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EXPERIMENTAL VALIDATION OF A 
MATHEMATICAL MODEL FOR PREDICTING 
WATER VAPOR SORPTION AT INTERIOR 
BUILDING SURFACES 

W.C. Thomas 

ABSTRACT 
A mathematical model for predicting moisture sorp

tion rates at building surfaces is presented. The govern
;,g heat and moisture transfer equations are solved b'f an 
implicit finite-difference method. The effects of surface 
coatings are included in the formulation. 

Laboratory experiments were conducted to verify the 
model. Disk-shaped specimens of unpainted gypsum 
board, gypsum board painted with a latex paint system, 
and unpainted white pine were used. Sorpt/on isotherms 
and diffusion coefficients for these materials were In
dependently measured. The specimens were initially con
dftioned to a uniform moisture content and then moved to 
an environment with a lower relative humidity. The 
moisture transfer rates at the surfaces of the specimens 
were determined as a function of time and compared to 
predictions by the mathematical model. 

The validated mathematical model was used to 
estimate sorption rates at interior surfaces of a building 
during a summer diurnal schedule with day space qool
klg and night ventilation. The effect on the space-coollng 
load is discussed. 

INTRODUCTION 

Considerable advances have been made in recent 
~in the prediction of sensible space heating and cool
~ loads .a~d Indoor temperatures for complex buildings. 
~~pr_edrct1on of latent space cooling loads and indoor 

. uumrd1ty levels, however, cannot be carried out with the 
;, · ~degree of sophistication and accuracy. This situation 
~'/.!:: ~ely due to the fact that latent calculations include 
:~ ~e _sources within a building and moisture transfer 
~ ~1nf1ltrati~n and/or ventilation but do not account for 
l. "-' -· ~e sorpt1on at interior surfaces of the structure and 
,.; -

1•sr11ngs. 
.... < 

D.M. Burch 

Moisture sorption at interior building surfaces may be 
an important component of the latent space cooling load 
when a building is operated with day air conditioning and 
night ventilation. In that case, a building is mechanically 
ventilated during cool night periods in order to reduce air
conditioning energy requirements. However, the relative 
humidity of night outdoor air is often considerably higher 
than that of the cool night indoor air. As a result. a significant 
amount of moisture is introduced and partially adsorbed 
at interior building surfaces during periods of ventilation. 

In a recent study, Martin and Verschoor (1986) mea
sured sorption of water vapor from 15 construction and 
furnishing materials for a typical office. Based on their 
measured moisture gains, they calculated that for a typical 
office the air-conditioning system would have to operate an 
additional 1.01 hours to remove the moisture stored during 
the preceding night ventilation period. Cummings and 
Kamel (1988) conducted latent load measurements on a 
townhouse and obtained similar results. 

The primary motivation for the authors' research is to 
develop and validate a mathematical model for predicting 
moisture accumulation and reduction in building structural 
components. The research has included extending exist
ing techniques and developing new methods as required 
for measuring the moisture storage and transport proper
ties of materials important to the building industry. The 
model and experiments described in this paper are limited 
to a single material, rather than composite structures, 
and isothermal conditions as a necessary step in the evolu
tion of a more general model for ultimate use in develop
ing design guidelines for moisture control in building 
components. 

MATHEMATICAL MODEL 
A homogeneous slab of material with arbitrary initial 

moisture content and temperature distributions was 
analyzed. The surfaces of the slab were suddenly sub-
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jected to changes in humidity and temperature, thereby 
inducing a sorption rate and heat flux at the front surface. 

Moisture and heat transfer are governed by two cou
pled, partial nonlinear. differential equations. First principle 
mathematical models that predict sorption rates at interior 
building surfaces have recently been developed (Fairey 
and Kerestecioglu 1985; McBride 1983; Miller 1984). 
These models, however, have not included the resistance 
of surface coatings, such as paint films, to moisture transfer. 
Moreover, these models have not been rigorously validated' 
because of the lack of precise experimental and material 
property data relating to moisture transfer. The transport 
properties of building materials generally depend strongly 
on moisture concentration and, to a lesser extent, on 
temperature. 

Moisture Transfer 
The model for moisture transfer essentially follows the 

formulation of Luikov (1964), Krischer (1963), and Berger 
and Pei (1973) as summarized by Fortes and Okos (1980). 
The assumptions used in the present formulation include: 

• Heat and moisture transfer is one-dimensional. 
• Moisture transfer by diffusion in the porous matrix mate

rial is proportional to the moisture mass concentration 
gradient. Thermally induced diffusion is neglected. 
Moisture concentration is below the fiber saturation point 
(i.e., no free liquid or ice is present). . 

• The hysteresis effect on the sorption isotherm is neglect
ed. The correlations used are based on the average of 
the adsorption and desorption data. 

• The analogy between heat and mass transfer, involving 
the Lewis number, is used to relate the convection coef
ficients (lncropera and DeWitt 1985, p. 285). 

• The density and specific heat of the dry porous material 
are constant. The specific heat of water in both the vapor 
and liquid states is constant. Water vapor is assumed to 
be an ideal gas. 

• Paint coatings are assumed to have a constant per
meance, negligible moisture storage capacity, and 
negligible thermal resistance. 

Using moisture content on a dry basis as the transfer 
potential, diffusion within the porous material follows 
Fick's law: 

n::, = - Pd D(-y, T) a-y/ay (1) 

where 'Y = [mwlV]/pd. The governing equation for 
moisture transfer follows from a moisture balance and is 

a1ay [D('Y, T) a-y/ay] = a-y/at (2) 
The initial condition -y(y,O) is arbitrary. At the surfaces, the 
rate of diffusion is equal to that convected to the ambient 
air, expressed as 

n::,,S = Pd D('Ys) iJ-y/iJy (0, t) = hm [pv.s - Pv.al (3) 

including the special cases of an impermeable (hm = 0) 
or specified moisture content (hm- oo) surface. The 
numerical calculation procedure is simplified by express
ing convective mass transfer in terms of a moisture con
centration difference. Noting that the moisture content 
-y(<P. T) is the so-called sorption isotherm for the porous 
material, the right side of Equation 3 is rearranged for con
venience as 
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'Y(tPso T,) - 'Y(<Pa• Ta) 
n::,,s = 'Y(<P •• Ts) - -y(<Pa. Ta) 

hm [pv.s - Pv.al 

(4) 

where -y(<Pa• Ta) is the moisture content of the porous 
material evaluated at the ambient RH. The denominator is 
handled as a moisture concentration-dependent surface 
resistance. Correlations by Goff and Gratch (1946) were us
ed to evaluate the vapor pressure of water in both the 
analysis and experiments. 

The effect of a paint film at a surface is taken into ac
count as an additional mass transfer resistance. Using the 
permeance of the paint film, defined by 

M = n"/An p m -tJv (5) 

the surface conductance coefficient, hm, in Equation 3 is 
replaced by an effective conductance defined by 

(6) 

Heat Transfer 
An energy balance gives the governing equation for 

temperature distribution as: 

a1ay [ka (-y, T) aT!ay] 

- a1ay [n::, (y) i1.u (T)J = Pd [Cd + -yC,J aT/at (7) 

where the subscript u indicates that enthalpy is evaluated 
at the upstream condition in the numerical solution proce
dure (Patanka 1980). The initial condition T(y, 0) is arbitrary. 
At the surfaces, a balance between the rate of conductive 
and convective heat transfer and enthalpy transfer gives 

[k8 (-y, D iJT/iJyJ. = h [T, - Ta] + n~'[ig,u - ir.uls (8) 

including the limiting cases of an adiabatic boundary 
(h = 0) or prescribed surface temperature (h- oo). 

Solutlon Procedure 
Equations 2 and 7 were solved by recasting them into 

finite-difference equations using a uniform nodal structure. 
An implicit solution technique with iteration was developed 
to handle moisture concentration- and temperature
dependent properties and coupling between the two con
servation equations. A Fortran 77 computer program that 
used a tridiagonal matrix solution algorithm (Carnahan et 
al. 1964) was prepared. The calculations proceed by first 
solving for the moisture content distribution, then the 
temperature distribution, and subsequently updating the 
local transport properties. The effects of local moisture 
concentration on the diffusion coefficient and thermal con
ductivity were handled by using harmonic mean values 
between two nodes, as suggested by Patanka(1980). For 
wood, the linear correlation of thermal conductivity with 
moisture content by Wilkes (1981) was used. The correla
tions for the diffusion coefficient vs. moisture content and 
moisture content vs. relative humidity ("sorption isotherms") 
are presented in the following section. The calculation pro
cedure is repeated at each time step until the maximum 
change in either temperature or moisture content at each 
node satisfies specified convergence criteria. 
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Figure 1 Schematic of conditioning jar 

It should be noted that, in this particular investigation, 
temperature differences were small and the effects of 
temperature gradients on moisture transfer were minimal. 
While enthalpy transfer was included in the energy equa
tion, its effect on the temperature distribution was negli
gible, except at the surface, where the specimens were 
suddenly exposed to a change in humidity. 

The accuracy of the numerical solution depended on 
both the nodal spacing and time step. By using progres
sively smaller increments of time and space, the results 
were assumed to have converged when the calculated 
surface moisture flux and mean moisture content of the 
materials no longer changed. 

EXPERIMENTAL MEASUREMENTS 
Experiments were conducted to measure the sorption 

isotherms for wood and gypsum board, the permeance of 
these materials and paint coatings, and desorption rates 
for the test specimens under essentially isothermal 
conditions. 

Moisture Storage Capacity 
Small rectangular specimens (0.7 in.3 [1.1 x 10-s mJ)) 

of white pine and gypsum board (with paper facings) were 
sealed in pint-size jars, as shown in Figure 1. The speci
mens were placed on supports above eight saturated-salt
in-water solutions that provided different relative humidities 
within the jars. The jars were maintained at a constant 
laboratory temperature of 76° ±0.6°F (24 ±0.3°C). The 
equilibrium relative humidities for the eight saturated-salt 
solutions were taken from Greenspan's (1977) paper and 
are summarized in Table 1. Each specimen was condition
ed in a separate jar until its weight reached an equilibrium 
with the relative humidity inside the jar, denoted as the 
equilibrium moisture content (EMC). The time allowed to 
reach equilibrium was about three weeks. 

After reaching equilibrium, the specimens were re
moved from the jars and weighed on a precision balance 
having a resolution of 2.2 x 10-7 lb (1 x 10-4 g). Their 
moisture contents, on a dry mass basis, were determined 
by 

'Y = mw - m11lmd (9) 
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Figure 2 Sorption isotherms for white pine 

The dry weights of the specimens were determined by 
placing them in jars above calcium chloride (CaCl2) desic
cant and vveighing them after they reached equilibrium. 
The equilibrium RH above this desiccant is 1.4% (Baxter 
and Starkvveather 1916). Desiccant drying, as opposed to 
oven drying, was used to evacuate moisture from the 
specimens in order to prevent the removal of other volatiles 
and chemical changes in the specimens. 

The measured equilibrium moisture content of white 
pine is plotted as a function of relative humidity in Figure 
2. For the desorption isotherm (dotted upper line), .the 
wood specimens were preconditioned to their fiber satura
tion state by placing them in a chamber above liquid water. 
The specimens were subsequently placed in jars with the 
saturated-salt solutions. For the adsorption isotherm (dot~ 
ted lower curve), the wood specimens were precondition~ 
ed to a dry state and then placed in jars with the saturated" 
salt solutions. 

The solid line in Figure 2 depicts a fit to the mean of the 
adsorption and desorption data using an equation of the 
form 

'Y(<P) = a1¢1[1 + a2<P] [1 - a3<P] (10) 

where a, , a2 , and a3 are empirical constants determined 
by a regression analysis of the data. The functional form is 
based on activation energy theory for wood (Simpson 
1971). The coefficients for wood are given in Figure 2. The 
standard deviation of the residual errors is 0.00134 and the 
maximum residual error is 0.00235. 

TABLE 1 
Saturated-Salt-in-Water Solutlons 

Used for Sorptlon Isotherm Measurements 

Salt 

Lithium Chloride 
Magnesium Chloride 
Potassium Carbonate 
Sodium Bromide 
Sodium Chloride 
Ammonium Chloride 
Potassium Chloride 
Potassium Nitrate 
Potassium Sulfate 

Formula. 

LiCI 
MqCl7 ·6H20 
K2C03 
NaBr 
NaCl 
NH,CI 
KCI 
KN03 
K2SO, 

1 From Greenspan (1977) al 75°F (25°C). 

Equillbt1um RH% 1 

11 .3 ± 0.3 
32.B ± 0.2 
43.2 ± 0.3 
57.6 ± 0.4 
75.3 ± 0.1 
78.6 ± 0.4 
84.3 ± 0.3 
93.6 ± 0.6 
97.3 ± 0.5 



~ 0.040 

I-
0.035 z 

LU • Data (NIST) ... 
~ 0.030 
0 
LU 0.025 a: 
:::i ... 0.020 en 
0 

0.02466$ 
l <•> = (1 +9.075.,(1-0.9354Q) 

:!! O.Q15 
:!! 
:::i 
a: 0.010 
Cll 
:J 
5 0.005 
0 
LU 

0 
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

RELATIVE HUMIDITY (~) 

Figure 3 Sorption isotherms for gypsum board 

A similar plot of the sorption isotherm and correlation 
for gypsum board is shown in Figure 3. The standard 
deviation of the residual errors is 0.000487, and the max
imum residual error is 0.000759. The equilibrium moisture 
contents for gypsum board are considerably less than 
those of oood on either a dry weight or volumetric concen
tration basis. 

Figures 2 and 3 show that Equation 10 correlates the 
data extremely well for both materials. Compared to other 
correlations found in the literature (e g., Fortas and Okos 
1980), this model has the advantages of covering the en
tire humidity range with a small rms residual error and can 
also be solved explicitly for relative humidity, i.e., q,('y). 

1\'ansport Property Measurements 
Steady-state water vapor transmission measurements 

for the materials were conducted generally in accordance 
with the procedures outlined in ASTM E 96-80 (ASTM 
1988). For these measurements, specimens of the mate
rials were installed in permeance cups, as shown in Figure 
4. Both wet- and dry-cup measurements were made. For 
the wet-cup measurements, a potassium-nitrate saturated
salt solution, as opposed to distilled water, was used inside 
the cup. The equilibrium AH above this saturated-salt solu
tion is 94.3%. The use of a wet-cup relative humidity slightly 
less than saturated was believed to prevent the possible 
formation of condensation droplets at the lower surface of 
the specimen. For the dry-cup measurements, calcium 
chloride desiccant was used inside the cup. For all the 
measurements, permeance cups were placed in an envi
ronmental room maintained at steady 53 ±2.1% RH and 
75 ±0.6°F (24 ± 0.3°C) dry-bulb temperature. 

After the cups were set up as described, they either 
gained or lost weight as a result of water transfer through 
the specimen. The mass transfer flux for each of the cups 
was determined by periodically weighing it and dividing by 
the exposed surface area of the specimen (0.190 ft2 , 

0.0177 m2). 

Air-Fiim Resistance A special series of water vapor 
transfer measurements were conducted to determine the 
resistance to moisture transfer resulting from the convec
tive mass transfer coefficients at the upper surface of the 
specimens and inside the cup. For these measurements, 
one, two, three, and four layers of 0.11-in.-thick (2.8 mm) 
cork board were installed in permeance cups with calcium 
chloride desiccant. 
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Permeance Cup 

Figure 4 Schematic of permeance cup 

For each of the cup tests, the total moisture transfer 
resistance (R1) of the specimen was calculated using 

Rr = Pg [4>. - rPc]tn::, (11) 
The measured total resistance for the four cup tests 

was plotted as a function of thickness (number of layers). 
as shown in Figure 5. The ordinate intercept is the overall 
film resistance (R, = 0.020 h ·ft2 ·in.Hg/grain, 3.57 x 10' 
s • m2 

• Pa/kg) for moisture transfer. This value was assum· 
ed to hold for all the cup 'experiments. The film resistance 
can be significant-about the same as that of 0.5-in.-thick 
(13 mm) gypsum board. 

Moisture Diffusivity for Wood Using the wet- and 
dry-cup data for the unpainted white pine and assuming 
the air-film resistance is the same at the upper and lower 
surfaces, the relative humidities at the two surfaces are 

<Pu = 4'a - [t/>a - <Pc] R~2 (12) 

- [ - ] R/2 (13) t/>1 - 4'c + <Pa <Pc ""Fi;" 
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Figure 5 Total moisture resistance as a function d 
of cork layers 
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Figure 6 Diffusion coefficient-moisture content correlations 
(at 75°F [23°C]) 

The EMC at the upper and lower surfaces was determin
ed from the sorption isotherm for white pine. 

Previous researchers (Siau 1984; St. Avramidls and 
Siau 1987; Plumb et al. 1985) have successfully used dif
fusion coefficient correlations vs. moisture content for wood 
in the equation form 

(14) 

Substituting Equation 14 into Equation 1, separating 
variables, and integrating gives 

n.,, - p D la L [ea.,., - eaml m - d o 4 (15) 

The two unknown coefficients (00 and a4) in Equation 
15 are determined using the wet- and dry-cup test data. 
The result is 

O('Y) = 2.23 x 10-6 e11·01 'Y ft2/h (16) 

Moisture Diffusivity for Gypsum Board The diffu
sion coefficient for this material was based on a single dry
cup measurement. After obtaining suspicious results for 
the wet cup, the relative humidity inside the cup was 
measured and found to have departed considerably from 
~equilibrium value given in Greenspan's (1977) paper. 
This experimental problem was attributed to the com
paratively high moisture diffusion rate through the gypsum 
board and uncertainty In whether a saturated-salt solution 
""1s m~intained during the measurement period. A con-

'· ~diffusion coefficient was believed to be a valid approx-
1 . • ,, ~on for modeling a material such as gypsum board, 
,,;t _,~h possesses a comparatively sma.11 hygroscopic 
}:~~::ure cap_a~ity (Figure 3). Using the dry-cup data, the 

· i- ~ ......_~e hum.1d1ty at the upper and lower surfaces was 
..., ~lated with Equations 12 and 13. The surface EMC at 
~ .. ~per and lower surfaces was determined from the 

-.-.ired sorption isotherm for gypsum board. The diffu
Wo!'I ~fficient was subsequently calculated from Equa

• :1 , and was found to be 6.88 x 10-4 ft2/h. 
fc ·, _EquaUon 16 is plotted as a function of moisture con
~gure 6 along with a correlation for bound moisture 

- · .• 1n ~eneric soft'MJod (Siau 1983). The present result 
- -,.:;me gives results that are an order of magnitude 

· · · . e reason for this unexpected large difference is 
~ent, but it should be noted that the present result 

'·· 
'" ... 
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is for a specific species and at a relatively low temperature. 
Predicted moisture transfer rates using Equation 16 agree 
closely with the experimental results described below. The 
correlation from the literature for wood drying, which 
generally involves elevated temperatures, grossly under
predicts the present desorption rate measurements. 

Permeance of Latex Paint System After the cup test 
for the gypsum board specimen was completed, the up
per surface of the gypsum board installed in the dry cup 
was coated with a latex paint system (i.e., two coats of latex 
primer and two coats of latex finish). The latex paint system 
was permitted to dry for several day.>. The mass transfer flux 
for the painted gypsum board was determined by period
ically weighing the dry cup. 

The moisture transfer resistance for the latex paint 
system was determined by subtracting the total resistance, 
as given by Equation 11, of the painted board from thatfor 
the unpainted board. This procedure neglects the effect of 
a change in the moisture contHnt in the gypsum board with 
and without the paint coating. The resistance of the latex 
paint was found to be 0.189 h • ft2 ·in. Hg/grain (3.30 x 109 

s • m2 ·Pa/kg). Taking the reciprocal of the resistance, the 
measured permeance (Mp) for the latex paint system (ex
cluding air film resistances) is 5.3 perm1p (303 perms1) . 

Permeance of Oil-Based Paint System The upper 
surface of the white pine installed inthewetcupwascoated 
with two coats of oil-based primer and two alkyd finish 
coats. The moisture transfer resistance of this paint system 
was determined by subtracting the resistances of the air 
films (R1) and white pine board (Rb) from the total resis
tance (R1) of the specimen, i.e., 

(17) 

Since the moisture content distribution in the white pine 
was quite different with and without the coating, a correc
tion was made by using Equation 17 and rewriting Equa
tion 15 in the form 

n" = [<l>u - <l>1]p9/a4L [<l>u - <l>1]P9 = [<l>u -c/>,]P9 (18) 
m PoDo [ean, - ea,,.,1 Rb 

This equation can be solved for Rb, which depends on the 
moisture contents of the wood at the surface exposed to air 
and at the wood-paint interface. The relative humidities at 
the two surfaces are '-

<l>u = </>a - [c/>a - c/>c] R;2 + Rbf Rr (19) 

c/>1 = c/>c + [c/>a - </>cl A,/2/Rr (20) 

The moisture contents corresponding to each of these 
relative humidities were determined from the sorption 
isotherm. 

Using Equation 10, Equations 17 through 20 were 
solved by an iterative process. The resistance of the oil
based paint system was found to be 0.380 h • ft2 ·in. Hg/ 
grain (6.64 x 109 s • m2 ·Pa/kg), which corresponds to 2.6 
perm1p (150 perm51) • 

Desorption Experiments 
Procedure In the desorption experiments. three disk

shaped specimens (7-in.-diameter [0.18 m] and 0.5-in.-thick 
(13 mm]) were prepared, each having its top surface ex
posed to ambient conditions. The edges and bottoms of 
the specimens were sealed with a moisture-impermeable 
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Figure 7 Circular specimen being conditioned to an equili
brium moisture content inside a desiccator jar with 
saturated-salt-in-water solution 

coating consisting of 60% by mass of microcrystalline 
wax mixed with 40% refined crystalline paraffin wax. The 
three specimens consisted of unpainted gypsum board, 
gypsum board painted with a latex paint system, and un
painted white pine. 

The three specimens were placed inside 10-in.
diameter (0.25 m) desiccator jars, as shown in Figure 7, for 
a period of 40 days in order to establish an initial EMC in 
the specimens. The sealed jars contained a saturated, 
sodium-chloride-in-water solution that maintained an inside 
equilibrium relative humidity of 73.6%. 

After the initial conditioning period, the three speci
mens were suddenly removed from the jars and placed in 
an environmental room maintained at a steady relative 
humidity environment of 25.7 ±2.10/o. The specimens were 
weighed every 30 minutes during the first 3.5 hours, every 
60 minutes during the next 4 hours, three times a day dur
ing the next day, and once a day thereafter. During both 
periods, the specimens were maintained at a steady am
bient temperature of 74.4° ±0.6°F (23.6° ±0.3°C). 

The logarithm of the weight change of each specimen 
was plotted as a function of elapsed time. The data plotted 
were then correlated piece-wise with polynomials. The sur
face mass flux was subsequently obtained by differen
tiating these polynomials and dividing by the exposed sur
face area of the specimen. 

Special Measurements to Determine Surface 
Mass ltansfer Coefficient Two special permeance cups, 
similar to those shown in Figure 7, were prepared with 
moisture-impermeable (aluminum) sheets instead of 
porous specimens. The aluminum sheets were then 
covered with distilled water and placed beside the 
specimens being conditioned in the environmental room. 
The cups were periodically weighed as water evaporated. 
After the weight loss rate and the water temperature ap
proached steady values, the mass transfer coefficient, hm, 
was calculated from 

(21) 
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Figure 8 Measured and predicted desorption rates for 
gypsum board (without paint) 

TABLE2 

8 

Specimen Properties, Test Conditions, and Slmulatlon 
Parameters 

Units 
Gypsum 

White Pl111 Board 

Thickness in. 0.52 0.51 
Density (dry) lbltt3 41.8 22.8 
Specific heat (dry) Btu/lb·°F 0.26 0.67 
Thermal conductivity 

Dry (ka) Btu/h·ft·°F 0.092 0.0505 
Moist. coef. (am) 0.0 2.2 

Mass transfer coefficient (hml ft/h 51.5 515 
Initial EMC1 (73.6% RH) O/o 0.79 12.91 
Final EMC1 (25.70/o RH) O/o 0.30 4.03 
Nodes 10 25 
Time step h 0.0125 0.0125 
1 Equilibrium moisture content 

where it was assumed that a saturation state exists at the 
surface of the liquid water. 

RESULTS AND DISCUSSION 
The measured and predicted surface desorption rateS 

from the disk-shaped specimens are presented in this sec- : . ' 
tion. In addition to the measured moisture diffusion coel-sed ., 
ficients and sorption Isotherms, -Other parameters u . ; 
in the predictions of desorption rates are summarized "'· ·~ 
Table 2. . · : -.,.~ 

!:I: 
i,•;.. 
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Gypsum Board Specimens ~ 

The measured and predicted desorption rates for ltll . 
unpainted gypsum board are shown in Figure 8. Th~.,¥ 
cu lated results are based on a constant value of the u•1

"' , 

sion coefficient (dry cup). Allowing also for measurem:i:··'l 
unc~~a.inties at the beginning of the experiment ~ t(:. 
sens1tiv1ty of the mass balance scale used, the'~''"'.' _J.
the unpainted gypsum are judged to be in sat1sf~~ 
agreement overall. This specimen desorbs more ~-~· 
than the others. · ··: llf 

Results for the painted gypsum board are ~~
Figure 9. The finite-difference ("distributed cap<;10itYFi1 .,e 
tion is based on the same conditions as used in 1~ 
except that the measured permeance of the l~te~ . 
included by us.Ing Equati.on 6 to deter~i~ .~~ ;;;<;~ 

4 .... . ~ 
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Figure 9 Measured and predicted desorption rates for gyp-
sum board with latex paint system 

surface conductance. There is a strong moisture gradient 
across the paint film and neither the moisture sorption 
characteristics nor permeance dependence on moisture 
content for the paint is taken into account. Although the 
results for this specimen are judged satisfactory, the ana
lytical model tends to underpredict the transfer rates initially 
and for time greater than about 45 hours. It is noted that the 
desorption rates are about two orders of magnitude less 
than those for the unpainted gypsum board. The results 
suggest that the time required to attain equilibrium mois
ture content following an abrupt change in ambient relative 
humidity will be weeks. 

When mass transfer is dominated by an effective 
surface resistance in contrast to internal resistance, the 
latter can be neglected and a simplified "aggregated 
capacity" model applies. Using an approach parallel to 
that used in the corresponding heat transfer literature to 
derive the Biot number criterion (lncropera and DeWitt 
1985, pp. 174-181), mass transfer resistance at a convec
tM! surface can be compared to the internal resistance of 
a body of thickness L by writing 

n• • Pv.s - Pv,a = 'Yt - 'Ys = 'Yt - 'Y(ef>a) 
1/hm,e Lf p11 D ['Ys - 'Y(<f>a)] + L 

(22) 

. ~ tf}e bars denote an average diffusion coefficient and 
F ~~t1~e for the sorption isotherm. The criterion for ·i,f ~ting th.e r:noisture concentration gradient in the 

~, . material 1s then 
{:,·. 

r - -
. ·~ (hm.o LID) fp" I Pd (a'Y I aq,)] ~ 1 
11· ~ il ed this term is~ 0.1, intern~I resistanc~ may be neglect
. ~~ the following approximate solullons used for the 

i ~·concentration ['y(t)] and desorption rate of the 
- - ~. . 
:~"rl.,) .. l"f(<Po)-'Y(<l>a)J exp (- hm.e Pg t ) 
/ RJ Pd L a'Y1aq, (23} 
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Figure 10 Measured and predicted desorption rates for white ... 
pine (without paint) 

n" (t} = hm.ePglR. T (a'Y/a<J>) [:Y(t) - 'Y(<l>a)] (24) 

For the latex-coated gypsum board, the criterion devel
oped in Equation 22 corresponds to a value of approx
imately 0.10 so that Equation 24 is marginally applicable. 
The results using the aggregated capacity approximation 
are included in Figure 9. The closer agreement between 
the simplified solution and data for parts of the experiment 
is likely fortuitous, resulting partially from having to use a 
constant diffusion coefficient and using a moisture-depen
dent sorption isotherm in the finite-difference solution. 

Wood Specimens 
A comparison of the measured and predicted desorp

tion rates for unpainted white pine is given in Figure 10. The 
results show excellent agreement between measured and 
predicted moisture desorption rates. These results em
phasize the benefits of direct measurement of the diffusion 
coefficient as a function of moisture content for use in the 
mathematical model. While the measured sorption iso
therm correlation agreed closely with that reported for 
generic softwoods, the moisture diffusion models repbrted 
In the forestry products literature for lumber drying, as 
noted earlier, grossly underpredict the moisture desorption 
rates measured in the present investigation. 

A fourth specimen consisting of white pine with an oil
based paint system was included in the original desorption 
experiments. A retrospective analysis of the experiment, 
however, showed that the 40-day preconditioning period 
was not sufficient for this specimen to reach an equilibrium 
moisture content with the 75% ambient relative humidity. 
This situation resulted from the very large resistance of both 
the oil paint system and the wood. Consequently, attempts 
to predict the experimentally determined moisture transfer 
rates for the painted wood were unsuccessful because 
of the uncertainties in the initial moisture content and 
distribution . 
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Figure 11 shows the calculated response, in terms of 
average moisture content, of the wood specimen with the 
oil-based paint system. These results are based on the 
measured paint permeance and an initial equilibrium 
moisture content at 25.7% ambient RH for adsorption and 
73.6% ambient RH for desorption. The dotted-line seg-
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Figure 11 Calculated moisture sorption response of white pine 
specimen with oil-based paint system 

rnents show the respective steady-state EMC for the two 
relative humidities. Otherwise, the conditions are the same 
as used in the experiments with the other three specimens 
(transfer only across the painted surface). 

The results in Figure 11 show that equilibrium times will 
be on the order of months. While this observation is highly 
relevant to research experiments, it should be noted that 
building materials with one or more surfaces painted and 
all other surfaces impermeable are less likely to be en
countered in building applications. 

The moisture transfer resistance of the oil paint system 
is on the same order as that of the 1/2-in.-thick (13 mm) 
wood. Thecriterionfrom Equation22, which is analogous 
to the Biot number in heat transfer theory, gives a value of 
about 0.5. Therefore, an aggregated capacity solution is 
inappropriate. 

Discussion 

The surface resistance associated with convective 
mass transfer can have a significant effect on predicting 
moisture transfer rates and especially on interpreting cup
test results for diffusion coefficients (or permeability) of 
some building materials. Since unpainted gypsum board 
has a relatively high diffusion coefficient, the magnitude of 
the convective mass transfer coefficient has a profound 
effect on the results. For many painted materials. the domi
nant mass transfer resistance is in the material or across the 
paint film, and the effect of the surface convection coeffi
cient is small. The experimental technique used in the 
present investigation of making measurements for pro
gressively smaller thicknesses of materials to determine the 
surface coefficient worked well. 

The surface latent heat, or evaporative cooling. effect 
on temperature was small for the present experimental 
conditions. A maximum surface temperature depression 
of about 2°F (1°C), one hour after the experiment began, 
was predicted for the unpainted gypsum. Furthermore, for 
these particular materials and experimental conditions. the 
effect on temperature of enthalpy transport within the 
material was insignificant. An isothermal mass transfer 
model, based on the same transfer mechanism, gave 
results essentially identical to those using the coupled 
model described. 

Few reliable data are available from the literature on 
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the sorption isotherms and moisture-dependent transport 
properties of many common building materials and even 
less information on the temperature dependence of these 
properties. Data on capillary transport properties are also 
seriously limited. 

IMPACT OF NIGHT VENTILATION MOISTURE 
ADSORPTION ON COOLING LOADS 

An occupied space can sometimes be maintained at 
acceptable comfort by ventilation alone during periods 
when sufficiently cool outdoor air is available. Substantial 
savings in energy costs can be achieved, of course, by 
using a fan and controlled ventilation instead of mechanical 
cooling equipment. In some regions with relatively high 
outdoor temperatures during the daytime, the air temper
ature decreases enough in the evening to effectively use 
ventilation throughout the night. Since a decrease in out· 
door air temperature is generally accompanied by an 
increase in relative humidity, it is of interest to estimate the 
impact of the added moisture absorbed from the venrna
tion air on the cooling load during the following interval 
when the air-conditioning equipment operates. 

When the house and air-conditioning equipment are 
viewed as a system, the incremental moisture desorption 
during the daytime has a negligible effect on the total cool
ing load. The moisture adsorbed during ventilation periods 
is primarily stored in the solid matrix of porous building 
materials in the liquid phase, conventionally referred to as 
"bound" water (Stanish et al. 1985). It subsequently is de
sorbed during day periods. thus contributing to the latent 
space cooling load. On the other hand, the moisture 
desorbed also provides an offsetting evaporative cooling 
effect by lowering the temperature of the Interior surfaces 
and adjacent air, which, in tum, reduces the sensible com
ponent of the total space cooling load by about the same 
amount. In the foregoing argument, It is assumed that the 
slight decrease in the interior surface temperature of exte<· 
ior walls would result in a small increase in the conduction 
(sensible) heat gain. 

An exception to a level total cooling load would. d 
course, occur if the sensible load was less than the eva?' 
orative cooling effect. lfis also possible that humidity 
control by the air-conditioning equipment could be .ao- .. 
versely affected by a large increase in the latent-to-sensit* 
load ratio. Consequently, the validated model was used 1D 
estimate the moisture sorption within a residence operated .. 
with intermittent ventilation in order to determine tnf .• 
significance of the incremental latent load. Separate P'!: ·. 
dictions were carried out for interior surfaces consisting d .; 
1/2-in.-thick (13 mm) gypsum board painted with a ~ .. i 
paint system and 3/4-in.·thick (19 mm) unpainted ~.yt; 
The following conditions were assumed: • 
• The air-conditioning equipment was operated duri~ .. 

14-hour day period from 7:00 a.m. to 9:00 p.m .. du
9

....., i 
which the indoor air was maintained at 75°F (23. """ · . 
and 40% RH. During the remaining 10-hour period.": 
residence was ventilated with outdoor air atC)65 · · 
(18.3°C}, 80% RH, and maintained at 75°F (23.9° 
80% RH. ·m 

• The residence size was taken as 60 ft by 30 ft wi 2 
high ceilings. resulting in approximately 5000 ft ~ 
m2) of exterior wall, partition, and ceiling su · 
exposed to the indoor air. 

~- .~~ 
( :]· . " 
~. 

' 



Moisture transfer at the back side of the porous material 
• was neglected. Symmetry is assumed fo~ partitions, and 

it is customary for a ~apor retarder to be 1nstalle.d on the 
back side of the intenor wall panel. The assumption of an 
impermeable retarder provides an upper bound for the 
predicted incremental latent load, since any transfer 
through the vapor retarder woul~ r~duce the de~orbed 
moisture at the front surface. Predictions were earned out 
tor a seven-day period, and the results for the las~ ~~Y 
were analyzed to minimize dependence on the 1rnt1al 
condition. The initial moisture content was assumed to 
be the EMC at 400/o RH. 

For the unpainted wood, the amount of daily desorb
ed moisture was predicted to be about 11 lb/day per 1000 
tt2 of exposed surface, corresponding to an incremental 
latent load of 57,000 Btu/day. The moisture desorption 
during the first hour was predicted to be 2.6 lb per ~000 
ft2. corresponding to a latent loa9 o~ ~3,000 Btu/h. Paint or 
other surface coatings would s1grnf1cantly reduce these 
~UH . 

For the painted gypsum board, the amount of daily 
desorbed moisture was predicted to be about 1.4 lb/day 
per 1000 ft2, resulting in an incr~ment~l latent.load of 
7600 Btu/day. The moisture desorption during the firs~ hour 
was predicted to be 0.4 lb per 1000 ft2 , corresponding to 
a latent load of 1900 Btu/h. The actual incremental latent 
load for the painted gypsum board would be considerably 
less than the previously predicted value if the permeance 
ot the paint film and vapor retarder were of the same order 
of magnitude. 

It should be noted that the previously predicted in
cremental latent cooling loads do not include moisture 
desorption from household furnishings, which unques
bOnably has an important effect on the results. Fabrics and 
paper materials are notable moisture absorbers. Uncer
tainties associated with identifying participating materials 
also exist. Surfaces that are hidden from view and normally 
unpainted may be connected by convective flow paths to 
interior air. 

In summary, it is not likely that the evaporative cooling 
effect will exceed the sensible load component in typical 
applications. Desorption of moisture from interior surfaces 
Within a building produces an incremental increase Ir the 
latent cooling load but also an offsetting incremental 
decrease in the sensible cooling load. The net effect on the 
tctal cooling load is negligible. 

IUllllARY AND CONCWSIONS 

The mathematical model presented for simulating 
". lnolsture Iran sf er in porous building materials gives good 

~ r~ IQreement with experimental results when reliable mois
~'i· b9 Slofage and transport property data are available. The 
r~ · °'Odel uses moisture concentration as the moisture 
'~~: ~ ~ential and accounts for concentration-depen
~~ diffusion, or permeability, coefficients. 

i . ·· ·- ~on and desorption isotherms were measured 
~ .::the entire relative humidity range, using desiccants 
·'. a.n -rated salts, for a softwood (white pine) and gyp
•: ~d. The adsorption and desorption data were 

• 1 ~and correlated vs. relative humidity into average 
· P."9 n; ISOtherms. These correlations were essential input 

. · f , model in order to attain accurate predictions. 
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Permeance measurements based on the ASTM cup 
method were made for white pine, gypsum board, and two 
paint systems. Large differences observed between the 
wet- and dry-cup measurements confirmed reports that the 
moisture diffusion coefficient is strongly dependent on 
moisture concentration. The diffusivity data for wood were 
correlated with a diffusion coefficient model based on 
activation energy theory. This model assumes that the dif
fusion coefficient increases exponentially with moisture 
concentration. Although the cup data were very limited, a 
correlation was essential in order to achieve close agree
ment between measured and predicted moisture transfer 
rates. A differencing technique was used to measure the 
permeance of paint films on panels and convective film 
resistances. The effect of air-film resistance on permeance 
measurement for some materials was shown to be signifi· 
cant. Also, moisture concentration and distribution in the 
substrate material should be taken into account when us
ing a differencing technique to measure the permeance of 
paint films on hygroscopic materials. 

The incremental space-cooling loads attributed to 
desorbed moisture previously stored during ventilation 
with cool moist air were examined. For a typical residence, 
moisture desorption during the first few hours after resum· 
ing operation of the air-conditioning system can account 
for a significant increase in the latent cooling load if a large 
surface area of unpainted hygroscopic material is exposed. 
The evaporative cooling effect of the desorbing moisture, 
however, effectively reduces the sensible load by about the 
same amount, and the total load is essentially unchanged 
for typical sensible-to-total load ratios. 

Modeling of moisture transfer processes and investi· 
gations to determine potential moisture-related problems 
in building components is severely limited by the lack of 
reliable data on moisture transfer and storage properties 
of building materials. Information is even more limited on 
how temperature affects these properties and on capillary 
transfer properties. 
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NOMENCLATURE 
Symbol Units Description 
an Constants in absorption isotherm 

and diffusion coefficient correla-
tions (n = O. . .4) 

c Btu/lb· °F Specific heat 
D ft2/h Moisture diffusivity in porous 

material 
Do ft2/h Constant in diffusivity model 
h Btu/h • ft2 • °F Film heat transfer coefficient 
hm ft/h Mass transfer coefficient 
i Btu/lb Specific enthalpy 
k Btu/h ·ft· °F Thermal conductivity of porous 

material 
L ft Thickness of porous material 
m lb Mass 
ri" lb/ft2 • h Moisture mass flux 
p in.Hg Water vapor pressure 
Rv ft· lb/lbmol ·A Gas constant for water vapor 
R h. ft2. in.Hg/grain Moisture transfer resistance 
t h Time 



T °F or R Temperature 
v ft3 Volume 
y ft Distance measured inward from 

the exposed surface of porous 
material 

'Y lbm/lbd Moisture content, dry basis 
µ perm·in. Permeability 
M perm Permeance (1 perm =1grain/ 

h • ft2 ·in.Hg) 

"' 
Relative humidity 

p lb/ft3 . Mass density 

Subscript Description 
a Ambient air 
b Specimen body 
c Inside cup 
d Dry porous material 
e Effective property 
f Liquid water or air film 
g Saturated water vapor 
l Lower surface 
m Moisture 
o Initial condition 
p Paint layer or paint surface exposed to air 
r Room 
s Surface of porous material 
t Total 
u Upstream value or upper surface 
v Water vapor 
w Wet 
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DISCUSSION 
P. Fairey, Program Director, Florida Solar Energy Center, 
Cape Canaveral: What was the purpose of the wax seal at the 
bottom of the cup in the permeability measurements? 
W.C. Thomas: The ASTM cups were made in two pieces. The 
wax seal secured the bottom disk-shaped piece to the cylindri~. 
shaped side piece. , 
G. Spoiek, Professor, Portland (OR) State University: Vou 
and your co-author have performed an excellent and valuable 
study. Please speculate whether your required assumption rJ 
equal upper and lower surface h's might have an agreernerf 
between model and experiment. In other words, do you get a bd-J 
ter fit if you use a higher hm.e? 
Thomas: The assumption is more appropriate when the Id 
cups were inside the large jars than when the upper spec1rni: 
surface was exposed to room air drafts. Although the effects 
uncertainties in hm.e were not investigated systematicallya: 
opinion is that these uncertainties would affect the calc~:_. . 
results much less for white pine as compared to gypsum 00'9- · 

The reason is that the relative contribution of the external ~1:_, 
overall mass transfer resistance is much more for the gyi--- ·,:,~ 

board. 't '1 
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