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Dynamic Modelling of Moisture
Absorption and Desorption in Buildings

R. EL DIASTY*
P. FAZIO?}
1. BUDAIWI}
Moisture absorption and desorption by building materials in the hygroscopic range have been
theoretically modelled. The Biot number which can be defined as the ratio between the material
moisture resistance o the convective mass transfer resistance has a significant meaning in relating
where the greater resistance to moisture transfer occurs. Using Biot number, the dynamic moisture
behaviour of building materials within the indoor environment has been classified into three main
categories. At high Biot number (Bi — o), the material surface attains instantaneous moisture
equilibrium with the surroundings. At low Biot number (Bi — 0), the material moisture behaviour
can be described through a lumped-parameter modelling. For most materials in buildings, moisture
interaction with the surroundings occurs through a thin layer of material surface, and the amount
of moisture absorption or desorption is mainly determined by the material surface moisture
conditions. In order to evaluate material surface moisture conditions, the governing moisture
transfer equation is solved via an approximate analytic technique (i.e. the moment method) in
conjunction with numerical formulation. Both the dynamic and the alternating nature of the
absorptionjdesorption processes can be modelled by this proposed analytic-numeric method.
Comparison with experimental results and numerical solutions shows satisfactory agreement with
the proposed model. Using this model the dynamic effect of moisture absorption and desorption
by interior materials on indoor air humidity can be modelled.
NOMENCLATURE influenced by the level of indoor humidity. For accurate
building performance assessment, both indoor humidity
A, exposed area, m? and its variational behaviour must be determined. Con-
Bi  Biot number (dimensionless) siderable efforts have been devoted to the prediction of
C, air specific heat, j/kg-C indoor thermal behaviour, while little attention has been
C, material moisture capacity, kg/kg-Pa . toind humidit luation. Until il t
D, material vapour diffusion coefficient, kg/m-Pa-s 5“’"" Ol ‘?0? Lt y?va UAOIL ST rec;n Y, Mos
h. surface heat transfer coefficient, w/m2-C indoor humidity evaluation models were strictly based
h, surface mass transfer coefficient, kg/m*+Pa*s on the mass balance between humidity generation rate
f’m ey m‘emcm’,“h‘_iepthv m and humidity dilution by air leakage, ignoring moisture
m  Vapour pressure within material, Pa absorption and desorption by interior surfaces. This
P,, initial vapour pressure within material, Pa . . . .
P.. indoor air vapour pressure, Pa could lead to considerable inaccuracy in the predicted
t time,s humidity level since as much as one third of the moisture
V,, material volume, m’ generated in a room could be absorbed by its surfaces
i mastursconienike ke [1]. Moisture absorption and desorption taking place in
¢ moisture sorption isotherm slope, kg/kg rh t residential and al buildi ¥ )
o material moisture diffusivity, mZ/S most resi CI? 12l and commercla. : ullaings are dy
pn material density, kg/m’ and alternating processes depending on the level and the
p, air density, kg/m®. variational behaviour of indoor humidity. Therefore, a

time-dependent model is required to predict the effect of
moisture absorption and desorption on indoor humidity.

INTRODUCTION In recent years, some theoretical and experimental

INDOOR air humidity is an important factor in deter-
mining both the short and long term building perform-
ance. Thermal performance of building components, energy
consumption, occupants’ health and comlort, surface
condensation and durability of interior furnishings are all
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studies have dealt with the dynamic modelling of moist-
ure absorption and desorption by building materials.
As part of an indoor humidity calculation model [1], a
method has been described to calculate the amount of
moisture absorption by the room surfaces. In this
method, moisture absorption is assumed to be limited
to a thin film of material which attains instantaneous
moisture equilibrium. Two parameters, the surface mass
transfer coefficient and the room surface average moisture
content, must be determined experimentally to fit the
measured indoor humidity in a particular enclosure.
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These values may not be universally applicable for other
cases. However, it has been found by Kusuda [1], that
the mass transfer coefficient is not as sensitive to room
characteristics as the other parameter, therefore, approxi-
mate theoretical relationships such as the well known
Lewis relationship can be used to evaluate it. Evaluating
moisture conditions and transfer dynamics at the room
surfaces is the main part of an absorption/desorption
model. Kusuda and Miki [2), have conducted an exper-
imental program for evaluating surface moisture con-
ditions of some building materials at certain ambient
conditions using an infrared reflectance technique called
the ‘Quadra-Beam’ method. These surface moisture con-
dition results can be implemented in the moisture absorp-
tion model described by Kusuda (1], and hence, the
amount of moisture absorbed or desorbed by building
materials and its effect on indoor humidity can be cal-
culated without resorting to the unknown values of the
average surface moisture content. However, this requires
an extensive experimental effort since the moisture con-
ditions of each material must be evaluated at different
ambient humidity levels. Moreover, the applicability of
these experimental results are almost confined to these
indoor environments with similar conditions to which
the test specimens were subjected.

Moisture absorption and desorption within heated or
cooled spaces are increasingly becoming an important
part of the energy analysis techniques. A theoretical
approach has been suggested by Franssen and Koppen
[3] in which the unsteady state, one dimensional diffusion
equation was solved by assuming instant equilibrium and
that the slab is semi-infinite. Although these assumptions
were found to be acceptable by experimental verification
for some materials, these assumptions may not hold true
for other materials at different conditions and times of
exposure. Moreover, the alternation of the absorption
and desorption processes has not been addressed. In an
energy consumption model, Miller [4] has suggested the
use of a simple resistor-capacitor electrical circuit to
describe the dynamic moisture behaviour of materials,
Two constants similar to what Kusuda [1] described must
be determined experimentally. In an extensive exper-
imental study Martin and Verschoor [5] have investigated
the cyclical moisture absorption and desorption of fifteen
materials in order to evaluate their latent heat storage
effect on cooling energy consumption, The moisture
response (i.e. variation in surface and bulk moisture con-
tents) of most materials to changes in ambient humidity
has been shown to follow an exponential decay behayv-
iour. However, experimental evaluation of moisture
absorption/desorption rates at all possible initial and
boundary conditions is an extremely difficult task.

A detailed three dimensional finite element model has
been developed [6] to evaluate moisture absorption and
desorption rates of building materials. Assuming that the
surface material comes into instant equilibrium with the
environment, then by solving a system of differential heat
and mass transfer equations, the amount of absorbed or
desorbed moisture can be determined. However, solving
these equations requires the knowledge of certain transfer
coefficients (i.e. moisture transfer potential) which are
available only for a few materials and are difficult to
evaluate. Moreover, assuming instantaneous moisture

equilibrium can only be justified for some materials at
certain conditions. A more simplified moisture absorp-
tion and desorption evaluating procedure has been sug-
gested (7, 8]. The objective of this procedure is to match
the experimental or detailed theoretical moisture absorp-
tion and desorption rate through a simple lumped theor-
etical model by varying the material dry weight. An
effective moisture penetration thickness with uniform
moisture content can then be established to be used in
the dynamic modelling of moisture absorption and
desorption processes. This approach is not practical in
terms of the effort nceded to establish the effective
material thickness, which in itself may not be a reliable
parameter in modelling moisture absorption/desorption
dynamics inside buildings. A major limitation of the
effective thickness approach is that the cyclic integral
of the total moisture absorption and desorption over a
relatively short period of time must be zero. Conse-
qQuently, this approach is not applicable for long term
moisture storage. A more practical mathematical model
for predicting water vapour sorption by interior building
surfaces is discussed [9]. In this model, the governing heat
and moisture transfer equations have been numerically
solved by the implicit finite-difference method. The model
solutions were compared with experimental results and
good agreement was found. The accuracy of the numeri-
cal solution is dependent on the time step and the nodal
spacing. Therefore, a reasonably accurate solution re-
quires the use of a small time step and nodal spacing.
This makes the solution method impractical in modelling
long term moisture absorption/desorption problems in
buildings.

A time-dependent model based on a sinusoidal bound-
ary conditions for predicting indoor vapour content in a
room and its corresponding latent heat has been
described [10]. The model takes into account the moisture
storage capacity of the walls, which has been shown
to have a significant effect on the behaviour of indoor
humidity variation. In most cases, however, a steady
sinusoidal behaviour cannot be Justified since many inter-
related factors may contribute to the indoor environment
behaviour. In addition, identifying such boundary con-
ditions across partitions within the space or those separ-
ating two different zones may prove to be impossible,
especially if inter-zonal airflow is taking place. In an
effort to simulate the dynamic behaviour of indoor air
humidity and temperature [11], moisture absorption by
interior surfaces and furnishings was modelled by identi-
fying a mass change time constant for each material. The
rate change in the moisture content of the material in
response to step changes in room humidity is assumed to
follow an exponential decay. Although this exponential
behaviour has been proven by many studies, however,
for some interior surfaces a time constant is meaningless
because of material moisture and geometrical charac-
teristics. Moreover, when it is impossible to theoretically
determine the time constant, considerable effort is needed
to evaluate it for one particular material configuration
either experimentally or through detailed theoretical
analysis. As part of an analytical model for assessing the
wall cavity long term moisture behaviour, Cunningham
(12, 13] assumed that the moisture behaviour of the
hygroscopic materials within the wall cavity follows an
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exponential decay. In modelling moisture interaction
between the material and the surrounding air, an
approximate lumped model is used in which moisture
transfer from and to the material is modelled by using a
fictitious moisture transfer coefficient representing the
surface and moisture transfer of moisture. This coefficient
is a function of material moisture and geometrical charac-
teristics, as well as the surface mass transfer coefficient
and material surface moisture conditions. Some of these
determining factors and consequently the moisture trans-
fer coefficient are time-dependent. However, for the pur-
poses of simplifying his model Cunningham [11] has
assumed a mean fixed value for the moisture transfer
coefficient. Such an assumption can probably be justified
when modelling long term moisture behaviour of
materials under certain boundary conditions, but it can-
not be justified in modelling short term moisture transfer
problems (e.g. moisture absorption/desorption as part of
an indoor air humidity evaluation model).

Available theoretical models that deal with moisture
absorption/desorption processes in buildings are either
impractical to be implemented or incapable of modelling
the actual dynamic moisture behaviour of such processes.
For some models to be implemented certain parameters,
which can only be evaluated through an extensive exper-
imental program or detailed theoretical analysis, are
required. When the lumped approach is used in modelling
both the material moisture conditions and the moisture
transfer processes from and to the material, material
dynamic moisture behaviour, especially short term
behaviour, cannot be accurately modelled. In addition,
difficulty will arise when evaluating the mode! lumped
parameters. The main objective of the present paper is
to develop a practical theoretical model for evaluating
moisture absorption and desorption by interior building
materials. In order to evaluate the amount of moisture
absorption and desorption by a given material, its surface
moisture conditions must be known. The dynamic behav-
iour of surface moisture conditions differs from one
material to another depending on its moisture and geo-
metrical characteristics. Therefore, for accurate model-
ling of moisture absorption/desorption processes inside
buildings, where many different materials may exist, the
diversity of material moisture behaviour and hence, the
diversity in the modelling approach must be considered.
Since material moisture behaviour is mainly determined
by its moisture and geometrical characteristics, the Biot
number, given in equation (1), is used in this paper to
determine the moisture behaviour of the material by relat-
ing its moisture diffusion coefficient D, to its moisture
interaction thickness L,,. Based on the value of the Biot
number, the modelling approach is determined. Within
the building indoor environment a very low value of Biot
number would indicate that moisture conditions across
the material thickness is constant and hence the lumped
parameter approach can be used. On the other hand, a
very high value of the Biot number would reveal that
instant moisture equilibrium is reached between the
material surface and the ambient air. In the building
indoor environment, where the value of the surface mass
transfer coefficient 4, is confined to a narrow range, a
high value of Biot number will be associated with a very
low moisture diffusion coefficient for the material in ques-

tion. Consequently, its contribution to the moisture
absorption/desorption processes in buildings can be
neglected. Most interior materials, however, remain in a
state of continuous moisture exchange with the indoor
ambient air. These materials, which correspond to mod-
erate values of Biot number, are the most difficult to
model since their surface moisture conditions are depen-
dent on the non-linear moisture distribution across the
material thickness. In this paper, surface moisture con-
ditions of such materials is determined by solving the
governing differential equation with the corresponding
boundary and non-linear initial conditions using an ap-
proximate analytic method called the Moment Method.
Comparison with experimental results and numerical
solutions has revealed good agreement with the solutions
of the proposed miodel.

THEORETICAL APPROACH

Moisture absorption and desorption by interior
materials in buildings are continuous and randomly alter-
nating processes. Generally, for materials with large sur-
face area to volume ratio, or materials having a very small
equilibrium moisture capacity, the equilibrium moisture
content corresponding to the ambient humidity change
can immediately be attained. In this case, evaluation of
the amount of moisture absorbed or desorbed requires
only the knowledge of material weight and its moisture
sorption isotherm. However, in most cases moisture
absorption and desorption are time-dependent processes.
The mathematical modelling approach of these processes
is dependent on the moisture behaviour of the material
(i.e. behaviour of moisture distribution across the
material thickness) which is determined by the boundary
conditions and the physical and geometrical charac-
teristics of the material. Material moisture conditions in
the building indoor environment are normally kept
within the hygroscopic moisture range hence, it is
unlikely that a continuous liquid phase can exist within
interior materials. In this case, moisture transport within
the material can be described by the vapour diffusion
coefficient D,. The one dimensionless parameter that can
relate these factors is the Biot number, Bi,

P = Fn Vol e V’"/Ae. 4))
DU

The Biot number can be viewed as the ratio between
the material resistance to moisture transfer, (V/A)D,,
to the convective mass transfer resistance, 1 /A, The value
of Bi has a significant physical meaning in relating where
the greater resistance to moisture transfer occurs. In this
paper, the Biot number is used 1o categorize the moisture
behaviour of the different materials that would normally
be available within buildings. Depending on the value of
the Biot number, the modelling approach for moisture
absorption/desorption processes will be determined. The
surface mass transfer coefficient, A, in equation (1) can
be expressed in terms of the convective heat transfer
cocfficient, A, using Lewis relationship given in equation
).

In the building indoor environment, the value of the
surface
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h.
atp

convective transfer coefficient, h.is cither determined by
the natural convective process or the airflow regime
within the space, According to Kusuda (1], an average
surface convective transfer coefficient of about (.85
w/m?+C can be used in evaluating the surface mass trans-
fer coefficient within the indoor environment. Although
this value is relatively small compared to the design values
suggested by ASHRAE [15], it must be noted that this
value is an average value representing convective transfer
over all interior surfaces rather than the interior surfaces
of the exterior walls or roofs. In a natural convective
environment, 4, will depend on the temperature differ-
ence between the material surface and the ambient air.
On the other hand, in the presence of air movement
within the space, h. for a particular surface will be depen-
dent on the air speed and the flow pattern over that
surface. For both the natura] and forced convection pro-
Cesses, an approximate average value of the surface
convective transfer coefficient within a space can be
determined using the appropriate model available in
ASHRAE | 15]. More accurate evaluation of the surface
convective transfer coefficient can be obtained by util-
izing the available detailed air movement simulation
models. Once the surface convective transfer coefficient
h. is known, the surface mass transfer coefficient h,, can
be evaluated by equation (2).

The dynamic moisture behaviour of building materials
can be related to the value of Bi through the following
three cases :

() Building materials ar high Biot number (Bi - o)

A large value of Biindicates that the diffusive resistance
controls the moisture transfer process, which means that
there is more capacity for moisture transfer by convection
than by diffusion through material. When the Biot num-
ber approaches infinity (Bi - ©), the material sur-
face immediately attains moisture equilibrium with the
ambient conditions (Pny=P,). In the building indoor
environment, a very high value of Biot number can only
be attributed to the moisture characteristics of the
material in question. The contribution of such materials

ligible amount of moisture is transported to or from the
material due to its high moisture resistance. For most
building materials, moisture equilibrium cannot be
attained immediately. Hence, surface moisture condi-
tions, which determine the rate of absorption or desorp-
tion, are usually different from the ambient conditions.

(ii) Building materials at low Biot number (Bi—0)

A small value of B represents the case where internal
resistance to moisture transfer i negligibly small and
there is more capacity for moisture transfer by diffusion
than there s by convection. As p; approaches zero
(in practice <0.1), the moisture content gradient within
the medijum Bets extremely small, and hence a [umped-
Parameter analysis can be performed.

Assuming a constant temperature and ignoring the

effect of hysteresis, the dynamics of the vapour pressure
within the material can be described by equation 3.

—h,A,
Pn(®) = P, +(P,,~P,) exp <Cp\V f) 3)

where,

£

=%,

(kg/kg- Pa),
The amount of moisture absorbed or desorbed during a
period of time can be determined by equation (4), using
the change in the pressure evaluated from equation 3)
and the moisture isotherms of the material

Wm = puV,C,AP,, 4

(ii) Building materials at moderate Biot number
(0 < Bi « w0)

In most cases, moisture interaction between the ambij-
ent air and the materials within the space occurs through
a'thin layer at the materia] surface. The amount of moist-
ure transfer is mainly determined by the surface moisture
condition, which depends on the thickness and the moist-
ure conditions of the moisture interaction layer, as well
as the surface mass transfer coefficient,

The dynamic moisture transfer process in the materia]
can be described by equation (5), based on the following
assumptions :

~TVapour pressure is the only driving force, and the
process is a one-dimensional ;

—the problem is isothermal (i.e. heat generated by
moisture sorption is assumed negligible ;

—hysteresis effect is negligible. The absorption iso-
therm is used to model material moisture capacity,
since the moisture capacity of interest is within the
hygroscopic range;

—the moisture diffusion coefficient is constant.

ow 1w
o =G )

where,

U = l% (m?s).
However, equation (5) cannot describe the moisture inter-
action between the material surface and the surroundings,
because of the discontinuity of the moisture content as a
driving force at the boundaries. Instead, moisture trans-
fer through the material may be expressed in terms of
humidity ratio or vVapour pressure as given in equation

(6

OP,(x,1) 0’P,(x, 1)
or T Gm ox? ©)

In order to solve for vapour pressure at the material
surface P,(0, 1), it is essential to identify the boundary
conditions, the initja] conditions and the interactive
thickness of the material. In the present modelling, the
ratio of the material volume, V¥, to its exposed area, A,
is identified as the moisture interaction depth, L,

2
L,=-"

™)

e
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The material volume, V,, which determines the moist-
ure capacity of a particular material, is dependent on the
ambient air humidity behaviour, as well as, the moisture
characteristics of the material. In the building indoor
environment where air humidity normally fluctuates
around a daily average value, a sinusoidal air humidity
behaviour can be assumed to represent daily indoor
humidity variations. For a given material, equation 6
can be solved numerically for the assumed indoor air
humidity behaviour to determine the material interaction
depth L,. At L,, the material is assumed to be imper-
meable to vapour flow which leads to identifying the first
boundary condition. The second boundary condition is
taken at the material surface where moisture transfer
takes place by convection. Since moisture absorption and
desorption in buildings are alternating processes, and
because of the relatively large moisture interaction thick-
ness involved in modelling these processes, equation (6)
must be solved for a nonuniform initial condition. The
governing boundary and initial conditions are given by
equations (8a—<).

The exact solution of the above non-homogeneous
mathematical

oP
=0 at x=1L, (8a)
ox
P
—Dl.aa—r"' =h,{(P,—P,0,1) at x=0 (8b)
P,=F(x) at t=0 (8c)

problem can be obtained by splitting it up into a set of
simpler problems that may be solved by the separation of
variables method outlined in [14]. However, the resulting
solution involves an infinite series which requires the
knowledge of the corresponding eigenvalues in order to
evaluate. These eigenvalues are the roots of a trans-
cendental equation which must be solved by iteration.
Such a procedure is impractical and time consuming to
be implemented as a part of an indoor moisture
absorption/desorption model considering the dynamic
nature of the problem and the number of materials
involved. An alternative approach for solving equation
(6) is the numerical analysis, however, by using such an
approach, the moisture interaction between the material
and the ambient air cannot be accurately modelled,
especially in a dynamic environment such as the building
indoor environment. Moreover, considering the number
of materials and the nature of the moisture transfer prob-
lem a large amount of computations would be needed.
For example, when the finite-difference technique is used,
hundreds of nodes could be required to formulate the
moisture transfer process through the material. Conse-
quently, hundreds of equations may have to be solved
simultaneously at each time interval.

When the exact analytical solutions are difficult to
obtain or when the numerical solution cannot be justified,
approximate analytic solutions are preferable. Con-
sidering the assumptions and the uncertainties involved
in modelling moisture absorption and desorption in
buildings, the use of the approximate analytic methods
can be justified. The approximate analytic method that
will be used to solve equation (6) is called the moment

method [14}. This method is based on taking various
moments of the differential equation of the moisture
transfer with respect to a suitable weight function over
the finite region of the problem.

The mathematical formulation of the present problem
can be put in terms of dimensionless variables as:

3P, (n,1) _ 9"Puln,?)

it on? ©
aP,
W—O at n=11>0 (9a)
aP,
_DUE:’— = thm(Ppr—Pm(O, 1:)) at r’ 3 0,1 > 0
(9b)
P,(n,0) = F(1) at t=0. %)

The dimensionless quantities are defined as:

To solve this problem by the moment method the
pressure distribution P, (n,7) is expressed by a poly-
nomial in the form;

n

P,,,('],T) = Z ak(t)"k

k=0

O<np<l. (10)

In order to determine (n+1) coefficients (ay(7),
k=0,1,...,n), (n+1) relations are required. Two
relations can be obtained by utilizing the two boundary
conditions (92) and (9b). The remaining (n— 1) relations
may be obtained by taking (n— 1) moments of the differ-
ential equation (9). By operating the weight functions
W.n),i=1,2,...,(n—1), on both sides of equation (9)
and substituting in equation (10) we obtain the following
equation [14]:

n

l
2 [k(k— 1) J_ . wimn*~? drr]ak(r)

k=2
" 1 d
= kgo < L ) wimn* dn) ——a(f)

i=1,2,3,...,(n=1). a1

Equation (11) provides a system of (n—1) ordinary
differential equations that could be solved to determine
the remaining (n—1) coefficients. Solving these equa-
tions, however, requires (n— 1) initial conditions. These
initial conditions can be determined by equation (12) [14]

Z[ f ow,-(n)n*dn}ak(0>= J D Fr) dn

k=0 = n=

i=1,2,...,(1—1). (12)

MATHEMATICAL FORMULATIONS

For the present problem a fourth degree polynomial
given by equation (10) is assumed.

Moisture absorption and desorption in buildings are
dynamic and
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Pu(1,7) = ao(r) +a () +ax(Dn*+ as (D’ +a,()n*
(13)

randomly alternating processes, consequently they can-
not be modelled by the analytic solution of equation 9.
Instead, a numerical technique in conjunction with the
analytic solution of equation (9) which describes these
processes separately is the only feasible alternative.
Through this approach, equation (9) with the cor-
responding boundary and initial conditions has to be
solved at each time interval. Hence, the boundary and
initial conditions have to be updated continuously.

Moisture absorption and desorption in buildings are
long term processes, hence any pressure distribution
across the moisture interaction thickness can be assumed
as an initial condition for the first time interval of the
modelling process. A uniform pressure distribution, as
given by equation (I4a), is assumed to represent the
initial moisture status of the material. To ensure con-
tinuity of the solution, the end conditions of a particular
interval, given by equation (14b), are taken as the initial
conditions for the subsequent interval

P,(n,0)="r,, (14a)
P,(n,0) = aotam+am*+am’+ant.  (14b)

In order to solve for the pressure distribution by equa-
tion (13), the surface pressure as a function of time
P, (0,1) must be known. Unfortunately, this function
cannot be determined directly because of the integral
operations involved in the coefficient a,(7) in equation
(13). However, since a numerical technique with rela-
tively short time intervals is needed to model the absorp-
tion/desorption processes, it can be safely assumed that
the surface vapour pressure P, (0,7) is linearly related
with time during that time interval, ¢1

Pn(0,7) = P,(0,0)+ B¢ (15)
where,
Pm(o,rl)—Pm(Ov O)
ﬂp m—
T
A, tl
=Tz

Utilizing the initial conditions given by equations
(14a,b) and the surface vapour pressure function given
by equation (15), the time-dependent coefficients in equa-
tion (13) can be determined by the moment method as -

a\(t) = —BilPy—B,1] (16)

14
ay(t) = ,:1681)1 — 100852+ 100853 — ?BiPd

1
- EB[/;,,] exp (— 52¢) — [2171;1 — 130252+ 130263

lst'P 217 Bi
230 B 4= 5535 i, |exp (—421)

, 13 Bi
+| 5561 —32062 ~Zpip, 2
[ +31503~ == BiP, 24/;]

Bi B
X exp (= 107)+ b1+ —?,—lPd+ 4—5’;3,,+pr,,z

Bi Bi
3 BT =SB (17

84
a,(1) = ,:— 100851 4 6048562 — 604853 + 5 BiP,

2
+ 3 Biﬁ,,:, exp (—527) + [1218bl — 730852+ 730853

203 29
- WBIPJ_ @Bzﬂp] exp (—4217)
1 Bi
- [330171 — 192062+ 189063 — ;B:‘P,,— ZI /;,,]
. B B
X exp (= 100)~ £ Bify,+ 5 P~ = o (18)
1 2
as(t) = g Bib,+ < [1—exp (—107)]
7 B
X | ~10561+63062 63063+ 3 BiP,+ 32 5,
13
X exp (—421)+ | 22051 — 128062 + 126053 — 5 BiP,
Bi
- Zﬁ’,]exp(— 107) 19)
7 .
a4() = [ — 10551 +63062 63063+ - BiP,

Bi Bi
+ Z—;ﬂ,]exp (—427)— 2—;/3,, (0)

where,
P.l= Pur—Pm(OsO)

b1, b2, b3 are expressed for the initial interval as:

Pﬂlﬂ P’"ﬂ
5% 3= (21a)

and for the intermediate intervals as -

bl=P,, b=

bl = ay(z))+

a|(71)+02(71) ay(7)) | ast))
2 3 4 5

_%(@)  ar)  a(z) ay(t)) | au(z))
== 3 TTg tTs ot

ay(ty) = a(r)) ay(t)) ay(t))  aut))
b3 = 3 Tt + & t—7—
(21b)

When the moment method is used to solve equation
(9), difficulty may be experienced in satisfying the initial
conditions. Consequently, solutions by this method may
not be accurate for short times. The accuracy of the
solution depends on the initial conditions, the type of
boundary conditions and the degree of polynomial repre-
sentation used. For uniform or linear initial pressure
distribution, a third degree polynomial representation is




sufficient to obtain a reasonably accurate s»==0n pro-
vided that no convective transfer occurs a: 32 bound-
aries. Higher polynomial representation & xded to
solve for problems with more complicatec =dal con-
ditions. However, with convective transfer &2 = bound-
aries, the accuracy of the solution becomes dsneadent on
the ambient conditions, material surface con=zons and
the surface mass transfer coefficient. In this s2=2, higher
order polynomial representation will not ==ince the
accuracy in a decisive manner because of the viriability
of the ambient conditions. Instead, solutioz <illation
may occur for short time intervals at the “ecnning of
the solution process with every change in © ambient
conditions. Although, the solution normaXy stabilizes
with time, this behaviour is not acceptable 2 model-
ling absorption and desorption processes = Huildings
because ambient (i.e. indoor) conditions ire con-
tinuously changing even within a short periad of time.

In order to avoid solution oscillation at i >eginning
of every absorption and desorption process. :he initial
conditions are relaxed whenever there is a chnge in the
ambient conditions. The relaxation process is rerformed
by using the coefficients given by equations 116-20) to
modify the values of b1, 52 and b3. These coeffoients are
recalculated by setting the coefficient a, and the surface
vapour pressure P,(0,7,) equal to the surface vapour
pressure at the end of the previous intervil. while the
ambient conditions, P,,, are set to its new value. New
values of b1, b2 and b3 are then evaluated using equation
(21b). These values will constitute the initial condition of
the new moisture absorption or desorption problem.

The vapour pressure on the material surface at the end
of each time interval 1 can be given by:

A

P,(0,7) B (22)
1519 .
A= —217b1+1302b2—1302b3+m—BtP4
217 _.P,(0,0)
~553%% Bl—tl—]exp(—42r,)
14 Bi P, (0,0)
+| 16851 — 100852 + 100863 — ?BiP,,+ G

13 .
x exp (—521,)+ 55b1—320b2+315h3—EBzP,,

%P—’"i?’—o)jlexp(— 10t )+ BiP gz + %ipn.(o, 0)z,
+%iPm(0,0)+%iP‘,— %’Iw +b1 23)
B= 1+%r.+%+£&—2351—276§—iexp(—421|)
+—l?—tilexp(—521:.)+%exl’(—lo’l)' @4

For constant ambient conditions, the amount of moist-
ure absorption or desorption during a time interval, 1
can be approximately given by:
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Pu0 ) +Pa0 Ny ()

Wy = kmAv(Prr_— 5]

and the total moisture lost or gained with: a r00m 13-

" P (0,71) 4+ Pp(0.0" .
Wit = P Y. Ae,(Pw_ﬂleu \-11 26)

i=1
where,
Nt
h,,, = average surface mass transfer coctivient,
kg/m?-Pa‘s
n = number of relevant materials in ' r0OM-

ient Ay, €30
yation (2)
fficient.

The average surface mass transfer cocflte
be evaluated by Lewis relationship given w ¢!
using the average surface convective transter co¢

COMPARISONS AND DISCUSSIONS

The proposed theoretical model for evaluating the sur-
face moisture conditions of the materal 8 com?‘fmd
with Kusuda's and Miki's experimental vesults ol “‘“
absorption test on a 3 mm thick balsa woud specimen
[2]. The specimen was exposed to constant ambient con-
ditions of 24°C and 70% relative humidity from both
sides, thus half the specimen thickness (1.3 mm) is |heo-.
retically modelled. The material propertics used mc‘ludc.
material density, moisture diffusivity. and tht; n1m:~;iugg
equilibrium curve. For balsa wood. & -k"-“‘l':)' "‘,'i‘l
kg/m?, and a moisture diffusivity of 1~ W mes are
used. Since the experiment is conducted within the moist-
ure hygroscopic range of the material, the muoisture sorp-
tion isotherm for wood, shown in Fig. I, W43 m'“l A
modelling material moisture capacity. Although it 1s an
important parameter in the modelling Provess, the value
of surface mass transfer coefficient, 4, duving t_he grpere
iment is not known and cannot be evaluated using Lewis
relationship. However, the most likely vilue of thc. sur-
face mass transfer coefficient in that p;u-ncuinr environ-
ment (i.e. environmental chamber) can bt determined.

According to Kusuda [1], the averge MAsS “’“TI‘E’E’E
coefficient in a room is estimated o be 5%
al chamber,

kg/Pa-m?+s. However, in a test environment
the surface mass transfer coefficient will bt dcpcndc‘m or;'
the airflow regime within the space amd the. dcglc_eh?
exposure of the test specimen. The airflow regime ik ;g
the test chamber is mainly determined bY the mc,”?
used for maintaining the air temperatuf¢ and h“m'd"‘{i
In an experimental validation prograith Thomu's a?
Burch [9], have evaluated the surfacc mass_ transier
coefficient within an environmental cluunhcf using the
cup method. A value of about 5 10~ ki/m”-Pa’s s
found to represent the mass transfer coelicient at the
specimen surface. Since this value corresponds (0 an
ambient environment similar to Kusudn's test environ-
ment, it can be used in modelling the muisture behiviour
of the balsa wood specimen. Figure 2 compitres the exper
imental results and the theoretical evaluition of the tran-
sient behaviour of the surface moisture conditions ul“ihz
balsa wood specimen. It can be seen thal there 153 %“?0 |
agreement between the experimental and the !hcor.t._llcad
results. However, a better agreement Cith be obtane
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Fig. 1. Wood moisture absorption isotherm [8].

when smaller surface mass transfer coefficient is used,
since the theoretical curve will be shifted downward.
The solution of the proposed model is also compared
with the experimental results of a desorption test on a
gypsum board specimen [9]. In this experimental work,
material moisture and physical characteristics, initial
conditions, as well as, the surface mass transfer coefficient
are clearly defined. The material moisture capacity is
evaluated from its absorption isotherm given in Fig. 3.
The density of the gypsum board is 670 kg/m?, and its
moisture diffusivity is about 1.8 x 10™% m?/s. For this
particular desorption test, a surface mass transfer

coefficient of 0.0044 m/s, which corresponds to a value
of 3.2x 107 % kg/m?-Pa-s, is used. The test specimen
has an initial moisture content of 0.0079 kg/kg, which
corresponds to about 74% relative humidity as can be
found from Fig. 3. By exposing one side of the specimen
(0.18 m in diameter), to a new ambient relative humidity
of about 26% and regularly weighing the specimen, the
desorption rates were determined. Experimental and
theoretical evaluations of moisture desorption rates of
the gypsum board specimen are shown in Fig. 4. It can
be seen that the theoretical solution is in satisfactory
agreement overall except at the beginning of the process.
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Fig. 2. Comparison between experimental and theoretical surface moisture content.
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Fig. 3. Gypsum board absorption isotherm.

This can be attributed to measurement uncertainties at
the beginning of the experiment and the sensitivity of the
mass balance scale used [9].

In the above theoretical modelling of material moisture
behaviour, constant values are used to describe material
moisture capacity C,, and material moisture diffusivity
o, In reality, both vary with the moisture content. The
material moisture capacity (which is equivalent to the
specific heat in thermal analysis) varies with equilibrium
relative humidity according to the slope of the moisture
sorption isotherm. In practice, when the relative humidity
range in interest is relatively small, or when the slope

of the sorption isotherm does not oxhibit considerable
variations within the range of interest, then a constant
moisture capacity can be used in modelling dynamic
moisture behaviour of materials. Similarly, when the
material moisture content varies within a limited range,
such as materials within the building indoor environ-
ment, a constant moisture diffusion coefficient can be
used to describe moisture transfer through the material.
However, for more accurate dynamic moisture model-
ling, the variability of the material muisture capacity and
its moisture diffusion coefficient has to be considered
whenever it is practically possible.
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Fig. 4. Comparison between experimental and theoretical moisture desorption rate.
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Fig. 5. Comparison between proposed and numerical evaluation of surface moisture content for balsa

wood.

Numerical solutions using the finite-difference implicit
d with the solution of

formulations, have been compuiree ¢

the proposed model in evaluating surface moisture
conditions for some building materials. Figure 5 shows
the predicted surface moistutv content of the balsa
wood sample using the numetical and the proposed
approaches. Prediction of the st face vapour pressure of
a 10 mm thick gypsum board Y both techniques when
the ambient relative humidity changed from 50% to
60% is shown in Fig. 6. In both cases, good agreement
is obtained between the two approaches. In the building
indoor environment, air humidity is continuously fluc-
tuating, therefore, for any mailel to be applicable for
describing indoor moisture absorption and desorption,

it must handle the short term fluctuations in ambient
conditions. The approximate analytic solution by the
Moment Method cannot handle such behaviour with
reasonable accuracy especially when large fluctuations
occur. This shortcoming has been eliminated by relaxing
the initial conditions of the moisture transfer problem
whenever there is a change in ambient conditions. Figure
7 shows the solution of the numerical and the proposed
techniques when there is a step change of 10% in the
ambient relative humidity. Considering the high fluc-
tuation pattern used for this particular case, which is
unlikely to be encountered in practice within the building
indoor environment, the proposed model can be judged
to be an applicable and a reliable tool for describing
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moisture absorption and desorption processes within
buildings.

CONCLUSIONS

In buildings, there are normally different materials
with different moisture characteristics, consequently,
each will respond differently when exposed to dynamic
ambient conditions. Material moisture behaviour de-
pends on its geometrical configuration and moisture
characteristics, as well as, the boundary conditions. Some
materials attain instant moisture equilibrium with the
surroundings, others will not respond at all. The Biot
number, Bi, was used to classify materials according to
their moisture and geometrical properties. Hence, the
material moisture behaviour can be identified and appro-
priately modelled. As Bi approaches zero, a lumped-
parameter analysis can be used to model material moist-
ure behaviour, in this case a resistor-capacitor analogy
can be used. When Bi is very large, the material can be
assumed passive since negligible amount of moisture is
transported to or from the material. In most cases, how-
ever, moisture interaction with the material occurs near
the surface (0« Bi « c0), resulting in a nonuniform
moisture content distribution across the material moist-
ure interaction thickness, L,,. For this case, determining
the material surface moisture conditions is the main task
in modelling moisture absorption and desorption pro-
cesses. In this study, a practical and an efficient analytic-
numeric technique for evaluating the material surface

moisture conditions is proposed and validated against
experimental results. The required parameters in the pro-
posed model are mainly the material moisture properties
which are normally available in literature for all common
building materials, giving it an advantage over many
existing models which requires either an extensive exper-
imental work or unavailable material moisture proper-
ties. In addition, the proposed model has some advan-
tages over numerical techniques by requiring less
computations and being able to more accurately describe
the moisture interaction between the ambient conditions
and the material surface.

As part of a numerical formulation, this analytic-
numeric method can be used to model moisture absorp-
tion and desorption by construction and furnishing
materials in building. Both the dynamic and the alter-
nating nature of these processes can be modelled.
Although the proposed method cannot accurately model
material response to sudden changes in ambient con-
ditions for short times, which is the case in many build-
ings, it has been modified to tolerate such dynamic behav-
jour by relaxing the initial moisture conditions of the
material whenever changes in the ambient conditions
occur. Comparisons ‘with experimental results and
numerical technique solutions show good agreement with
the proposed method. Using this method in conjunction
with a numerical technique for modelling air humidity
behaviour within buildings, the dynamic effect of moist-
ure absorption and desorption by interior materials on
indoor air humidity can be modelled.
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