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Abstract

Most building materials are porous, composed of solid irnaind pores. The time varying
indoor and outdoor climatic coiibns result heat, air and maise (HAM) transfer across
building enclosures. In this paper, a transient rhibde solves the coupldkat, air and moisture
transfer through multilayered porous dree is developed and benchmarkesing internationally
published analytical, numerical and experimental test cadss good agreements obtained with the
respective test cases suggest that the meaielbe used to assess the hygrothermal performance of
building envelope components as well assimulate the dynamic moisture absorption and

release of moisture buffering materials.
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Nomenclature

Cp, specific heat capacity of air (J/Kg))

Cp, specific heat capacity of water vapor (JK@)
Cp specific heat capacity of liquid water (JKH))
D, liquid conductivity (s)

g acceleration due to gravity (rfy/s

h,, latent heat of condeason/evaporation (J/kg)
J, vapor diffusion flux (kg/(mh.s))

j, liquid conduction flux (kg/(rhs))

k, airflow coefficient (s)

M. moisture condensation/aporation rate (kg/s)

M molar mass of water (0.01806 kg/mol)
P, vapor pressures (Pa)

Ps suction pressures (Pa)

P saturated vapgressure (Pa)

P

atm

atmospheric pressure (Pa)

R universal gas constant (8.314 J/kol))

T temperature®C)
V air velocity (m/s)

Y, mass fraction of water vapor (-
Y, mass fraction of liquid water (-)

w moisture content (kg/Hh

Greek symbols

o, vapor permeability (s)

© sorption capacity (kg/M

u air dynamic viscosity (kg/(rs))
p. density of air (kg/r)

p,, density of water (kg/f

p., density of material (kg/f

¢ relative humidity (-)

@ absolute humidity (kg/kg-air)




1. INTRODUCTION

The three aspects of buitdj design: durability, indoor hudity level, and energy
performance are interrelated and have to beideresd simultaneously as part of an optimized
building design. The thermal and moisture dynaragponse of building enclosures have strong
impact on the humidity condition of the indogwace and energy consumption of the building.
To accurately capture the influence of thelding enclosure on the indoor environment and
HVAC systems, a transient heat, air and moest(HAM) transfer rmdel that handles the
coupled heat, air and moisture transfer phenanbrough building enclosure is essential. The
model enables dealing with the three importapeats of whole buildingygrothermal analysis.

The first aspect relates to assessing the degjremisture buffering efies of interior lining
materials. El Diasty et al. [lnd Jones [2] suggested that aximas one third of the moisture
release into the indoor air could be absorbgdinterior moisture buffering materials. These
materials have a potential ofoetulating the indoor humidity level [3-4], especially in cases
where the ventilation rate is low [1,5].hdis, obtaining a detailed account of the dynamic
moisture absorption and release of moisturéfebng materials is a crucial step in more
accurately predicting the indoor humidlgvel and fluctuation over time.

Another advantage of having a detailed transiHAM model as one of the basic building
blocks of whole building hygrothemth model is that it enables more accurately capturing the
potential moisture release from the building esate to the indoor space. In fact, Christian [6]
stated that moisture sources from construc{ey. initial moisture content of concrete), and
from wet soil through foundation walls and floslab could dominate all internal moisture
sources. Similarly, TenWolde [7] recently emphad the importance of quantification of the

moisture release from foundation slabs whelewating indoor humidity levels. Christian [6]



estimated a total of 200 liters mture release by an averageuse constructed with lumber
having an average of 19% moisture content; and 90 liters of water release per cubic meter of
concrete used during the construction. The eféédhese significant moisture releases to the
indoor space and the moisture exchange betwattoor and indoor emanments, including the
wind-driven rain load, on theverall hygrothermal performancg a building can be more
effectively estimated and understood usangansient coupled HAM model [8-9].

A third advantage of the use of a transient HAM model when conducting whole building
performance analysis is that it yields a bettéimegion of energy demand for heating or cooling
of a building. This is pasble due to the fact a transient HAM model takes into account the effect
of moisture in the heat trafer through building enclosuredsually energy simulation models
ignore the moisture effect when conducting therrtal analysis [10],rad use constant thermal
storage and transport (thermal conductivityd dreat capacity, respeatly) property values
despite the fact that these properties can be strongly dependent on moisture content. For
example, as the moisture content of woodréases to 10% [11] its corresponding thermal
storage capacity increases by 30% as compaoedts dry state;likewise, the thermal
conductivity of lime silica brick in@ases more than twicas the moisture content increase to
full saturation [12]. This implies that arbitrachoices of values for the thermal transport and
storage property of materials may result inirgorrect prediction of éat flux through building
enclosure as demonstrated in Hagentoft’s [13] simple calculation oflinezgt with and without
moisture in a structure. Other important effeof moisture on energy calculations, quite often
omitted in whole building energy analysis toase the latent heat transfer across the building
enclosure and the local heating and cooling effén@sare generated within the structure due to

moisture phase changes (condensation and evapgragspectively). In this paper, details on



the development and validation of a heat and m@stransfer model that takes into account
critical issues such as moisturaffering effects, moisture sourcasd the effects of moisture on

heat transfer is presented.

2. MATHEMATICAL MODELS FO R COUPLED HEAT, AIR AND

MOISTURE TRANSFER THROUGH POROUS MEDIA

Most building materials are porous, and compasfesblid matrices ahpores. In the pores,
moisture can exist iany of the three thermodynamic stabésnatter, i.e. the gas (vapor), liquid
and solid (ice) states. However, moisture nmoget is possible only in the vapor and liquid
states. The main mechanisms of moisture trartsfierbe by vapor diffusion, capillary suction or
a combination of both, depending up on the meosttontent of the material. Materials have
unique equilibrium moisture content charadtci curve that covers the hygroscopic and
capillary water regions. These regions are comgnagferred to as sorption isotherm and water
retention curves respectively, for which a typical equilibrium moisture content characteristic
curve is shown irFFigure 1 In the hygroscopic region, the psrare mainly filled with water
vapor figure 2(a)) and consequently, ghmoisture transport is mainly by vapor diffusion.
Liquid water transport is possébfor the case where the pores are filled with liquid watigufe
2 (b)). This flow mechanism is very active the capillary water ggon, where the relative
humidity is over 95%. Both vapand liquid transport can co-ekiin the higkr end of the
hygroscopic region, as illustrated Figure 2 (c). In this region, both vapor diffusion and
capillary suction are active in large and small pores, respectively. Vapor diffuses in the open

pores and condenses on the capillary menisghsreas on the other enfithe meniscus, water



evaporates into the next open pore space. irhies that the diffusion path is reduced,

resulting in an increase in the rate of moisture.

Hygroscopic sorption region Capillary

Water region

Moisture content

0 25 50 75 =95 100
RH (%)

Figure 1 Equilibrium moisture content profile of a typical material.

Water vapo Liquid wate

[ /
00~ =8¢~ OO

(@) (b) (€)

Figure 2 Moisture in idealized pores [14] (apores in hygroscopic region, (b) pores in
capillary water region (c) pores inhigh end of hygroscopic region
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2.1. Moisture transfer

The basic governing equation for moistu@aflthrough a porous medium, given by Equation
[3], can be derived by adding tepecies conservation equatiarfswater vapor (Equatiofi])

and liquid water (Equatiof2]).

PS4 podV(VY,) 4 () = - [1]
+
[5) A ,
P+ div(]) =iy 2]
gives
o (ﬁ+ﬁ} pudiv(VY, )+ div( J,)+div(j ) =0 3]
ot ot

Expressing the transient term in terms of moisture cor{téat, Pm(%+%j=%—\:v) and

rewriting the vapor mass fraction in the sedgoterm in terms of the humidity ratio, and
substituting the vapor diffusion and liquid contlac fluxes (in the third and fourth terms,

respectively) with Fick’s and Darcy’s law sgectively, yields motsre balance Equatidd].

oW . ) oP . oP
—+div(pVw)+div| =6, —~ |+div| D S 4 =0 4
p (pVo) [ va)gj [ '(a pwgB [4]



The moisture balance equation (Equatidh) is comprised of various moisture driving
potentials, specificallyw, @, P, andPs. These driving potentials, and the associated gradients,
can be expressed in terms of a single flow potentize chosen flow potential in this work is

relative humidity @) since it is continuous dhe interface of two lays of materials having

different moisture storage propes (sorption and moisture retention), in contrary to moisture
content, which is discontinuoushis is illustrated ifFigure 3andFigure 4as follow: the relative
humidity at the contact surface$ material 1 and material 2eaequal since the vapor pressure
and temperature are continuous & ithterface. However, as shownRigure 3 the equilibrium
moisture contents of the respective @ating surfaces are different (W 1 and W 2).
Consequently, as illustrated Kigure 4at the interface the moisti content profile becomes
discontinuous as it jumps frov 1 to W 2. Relative humiditygn the other hand, is continuous

throughout the computational domain.

Sa

Moisture content

Cn

Relative humidity

Figure 3 Sorption isotherm of two dissinilar materials showing different level of

equilibrium moisture content at given relative humidity.




Materials
Interface
— Relative humidity
— Moisture content
_/\
Figure 4 Relative humidity and moisture conént profiles at the interface of two
dissimilar materials.

Consequently, all terms in the moisture bak equation (Equation [4]) are mathematically

transformed using relative humidity as a driving potential as follow:

a) Transient term: (8—\/\/)
ot
ow = aw 96 0= ow Where® = ol is the sorption capacity
ot 0¢ ot o¢ ¢
(Slop of sorption-motsire retention curve)
w_ 6% [4A]
ot ot

b) win the Vapor convection term

0.622 P -
= v. P_-P=x~P,_; P=P(T
@ Palm_R, atm v atm v ( )¢
0622 P(T)-¢’ c 0622

P P,

whereP,, is atmospheric pressure

a)zCCIS-¢ [4B]



c) Vapor pressure gradient in the vapor diffusion term: [ZEVJ
op, _0(P(T)¢) aP(T) Lop
OX, OX% OX O

oP(T) aP(T) ot

OX, oT  ox

wherel5(T) is the saturation vapor pressurejeihis a function of temperature T

OR,_, P 3T 50
oX, oT 0Ox OX,

[4C)

d) Suction pressure gradient in liguid conduction term: ZPS
)g

Suction pressure can be expressed as a fundi temperature and relative humidity using

Keleve’s equationf, (T,¢)=—

pVIVVIRT In(¢), where R is the universghs constant and M is the

molecular weight of water molecule. Thus, arpression for suction @ssure gradient as
function of temperature and rélae humidity (Equation [4D]) can be obtained by making use of

the partial differentiation akeleve’s equation as follow:

oP. P, 0T 0P, 04

ox T 0% 0p %

P, p,R

s _Fwl

o m ")

R __pRT 1

op M ¢
?:-%R(ln(¢)gl+1%] [4D]
X % ¢ 0X
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Finally, substituting Equation [4A], [4B], [4C] and [4D] into Equation [4] gives:

@)%zi 5\,|:¢8—I5'£+ ﬁ%:|_pa i{0.622ﬁ¢} "‘& D pWR[ln(¢)ﬂ+Ia¢]_D'pr

at,  ox oT 0x OX Pam M ox ¢ &
% R » ey
‘ ox o

This expression can be simplified to Equat{dh, which represents the mathematical model
implemented in this paper fdhe general case of nassthermal moisture transfer through

multilayered porous media.

op o 0 oT) o _ -
-2 |D, 24D, — |-—(D V.C.P- 5
at 8& [ ¢ a)ﬂ + T a)ﬂj a)ﬂ ( Ipwg+pa i~7c ¢) [ ]

where: D, =| 5,P+D,
oT

PRT (o P O AR
M ¢] DT_[§V¢ +D M ln(¢)j

The above equation (Equatifs]) can be reduced for a simpler cageere moisture transfer in a

porous media is considered an isothermal pro@ess not considering eih airflow or gravity

effects as:@zt_g’j:ai(%g_ﬂ. If moisture content is used as a flow variable, the moisture
% %

transfer equation can be written %;?[Dm;ﬂj.
% X

11



Combining these equations provides a trefeship between the moisture conduction

coefficient D, and moisture diffusivityD, . This relation permits deducing both the liquid

conduction coefficient and liquidonductivity from measurable quérms of moisture capacity,

vapor permeability and moisture diffusivity.

M

R (Dn-©-6,P)

D¢=Dm-®=[5vﬁ+D, pWRIJ D =
M ¢

— |

2.2. Heat transfer

The conservation equation for internal energyg @nthalpy are derived from the conservation
equation of total stored ergy, as given in Equatid6]. The total stored energf) of a system
is the sum of internal energy (U), kiree energy (KE) and potential energy (PE),

E=U +KE+PE. The conservation equation for the toséored energy can be derived by

considering a control volumena accounting for the rate of aige of stored energy in the
control volume (ternh), transport of energy iand out of theontrol volume by convection (term
I1) and diffusion (termill) as well as the work done by ertal forces at the surface of the
control volume includingiscous forces (terrtV) and by gravity (body) force (term V) and heat

source (or sink) (terral) [15].

Y I 1] v

where e is energy per unit mas%e:E:u+%’V2‘+g->qj and peis the energy per unit
m

volume. After rearranging sommathematical expressions,etltonservation equation for the

total energy can be expredsa terms of enthalpyh, as provided in Equatidi@] (Kuo [15]).

12



a(ph)
ot

+div( pVh) =—div( j,)+Q, [7]

where j, is a diffusion term, which comprises h&ainsfer by conduction and enthalpy transport

due to moisture transfer an@, is a heat source (or sink) term. Rewriting the transient,

convection and diffusion terms ing mixture enthalpy (moisturegir and solid matrix), and
subsequent simpldation of Equatior{7] yields the mathematical model, implemented in this

paper, for transient heat traasthrough porous media, Equati@j.

£.CPus %+ P4 (Cp, +@Cp,) div(VT )+ div(—Ag grad (T)) = riphy, + MmT (Cp, -Cp, ) +Q [8]

where Cp,, and A, are the effective spedifiheat capacity and thermal conductivity (which take

: R ,
moisture effect into account), respectively, aﬁQ:dlv(év%J—padlv(Va)) is the amount of
%

moisture condensation/evaporation in kg/s

13



2.3. Airflow through porous media

Airflow through a porous media can be expressgdising Poiseuille’s law of proportionality

[16], which relates the pressure gead to flow velocity (Equatiof9]).

k, .
V =—"2div(P
p iv(P) 9]

In building physics applicationsir is considered incompressbtue to the very low airflow
speeds, and low pressure and temperaturanggs that are encountered in practice.

Consequently, the conservation equatiaraio mass balance is given by Equatib@].
div(pV)=0 [10]

Combing the mass balance, given in Equatj@@], and momentum balance, provided in
Equation[9], gives Equation11], which is implemented in this paper to compute airflow

velocities through buildg enclosures.

—~div(s,div(P))=0 [11]

Ka

where s, = p, 2 (air permeability).
U
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3. NUMERICAL TOOL FOR TR ANSIENT HAM ANALYSIS

The mathematical models implemented in this paper are Equ&iipf8], and[11] for
moisture, heat and air transport through multilayered porous media, respectively. The solution to
the air balance equation, flow through a pormedia with perfect contact between adjacent
layers, is relatively straightforward if the air permeability of the medium is assumed to be
constant, which is a generally the case in bujgihysics applications. In this instance, Equation
[11] is solved independently fdhe pressure distribution ithe medium of a given boundary
pressure condition. Subsequently, Equal#jnis used to calculate the airflow velocity field. The
known velocity field will then be used in thersection transport terms ofioisture and energy

equations, Equatiofp] and[8] respectively.

Latent heat, Enthalpy,
Heat transfer and storage
coefficient

D

Saturated vapor pressure,
Moisture transport and
storane coefficients

Permeabiliy

\)

Densiy

Convective

Convective
Heat transfer

Moisture transfer

Figure 5 Graphical representation of the inerdependency of heat, air and moisture
transfer. The arrows show the influence ofin entity on the correspondingly linked

entity through its effect on the paramtersdescribed in the accompaning text box.

15



Figure 5shows a graphical representation of theershependency of headir and moisture
transfer in a porous media. The heatd moisture balance equations (Equaf®hand [5],
respectively) are highly coupled mway that the heat transfer solution depends on the moisture
balance solution and vise ver3amperature and moisture conteah affect the air density and
permeability of the porous media, and in tura thechanisms of convective heat and moisture
transfer. In the heat lzance equation, Equatid8], the thermal storage amnsfer properties of

materials (effective heat capaciBp,, , and apparent thermal conductivity,) as well as the

local heat source/sink (assoctgith moisture phase changd, ) depend on the moisture state

of the domain. On the other hand, the temperdietds affect the moisture transfer process
since the temperature gradient is one of the m@siuving forces as indicated in the moisture
balance equation (Equati@®]). Moreover, the vapor permeabilityjoisture transfer coefficients

(D, and D;) and saturated vapor pressure, which are important parameters in the moisture

balance equation, are temperature dependentlditi@n to the strong colipg between the heat
and moisture balance equationsg #guations themselves are highly non-linear due to the fact
that neither the transfer nor the storageffament of the respective balance equations are
constants but are functions oéthorresponding driving potentials.

For example, the moisture and heat transfergnags of a load bearing material [17], which
is used in one of the HAMSTADbenchmark exercises, are presenteBiigure 6andFigure 7
respectively.Figure 6shows the non-linearity of the relationship of the sorption capacity and
vapor permeability with relative hudity as well as the liquid diffusivity with moisture content.
As moisture content (or relaBvhumidity) increases theseoperties exhibit more non-linear

behavior depicting a high increase in sompticapacity, decreases wapor transport and

2 HAMSTAD stands for Heat, Air and Moisture Standard Development
16



significant increase in liquidiater transport. Likewisdsigure 7shows the moisture dependency
of the thermal properties for this same material, the heat storage capacity and thermal

conductivity of the material increas with moisture content.

S 600

E
S 2 400 ~
=
S £ 200 - /
) @©

% 0 \ T \

O

20% 40% 60% 80%
Relative Humidity

~ 1E-12
s 2  8.E-13 —
Q o
$ 8  4E-13 ]
£
c“? 0.E+00 ‘ ‘ ‘ ‘

0% 20% 40% 60% 80% 100%
Relative Humidity
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s & 4E09

5 >N

o £ 2E-09

—I '(7)
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0 50 100 150
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Figure 6 Typical moisture transport propertiescurves. As moisture content increases the

transport properties exhibit non-linear behavior.
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Figure 7 Typical thermal properties asa function of moisture content.

Numerical tool

To obtain the temperature and relative hutpidield across thecomputational domain
(multilayered building envelop component),etlcoupled and nonlinear partial differential
equations (PDEs) need to be solved simultarigoudere, a finite-elentd based computational
tool called COMSOL Multiphysicsand MatLaB were used to solve thegquations. In addition
to a solver, COMSOL Multiphysics has a graphigsér interface (GUI) to create computational

domain geometry, an automated arseér controlled mesh generatand it also has an integrated

¥ comsoL Multiphysicshttp://www.comsol.com/
* Mathworkshttp://www.mathworks.com

18
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post processing capability for plotting, intergimhg and integrating simulation results. The
COMSOL Multiphysics computational tool has ardiby of predefined models to solve familiar
engineering problems such as convection diffn, fluid dynamics, heat transfer and other
problems. It also has a provision to apply g¢muabased modeling techniques, referred as “PDE
Modes”, for solving problems that may not belved by the standard modules. Using this
numerical technique, the developer formulates PDEs that govern the physical phenomena,
and solves them using the built-in solver.

In this paper, the three-cogpl transient HAM equations westmultaneously solved using
the COMSOL Multiphysics time-dependent solv€he solver is based on an explicit scheme
with variable time stepping. The user can predethe maximum time step so that it matches

with the boundary conditions change periods.

4. BENCHMARKING OF THE TRANS IENT COUPLED HAM MODEL

In this section, the newly developed transieoupled HAM model is benchmarked against
published test cases. This is an important stepntiiat first be carried out before integrating it
with an indoor model to devadathe whole building hygrothermaiodel, which is presented in
the second part of this paper.

The test cases comprise an analytical fioation, comparisons with other models, and
validation of simulation results with experimahtlata. Judkoff and Neymark [18] recommend
these three classes of model edlbn methods to test whether the mathematic models that are
incorporated in the numericaddl describe the physical process# interest adequately. Here,
two of the five benchmarkingxercises that were designed under the European HAMSTAD

project and a drying experimecarried out by Maref et al. [13re presented as they cover the

19



three categories of model test cases. The HAMSProject was initiated to develop standard
test cases, by which the accuracy of the existing and newly developed hygrothermal models
should be evaluated [17]. The complete benckingrexercises that are undertaken to test the

model are reporteith Tariku [20].

4.1. Analytical verification -- HA MSTAD Benchmark Exercise #2

In this benchmark exercise, a schematic of which is giveligare 8 the isothermal
drying process of a relatively w800 mm thick homogeneous laysructure is considered. The
initial hygrothermal conditions of the structure aré@@nd 95% relative humidity. The level of
relative humidity of the surrounding environmentclganged so that the structure dries out by
moisture redistribution and release to the sumdings. The top (extempand bottom (interior)
surfaces of the structure angpesed to 45% and 65% relative humidity, respectively, while the
temperature is kept constant alQ0The heat and mass transfer coefficients for both surfaces
are 25 W/rK and 1E-3 s/m, respectively. The matepabperties of the structure are given in
Table 1below. This benchmark exercise is a tesse that has an analytical solution. This is
possible due to the fact that the drying pesces isothermal, and the boundary conditions and
hygrothermal properties of the mast are assumed to be constant. The full description of this

benchmark exercise is given in Hagentoft [17].

20



S .. it 200 mm

Bottom Surface

Figure 8 A structure with initial moistu re content of 81 kg/m3 (95% relative
humidity), and boundary conditions of 43% and 65% relative humidity at the top

and bottom surfaces, respectively.

Table 1 Hygrothermal properties of the monolithic struacture

Sorption isotherm We (1_ - 11|:(¢))0'869 kg/?
0.118

Vapor diffusion 10°s

Moisture diffusivity 6 x 10°m?/s

Thermal conductivity 0.15 W/m K

Heat capacity 4.2 x famik
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The accuracy of the numerical model in simulating the drying process of the structure is verified
by comparing the model results with the anasjt solutions, which are provided in the
HAMSTAD project report. The transient maise profiles (moistre content in kg/f) across the
structure, which result due tthe continuous release of mmiee from the structure to the
surrounding through its boundary surfaces, @sed as verification parametdfggure 9shows

the initial moisture cotent and the moisture distribomi across the structure at 100, 300 and
1000 hours. In this and the following figures, gwmulation results of the model are designated

as “HAMFit”. The moisture distbutions at the top, middle andthmm sections of the structure

at 1000 hours are presentedrigure 10 Figure 1landFigure 12 respectively. As can be seen

in these figures, the newly developed model pceduexcellent results that clearly show high

degree of agreement with the analytical solutions.
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Figure 9 Moisture profiles of the structure Figure 10 Moisture distribution of the top

at 100, 300 and 1000 hours from the initia] section of the structure at 1000 hours.

moisture content of 80.8 kg/m.
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Figure 11 Moisture distribution of the | Figure 12 Moisture distribution of the

middle section of the structure at 1000 hour| bottom section of the structure at 1000 hour.

4.2. Comparative analysis —HAMSTAD Benchmark Exercise #4

In this benchmark exercise, the dynamigpmses of the HAM model for a well-defined
heat and moisture transfer problem are compared with other models’ simulation results. The
prerequisite for such type of comparative analys that all modelnput parameters including
geometrical representation, dimensions, ihitt@nditions, internal and external boundary
conditions, and material propertiesthe building envelope systems have to be prescribed and
consistently used by all participating modelse Tall description of the benchmark exercise can
be found in Hagentoft [L7Here, a brief descrin of the problem, input parameters and results
are presented.

The test case deals with heat and moistanmester in a two-layer wall system exposed to
realistic internal and extern@loundary conditions. The wall sgm is composed of a load-

bearing layer on the exterioma finishing layer on the interiasf the wall system. The load-
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bearing layer is 100 mm thick and has a density of 2050%ayfeh specific heat capacity of 840
JI(K.kg); the finishing layer has thickness of 20 mm, density 790 kd/mnd specific heat
capacity of 870 J/(K.kg)Realistic time dependent boundamnditions that arapplied at the
external and internal surfacetthe wall are shown iRigure 13. The variable heat and moisture
loads on the exterior surface due to solar radiaitd rain are represented by equivalent outdoor
temperature (shown on the top figure) and wind-agrivain flux (shown on the last figure),
respectively. The time dependent indoor moistaael that may be reladeto occupant activity,

is represented by variable indogapor pressure liwn on the middle gure). The outdoor air
temperature and vapor pressure, as well asnih@or air temperature are held constant with
values of 18C, 1150 Pa, and 20 respectively. This test case is more challenging [21] as it
involves severe climatic load that causes aegfcondensation on the exterior surface due to
nighttime cooling (low equivalertemperature), and frequentaurrences of wetting and drying
of the wall due to the alternating rain and so&diation loads. Moreovethe problem involves
rapid rainwater absorption at therfaces and high rate of moigtumovement within the layers

due to the extremely high liquid water atlygon property of théoad-bearing layer.
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Figure 13 Boundary conditions imposed on the indoor and outdoor surfaces

The initial hygrothermal condiins of the two layers are ZD and 40% temperature and
relative humidity, respectively. The mass transfer coefficients of the interior and exterior
surfaces are 3E-8 and 2E-7 s/m, respectively.hBEa transfer coefficients for the corresponding
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surfaces are 8 and 25 WAi), respectively. For compads purposes, the model simulation
results (designated as “HAMFit") areuerimposed on the corresponding six HAMSTAD
project participants’ solutiongmigure 14 shows the transient surfaanoisture contents and
temperatures of the outer and inner surfacethefwall for the entire simulation period. The
moisture content and temperauprofiles of the wall systerafter 96 hours are presented in
Figure 15 As can be seen in these figures, the simulation results of the model are in very good
agreement with the other six models’ solutiordéed 1 to 6). In whole building hygrothermal
modeling, the coupling of building enclosuend indoor environmenis through interior
surfaces, and therefore, it is portant to accurately predictahhygrothermal states of these

surfaces to obtain useful results.
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Figure 14 The transient surface moisture conterand temperature of the outer and inner
surfaces of the wall for theentire simulation period
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Figure 15 The moisture content and temperature profiles of the wall system at 96 hours.

4.3. Experimental validation—Laboratory controlled experiment

In this section, a drying experent carried out by Maref et §l.9] is used for validation and
testing of the model. The model’'s predictiaa compared with this laboratory controlled
measured data. In fact, the main objective oféfla experiment was to provide measured data
by which building envelope models could be ¢dsand validated. Thexperiment was done on
full-scale size wall having equal height and widfh2.4 m. The wall system is comprised of a
wood frame, sheathing board (1XrBn thick OSB) and vapor barri¢polyethylene sheet) that
are installed on the outside and interior surfaafethe frame, respégely. The cavity between
the vertical wood studs is fdtl with glass fiber insulationThe experiment was designed to
measure the drying rate of a wetted sheathing b@®8B) as it is exposed to controlled indoor
and outdoor boundary conditions. At the beginninghef experiment, the equilibrium moisture
content of the wetted OSB was 330 kj/mhich is equivalent to 996 relative humidity. This

initial moisture condition wasti@ined by carrying out a precondiiing process that involved:

27



soaking the OSB in a water bath, and thereaftepping it up with polgthylene sheet to allow
moisture redistribution across the thickness ofggheel. As part of thexperimental setup, all
surfaces of the wood frame were coated with véigbt paint to restrict moisture exchange with
the surroundings including the OSBurthermore, the edges oktlOSB were sealed to prevent
moisture loss through these surfacéhese preliminary actions suggéat the drying process is
one-dimensional and takes place through the @l&Ber surfaces. During the experiment, any
weight loss recorded by the weighing system was interpreted as moisture loss (drying) of the
OSB to the outdoor environment. The basis fag #ssumption are the following: 1) the weight
of the wood-frame remains the same sincenisisture exchange with the surrounding is
restricted by the paint; 2) moisture accumulatiothe insulation is insignificant due to its non-
hygroscopic nature; 3) condensation on the rettesurface of the polyethylene sheet is
insignificant since the indoor and outdoor tergiure conditions are nearly the same.

The OSB used in this experent had a density of 650 kginthermal conductivity of 9.41E-
02 W/(m.K) and specific heat capacity of 188(kd/K). Its moisturestorage and transport
properties that includine sorption isotherm, par permeability and liquid diffusivity are known
from the experimental study. The densityerthal conductivity, heatapacity and vapor
permeability of the glass fiber insulation are 11 Kg/M66E-02 W/(m.K),1256 J/(kg.K) and
1.30E-10 kg/(s.Pa.m), respectively. Since the inguids non-hygroscopic its moisture storage
capacity is very low, and therefore neglectethemodeling. Moreovedue to its capillary non-
active nature, the liquid water transport property was set to zero. The vapor permeability of
polyethylene sheet is 2.29E-15 {gPa.m). As far as hygrothernmbdeling is concerned, vapor
permeability is the most important hygrothernpadoperty of the polyethylene sheet; the

remaining properties includingnoisture storage, thermal storage, liquid permeability and
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thermal resistance values were set to zero. Shee@olyethylene sheet was directly exposed to
the indoor boundary condition, it was modeledaasurface vapor resistance rather than as a
layer.

The two remaining, and essential input databienchmarking of hygrothermal models using
laboratory-controlled experiments are: ifitend boundary conditions. €hinitial equilibrium
moisture content of the OSB was 330 kj/mnd the correspondinglative humidity (from
sorption isotherm curve) was 99.6%. In the sirtiafg the initial moistureeontent was assumed
to be uniform across the OSB thickness. This is based on the step taken during the
preconditioning process, moreesjfically, wrapping the wetted OSB with a polyethylene sheet
to allow moisture redistribution. The initidemperature condition of the wall system was
assumed to be 26 and uniform across the thickness. The boundary conditions to which the wall
system was exposed were controlled and oredsover the course of the experiment. The
temperature and relative humiditpnditions of the odibor environment were fairly constant at
25°C and 25%, respectively. For most of the time during the experiment, the temperature
difference across the wall was between®G-2This small temperature difference coupled with
the presence of insulation in the cavity makes dhying process nearly asothermal process.
The indoor relative humidity was generally higher and more Mariddan the outdoor relative
humidity (with a mean value of 40%). Howevigs, effect on the drying pcess was very limited
due to the presence of the pdlydene sheet, which essentially creates an interior adiabatic
boundary condition for moisture transfer.

In the simulation, the mass transfer coeffitsermare determined from the heat transfer
coefficients using Lewis relamn [11]. Since the experimens carried out in the indoor

environment, a heat transfer coefficient timtrecommended in ¢hlEA/Annex 24 [22] for
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interior flat surface 8 W/(AK) is adopted for both interior and exterior surfaces. Based on Lewis
relation, the mass transfer coeffidieror the exterior gtace is determinetb be 5.80E-8 s/m.
1.53E-11 and 5.80E-8 s/m, respectively. The effeatmnass transfer coeffient of the interior
surface was 1.53E-11 s/m, which is calculat®d superimposing the vapor resistance of
polyethylene sheet on the vaglmw resistance created byetimoist-air boundary layer.

In Figure 16the simulation result for the OSB dryiogrve derived from the model (HAMFit)
is superimposed on the laboratory results, whighat¢he transient moisture content of the OSB
at different times over the dryingeriod. As can be seen in thgure, the model prediction is in
excellent agreement with the experimental itsstor the entire dryig period. During this
period, the OSB lost 2.5 kg of moisture per squaeter of OSB. The average moisture content

of the OSB by weight was reduced from 51%ti@h state) to 16% (end of experiment).
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Figure 16 Comparison of the experimerdlly measured and simulated (using
HAMFit) drying curves of OSB
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5. CONLUSION

The thermal and moisture dynamic responsedwlding enclosures, essential inputs for
whole building hygrothermal models, haveosty impact on the overaperformance of the
building. This is due to the fact that the ntois stored in the steture affects the indoor
humidity and energy flow across the structuard thereby HVAC equipment size. Moreover,
building enclosures can have significant inflae on the indoor humigitievel depending on the
moisture buffering capacity of ¢hinterior lining materials. Tdhdynamic influences of building
enclosures on the indoor environment and HV#yStems can be captured by using a transient
model that handles coupled heat, air and tamstransfer through multilayered porous media.

In this paper, a transient heat, air and mogstwansfer model isleveloped based on basic
conservation of mass and energy equations. Thergiogepartial-differetial equations (PDES)
of the three transport phenomena are coupled and solved siroul§ntor temperature, relative
humidity and pressure. The model accommodateslinear transfer and storage properties of
materials, moisture transfer by vapor diffusicapillary liquid water @nsport and convective
heat and moisture transfer through multi-laygpedous media. The PDEs are derived in such a
way that each PDE is describadth a single driving potentiakvhich is conhuous across the
interfaces of adjoining materials. Conseqlierein equation-based modeling technique, which
requires less time of implementati and provides high degree dadrisparency and flexibility of
modeling, is used for solving the coupled B The transient HAM model is successfully
benchmarked against threeblished test cases. &hest cases are comprised of an analytical
verification, comparisons with other modebnd validation of simulation results with
experimental data. The good agreement obtained thélrespective test s suggest that the

model development and implementation are satiefy, and therefore, can be further coupled
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with an indoor model to create a whole bunlgl hygrothermal model. The development and
benchmarking of a holistic modelathutilizes the tranent model developed ithis paper as one

of its building block will be pesented in subsequent paper.

ACKNOWLEDGEMENTS

The authors thank Dr. Wahid W& for providing the experimealt data used in the third

benchmark exercise.

6. REFERENCES

[1] R. El Diasty, P. Fazio and |. Budaiwiodelling of Indoor AirHumidity: The Dynamic
Behavior within an Enclosur&nergy and Buildings, Vol. 19, pp.61-73 (1992).

[2] R. Jones, Indoor Humidity Calculation ProceduBeslding Services Engineering Research
and Technology, Vol. 16 (3), pp.119-126 (1995).

[3] C. Simonson, M. Salonvaara and T. Ojartideat and Mass TransfBetween Indoor Air and
a Permeable and Hygroscopic Building Envelope: Part 1 — Field Measuredoentsl of
Thermal Envelope and Building Science, Vol. 28 (1), pp. 63-101 (2004).

[4] C. Simonson, M. Salonvaara and T. Ojartdeat and Mass TransfBetween Indoor Air and
a Permeable and Hygroscopic Building Ewpel: Part 11 — Verification and Numerical
StudiesJournal of Thermal Envelope and Building Science, Vol. 28 (2), pp. 161-185 (2004).

[5] A. TenWolde, Mathematical Model fotndoor Humidity in Houses during Winter,
Proceedings of Symposium on Air Infiltration, Ventilation and Moisture Transfer,

Washington DC: Building Thermalrizelope Coordinating Council (1988).

32



[6] J.E. Christian, Moisture Sources. Moist@entrol in BuildingsASTM Manual Series: MNL
18, pp. 176-182 (1994).

[7] A. TenWolde and C.L. Pilon, The Effeof Indoor Humidity on Water Vapor Release in
Homes.Proceedings of Thermal Performance of the Exterior Envelopes of Whole Buildings X
International Conference. Dec. 2-7, Clearwater, FL (2007).

[8] F. Tariku and M. K. Kumaran, HygrotheainModeling of Aerated Concrete Wall and
Comparison With Field ExperimenBroceeding of the 3" International Building Physics
/Engineering Conference, August 26-31, MontreaCanada, pp 321-328 (2006).

[9] F. Tariku, S. Cornick and M. Lacassembiation of Wind-Driven Rain Effects on the
Performance of a Stucco-Clad Wdhroceedings of Thermal Performance of the Exterior
Envelopes of Whole Buildings X International Conference. Dec. 2-7, Clearwater, FL (2007).

[10] N. Mendes, F.C. Winkelmann, R. Lamtsgrand P.C. Philippi, Moisture Effects on
Conduction Loads:nergy and Buildings, Vol. 35, pp. 631-644 (2003).

[11] ASHRAE Handbook of Fundamentals, Anvam Society of Heating, Refrigeration, and
Air-Conditioning Enginees, Atlanta (2005).

[12] H. Kuenzel, A. Karagioziand A. Holm, A HygrothermaDesign Tool for Architects and
Engineers,Moisture Analysis and Condensation Control in Building Envelopes, ASTM
Manual series 50: Chapter 9 (2001).

[13] C-E, Hagentoft, Heat, Air and Moisture Transfer through New and Retrofitted Insulated
Envelope Parts|[EA Annex 24 HAMTIE, Final Report, Vol.5, Task 5: Performances and
Practice, ISBN 90-75741-04-9 (1996).

[14] C-E, Hagentoft, C. Blding Physics FundamentaRgport R-97:1, Department of Building

Physics, Chalmers University of Technology, Sweden (1997).

33



[15] K. Kuo, Principles of CombustiorBublished by John Wiley & Sons Inc. ISBN 0-471-

09852-3 (1986).
[16] H. Hens Building Physics-Heat, Air and Moisture, Fundamentals and Engineering Methods

with Examples and Exercises, Published by Ernst & Sohn A Wy Com. ISBN 978-3-433-

01841-5. (2007).
[17] C-E. Hagentoft, HAMSTAD — Fial report: Methodology of HAM-modelindzeport R-

02:8. Gothenburg, Department of Building Plogss Chalmers University of Technology
(2002).

[18] R. Judkoff and J. Neymark, Building &gy Simulation Test (BESTEST) and diagnostic
method NREL/TP-472-6231. Golden, CO National Rewable Energy Lab (1995).

[19] W. Maref, M. Lacasse, K. Kumaran aMiC. Swinton, Benchmarking of the advanced

hygrothermal model-hygIRC with mid-scale experimea$sn 2002 Proceedings, University

of Concordia, Morreal, pp. 171-176 (2002).
[20] F. Tariku, Whole Building Heat and N&ture Analysis, Ph.D Thesis, Concordia

University, Montreal, Canada (2008).
[21] C-E. Hagentoft, A. Kalagadis, B. Adl-Zarrabi, S. Roels, J. Carmeliet, H. Hens, J.

Grunewald, M. Funk, R. Becker, D. Sham®, Adan, H. Brocken, K. Kumaran and R.
Djebbar, Assessment Method of Numerical Rittoh Models for Combined Heat, Air and

Moisture Transfer in Building ComponenBenchmarks for One-dimensional Casksirnal

of Thermal Envelope and Building Science. Vol. 27 (4), pp. 327-352 (2004).

[22] C. Sanders, Heat, Air and Moistureamsfer Through New and Retrofitted Insulated

Envelope Parts|EA Annex 24 HAMTIE, Final Report, vol.2, Task2: Environmental

conditions, K.U Leuven, Belgium (1996).

34



35



	avF14oh8ghKQv2222885451883143502.bin
	aTHeI4KqTLazX6528955782308867715.bin
	Nomenclature
	1. INTRODUCTION
	2. MATHEMATICAL MODELS FOR COUPLED HEAT, AIR AND MOISTURE TRANSFER THROUGH POROUS MEDIA
	2.1. Moisture transfer
	a) Transient term: 
	b) in the Vapor convection term
	c) Vapor pressure gradient in the vapor diffusion term:  
	d) Suction pressure gradient in liquid conduction term: 



	2.2. Heat transfer
	2.3. Airflow through porous media

	3. NUMERICAL TOOL FOR TRANSIENT HAM ANALYSIS 
	Numerical tool

	4. BENCHMARKING OF THE TRANSIENT COUPLED HAM MODEL
	4.1. Analytical verification -- HAMSTAD Benchmark Exercise #2
	4.2. Comparative analysis —HAMSTAD Benchmark Exercise #4
	4.3. Experimental validation—Laboratory controlled experiment

	5. CONLUSION
	ACKNOWLEDGEMENTS

	6. REFERENCES
	53317.pdf
	Transient model for couples heat, air and moisture transfer through multilayered porous media
	NRCC-53317
	Tariku, F.; Kumaran, M.K.; Fazio, P.  
	May 2010


	/




