water
water molecules to the surfnce but decrease very rapidly
with i in d of lar proportions. The film
thick and therefore the of water held in equilib-

rium with the surrounding atmosphere is roughly proportional -
to relative humidity. Surface films of water molecules, at low' "

humidities, may be only one lecule thick; at

humidities poly-molecular films may be established, while -’

at humidities very close to 100 percent, the films become so
thick, relatively, that small pores may become filled and
larger capillaries may be partially filled. At saturation condi-
tions all voids in the material may be completely filled.
Some materials such as silica gel, alumina and most natural
fibrous materials present very large effective surfaces to the
water molécules, so that the amount of water beld on the
effective surface in these materials may be relatively large,
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remain more or less stationary and will i the cond

tivity largely by adding to the path available for heat flow.
On this basis, the effect of moisture on heat flow can be ac-
counted for quite simply by the use of suitable coefficients
of oonducuvxty in the usual heat-flow equations. The data

. presented in Chapter 9 on moxzt soils are of this type.

Evid to date i

, that in porous ma-

migration of moisture to the cold side under the influence of
the temperature gradient. This can occur by a process of
evaporation, vapor flow, and condensation within the ma-
terial, a substantia! amount of heat being transferred as
latent heat of the vapor, particularly in the case of open
fibrous materials. The tm.nsmlon of heat through moist
materials b p itions are such as
to produce any b} ion of the moisture, and,

oonsequently, calcuhtlons by t.he usual heat-flow theory nlone, X

are an approximation.

The usual approach to the calculati ist
tion has been to consider the flow as hydmulxc, under the
influence of hydrostatic forces when the materials are satu-
rated and as a vapor flow produced by vapor pressure dif-

even at moderate humidities. These are said to be hyg:

Other materials, such as most metals, not penetrated by the
water molwculas present relatively small surfaces and s0 may
take only minute quantities of water, except when wetted
direetly by liquid.

Substances having a great affinity for water, and their use
as dehumidifying agents, are described in Chapter 42. Data
on the moisture contents of various common materials in

- equilibrium with the atmosphere at various relative humidities

- are given in Table 2 of Chapter 50, and equilibfium moisture
content is further discussed in Chapter 53 on Industrial
Drying Syxtems

Significant jonal ch L&keplsoemmanyma—
terials used in buildings, with change in

d materials. These simple concepts
might be a;dequafe were it not for the fact that there are mner-
actions b water mol and the material th
whxch they are pasmg, as alrewdy mentioned. Further oom-

may be i d y the p of salts and
electrical potentials,

It is row ized that the migration of moi under
conditions of partial saturation in a material having an affin-
ity for water actually occurs as a kind of series-paraliel flow
of vapor and liquid, with the liquid phase having more and
more infh a5 the moistt ntent, or the degree of satura-
hon, increases. The two kinds of flow cannot be separated
gince they are closely ooupled everywhere a!ong the flow path
b,

The best known are those which take place in wood, of the
orderofOl 2 md&pementmthelonpmdmal radial and
ively, on.a change from air dry
at 12 to 15 percent mmstulv. content to oven dry conditions.
Most wood-fiber produets, including papers, will exhibit mois-
ture expansion consistent with the basxc wood properties to &
degree dependent on the fiber and
Data on wood are available in publications on wood tech-
noloy A]most all phm. and animal ﬁbexs expenence 8p-

y h is already known
to indicate that '.he isothermal or constant tempemture case
of yapor flow under a vapor-pressure gradient is much more
manageable than the cases in which there are both tempera-
ture and vapor-p i
and moisture flow are now known to be extremely complicated
and it is quite clear that when both are occurring, neither
one can be adequately dealt with ind dently of the other.

. No adequate way of handling the general case theoretically

has yet been found, daplte efforts being made in many

mth h relative b
and und t ial di 1 ct of the same
order as those in wood. Less genemlly recognized are the di-
mensional changes that can occur in masonry materials asa
result of changa in moisture content.

‘Water is either an essential or a contributory factor in al-
most all cases of breakdown of building materials resulting
from chemical changes such as the rusting of steel, physical
changes such as the spalling of masonry by frost action, or
biological processes such as the rotting of wood. The control
of water in building constructions may be necessary to ensure
adequate service from the materials involved.

Condensation of water vapor, although not the only means
by which wetting may be brought about, is nevertheless a
most insidious one, particularly in respect to freeze-thaw
breakdown, since from its nature it is most likely to occur at
pointa of low temperature at which there may later be nsk of
freezing while the material ina

Moisture in building materials may have a marked effect
upon the transmission of heat through them. It has been com-

b ies. The bibli hy at the end of this chapter
includes some of the more important papers on this subject.

A relatively simple equation for the ealculation of water-
vapor flow based upon the concept of vapor pressure alone
as the driving force, has been in use for a number of years.
It can be applied without great difficulty to cases where uni-
form temperatures or only small temperature gradienta exist,

and to cases of low or moderate relative humidity. It has also .

been shown to be useful in other cases, provided that the
proper values representative of the conditions to which it is
bemg app]xed can be found for the ﬁow coeﬂicxent to be used
in the cal The in the com-

" bined mechanisms of heat and moisture flow aie not ade-

quately covered by the variables used in the equation, but
appear in the determination of suitable values of the flow
coefficient, which, however, may vary greatly for any one
material, depmdmg on the conditions of ﬂow

VAPOR TRANSMISSION THROUGH MATERIAI.S

The equati used in calculating water-vapor

monly assumed that moisture when present in a ial will

t i matenalsxsbawdonaformofl*‘icks

ts. Cases of bined heat -

Moisture in Building Construction

Law, and is as follows:

where

w0 = weight of vapor transmitted through & unit area in
unit time.
p = VApOr pressure.
z = distance along the flow path.
and hence: B

d; .
‘-ﬁ = vapor pressure gradient.

p = permeability.

The close pamllel with Fourier’s equation for heat flow will
be noted. The actual transmission of vapor t.hrough & ma-
terial is extremely complex, so that the coefficient, p, is not a
simple one but iz actually a function of relative humidity
and temperature, and may vary along the flow path through
the material in question.?

Inwg'rahngEquahonlImm: =0toz = !and from p
to pr, and rearranging, the following is obtained:

where’ )
1 = length of flow path (or thickness of material).

] Equahon 1 bhad been integrated, assuming the eoetﬁcxent
u to be i dent of vapor p {and

along the flow path, Equation 4 would have been obtmned
but with ii-replaced by u. The coefficient & is therefore an
average permesbility coefficient applicable to the varying
conditions along the flow path of lengthl while the coefficient
p is the spot or differential permeability.

Equation 4 may be rewritten and umts asmgned

A
W=§Aﬂ—lp

where, .
W = total weight of vapor transmitted, grains.
A = area of cross-section of the flow path, square feet.

0. = time during which the transmission occurred, hours. -

Ap = ce of vapor b ends of the flow
path, inches of mercury.

! = length of flow path, (or thickness of specimen), inches.
The basic units given are those now favored by the build-

_ing industry. The permeability g or i is therefore expressed
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in a.umt of grains-inches per (square foot) (hour) (inch of
mercury vapor pressure difference).

Whenever it is convenient to deal with

stated or implied thickness other than the unit thickness to
which g or i refer, use may be made of the permeance co-
efficient M, where M = ji/l. The designation perm for the
unit of permeance is now widely used, and is 8 convenient
substitute for the unit, 1 grain per (square foot} (hour) (inch
of mercury vapor pressure dxﬂerenee) 3 The corresponding
unit of penneablhty is pa-m-mdl gince it 18 t.he permeance
is:

of unit thi The cor flow

o materisl of &

W = MAoap ©®

Resxstanee w vapor flow provided by 8 sheet or board is
the of the per

over-all vapor resistance of an amembly (hke a wall) of ma-
terials in series is the sum of the resistances of its component
parts. The ] of the bly may be found
from the permmnces of the individual components® ¢ in a
manner paralieling that used in calculating the over-all co-
efficient of thermal conductivity from the individual con-
ductances:

1 . .
M, =
1 1 1 [}
‘(_’“u_.*E. A

This mmple theory for vapor flow, as in the case of the cor-
simple heat-flow theory, assumes conditions of
unidirectional, steady-state flow. Useful calculations-can be
made for an assembly or sub-assembly for which the inflow
and outflow of vapor are equal (a condition at which no con-
densation occurs) if & permeance applicable to actual condi-
tions can be assigned to each component part. Over-ali per-
meances, vapor pressures and vapor flow can be calculated,
and in conjuncfion with thermal calculations, relative hu-

" midities can be determined, and the imminence of condensa-

tion predicted. (See Ezample I, and Fig. 2. See also Chapter
13, Cooling Load, for use of vapor-flow calculations.)
Ezample 1: A wood frame wall is exposed to indoor conditions
0F mfso percent relative humidity (0.37 in. Hg vapor pres-
sure) and outdoor conditions O F and 80 percent relative
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.Fi 2....Temperatures und Vapor Pressures under’
Vapor Flow Conditions in the Insulated Frame
- Wall of Example 1.




