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Abstract

While the transfer equations for moisture and heat in building components are currently undergoing standardisation, atmospheric
boundary conditions, conservative modelling and numerical efficiency are not addressed. In a first part, this paper adds a comprehensive
description of those boundary conditions, emphasising wind-driven rain and vapour exchange, the main moisture supply and removal
mechanism, respectively. In the second part the numerical implementation is tackled, with specific attention to the monotony of the spa-
tial discretisation, and to the mass and energy conservation of the temporal discretisation. Both issues are illustrated with exemplary
hygrothermal simulations. Numerical efficiency is treated in two follow-up papers.
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1. Introduction

Until recently, the vapour-diffusion based Glaser method
counted as the standard calculation tool [1] for evaluating
the hygrothermal behaviour of building components, but
its restrictions — stationary, no liquid transfer, no air trans-
fer, etc. — render it only rarely reliably applicable. Presently,
the application of numerical simulation models for mois-
ture and heat transfer in building components is becoming
increasingly common. Hygrothermal simulations of build-
ing components have been applied for evaluation of: the
hygric and thermal performances of building components
[2-47]; the risk of algae formation and mould growth on
exterior and interior surfaces [5,6]; the effect of rain buffer-
ing on the occurrence and intensity of runoff on brick

* Corresponding author. Tel.: +45 4525 5025/1861; fax: +45 4588 3282.
E-mail address: haj@byg.dtu.dk (H. Janssen).

0017-9310/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.ijheatmasstransfer.2006.06.048

facades [7]; the effect of interior moisture buffering on the
interior relative humidity [8], etc.

The numerical simulation of moisture and heat transfer
inside building components is currently undergoing stan-
dardisation [9], which includes a recently developed quality
assessment methodology [10]. Both are restricted however
to the equations for moisture and heat transfer inside per-
meable building components: neither comprehensively
describe the atmospheric boundary conditions, nor do they
go deeply into the accuracy and efficiency of the numerical
modelling. These topics are however crucial to obtain a
comprehensive, accurate and efficient hygrothermal simu-
lation model for building components under atmospheric
excitation:

1. The hygrothermal boundary conditions due to atmo-
spheric excitation form the driving forces for moisture
and heat transfer inside building components. The
dependability of hygrothermal evaluations of building
components cannot be guaranteed without a complete
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Nomenclature
c specific heat (J/kg K)
cf cloudiness factor (-)

CR precipitation heat exchange (W/m?)
E vapour exchange (kg/m? s)

F view factor (-)

g flow (kg/m?*s or W/m?)

H convective heat exchange (W/m?)
K permeability (s) for p. gradients

L, heat of vaporisation (J/kg)

LE vapour transfer heat exchange (W/m?)

De capillary pressure (Pa)

Dy vapour pressure (Pa)

R precipitation on surface (kg/m? s)

Ry horizontal rain (kg/rn2 s)

Rwar  wind-driven rain (kg/m?s)

S radiative heat exchange (W/m?)

T temperature (K)

t time (s)

U reference wind speed (m/s)

Vioc local wind speed (m/s)

h surface transfer coefficient (kg/m2 sPa or
W/m? K)

w total moisture content (kg/m>)

Greek symbols
o wind-driven rain coefficient (s/m)
B slope of building component (°)

Y normalised thermal ¢ derivative (K ™)
oy permeability (s) for p, gradients

& long-wave emissivity of surface (-)
0 wind direction (° from North)

K solar absorption coefficient (—)

y) thermal conductivity (W/m K)

14 surface tension (N/m)

p density (kg/m?)

o Boltzmann constant (W/m? K%

@ orientation (° from North)
Subscripts and superscripts

a/c advective/conductive

m/h  moisture/heat

i/e internal/external

s surface value

o/t/v  solids/liquid/vapour

gro/sky ground/sky
dir/dif direct/diffuse

off runoff
sat saturation value
T transpose

and accurate description of these atmospheric phenom-
ena. Notwithstanding, incomplete or simplified formula-
tions are given in [9,10].

2. The standard temporal discretisation of the commonly
used capillary-pressure-based moisture transfer equa-
tion may lead to serious mass conservation errors, due
to the strong variation of the moisture capacity with
capillary pressure. A conservative temporal discretisa-
tion can be developed by using the mixed form of the
moisture transfer equation. Nevertheless, conservative
modelling is not taken up in [9,10].

3. The numerical efficiency of a simulation model deter-
mines the computational cost of hygrothermal evalua-
tions of building components. More efficient solution
algorithms will allow performing faster, more, larger,
longer or more precise simulations, boosting the appli-
cation potential of hygrothermal simulations of building
components. Nonetheless, numerical efficiency is not
addressed in [9,10].

This paper comprehensively presents a mass and energy
conservative model for the simulation of moisture and heat
transfer in building components under atmospheric excita-
tion, and hence contributes two important subjects: atmo-
spherical boundary conditions, and mass and energy

conservative modelling. Potential measures enhancing the
numerical efficiency of the hygrothermal simulation model
are described in [11,12].

After concisely reiterating the transfer equations, the
first section of this article concentrates on the formulation
of the atmospheric boundary conditions, the driving forces
for the moisture and heat transfer inside building compo-
nents. This section will mainly go into the modelling of
wind-driven rain and vapour exchange, respectively, the
key moisture supply and removal mechanism for perme-
able building components [13]. The second section of this
paper concerns the numerical modelling of transfer equa-
tions and boundary conditions, with specific attention to
the monotony of the spatial discretisation, and the mass
and energy conservative formulation of the temporal
discretisation.

2. Heat and moisture transfer inside building components

The majority of building materials can be considered as
open porous media — showing a broad range of pore radii,
ranging from 1072 to 107> m — containing a mixture of
water, vapour and air in the pores. All constituents interact
but due to the complex pore structure involved, an accurate
description on the microscopic level remains rather



1130 H. Janssen et al. | International Journal of Heat and Mass Transfer 50 (2007) 1128—1140

difficult. Some authors did nevertheless take this level as a
starting point for the description of moisture and heat
transfer in porous media [14,15]: an averaging approach
then yields the macroscopic description. Other authors
[16-18] used a phenomological approach, starting directly
from the macroscopic point of view. Both approaches yield
macroscopic equations for moisture and heat transfer in
porous media. The averaging technique does however give
more insight in the required assumptions. The phenomeno-
logical description has prevailed however, and several
models describing moisture and heat transfer in building
components have been developed on this basis [19], some
of which are now commercially available (Match, WUFI,
Delphin, etc.) [20-22].

It is generally preferred to assume the moisture transfer
driven by gradients in capillary pressure [9], as this quantity
forms a true potential. The capillary pressure p,. is defined
as the pressure difference between the liquid and the gas-
eous phase:

Pe = P1 — Pyias (1)

and is hence negative for unsaturated conditions. The abso-
lute value of Eq. (1) is sometimes used for the definition of
capillary pressure [9,10]. To maintain the association with
physical reality — pore water is under tension — and the
equivalence with heat transfer — flow transpires contrary
to gradients of the driving potential — such absolute value
is not favourable.

The derivation of the moisture and heat transfer equa-
tions in porous building materials can be found in
[9,10,19-22], and is not repeated. Under the usual assump-
tions that:

no air transfer occurs;

no liquid transfer due to thermal gradients occurs;

the effect of gravity is negligible;

radiative transfer does not occur;

moisture storage is independent of temperature;

the gaseous phase does not contribute markedly to
moisture nor heat storage;

e the temperatures remain well below the boiling temper-
ature of water;

the resulting transfer equations are [9,10]:

ow Op,

T
el — 2
apc @t v (gm,l + gm,v)a ( )
or ow\ Op.
(copy + cow) o + (CzT ©_pC> i . v (gh,c + gh,a)? (3)
8me = _KZVPC’ (4)
Oyp oyp
= — Y'Vp. — A L, Ty —1))VT, 5
gm,v p/RT P p[RTZ (pk +pc( Y )) ( )
8he — 7}‘VT7 (6)
ha = (cT)g + (T + Ly)g,- (7)

All symbols concerning transfer equations and boundary
conditions are clarified in the nomenclature section at the
start of this paper.

3. Atmospheric boundary conditions for moisture and heat
transfer

3.1. General formulations

Whereas the atmospheric boundary conditions form the
driving forces for the moisture and heat transfer inside
building components, most authors [9,10,19-22] remain
incomplete on this topic. A dependable model for simula-
tion of moisture and heat transfer in building components
under atmospheric excitation can though not go without a
complete and accurate implementation of the hygrothermal
boundary conditions.

The moisture balance at an external surface is made up
by precipitation R and vapour exchange E., while the
respective heat balance comprises convective H, and radia-
tive S, heat exchange, sensible heat transfer due to precip-
itation CR and latent and sensible heat transfer due to
vapour exchange LE,:

gm,es = (R + EC) -n (8)
8hes = (He + Se + CR + LE,) - m, 9)

where n is a unit vector perpendicular to the component’s
surface. The moisture and heat balances at internal sur-
faces can be described with:

8mis — (El) L (10)
gnis = (H; + LE;) - n. (11)

Note that the external surface heat balance explicitly in-
cludes radiative heat exchange. At the interior surface,
both convective and radiative heat exchange are assumed
integrated in a global surface transfer coefficient. Boundary
flow terms are assumed positive when increasing the mass
or energy content of the simulated component.

Precipitation arriving at a building component’s surface
is made up by horizontal rain R}, and wind-driven rain
R4, Horizontal rain is rain through a horizontal plane,
wind-driven — or driving — rain is rain that is given a hor-
izontal velocity component by the wind. For general appli-
cation for all potential slopes of building components, the
wind-driven rain is defined as the wind-induced deviation
from the standard wind-free catchment of horizontal rain.
This implies that wind-driven rain amounts may be nega-
tive: a windward edge of a flat roof, for example, may
under windy conditions get less rain than the wind-free
horizontal rain amount:

R = Ry cos(f) + Ryar- (12)
Horizontal rain data are obtained from climate files. Wind-

driven rain data are however generally not available in
such files, and are calculated from horizontal rain, wind
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speed and wind direction by use of the wind-driven rain
coefficient.

In building physics, vapour exchange between surfaces
and the atmosphere is generally described by means of a
surface vapour transfer coefficient /i, :

E.= hme( v.e _vacs)
Pees
= hm,e (pv,e _pv,sat(TCS) exXp ()) (13)

In Eq. (13), the surface vapour pressure p, s is calculated
from the surface capillary pressure with Kelvin’s law. The
outside vapour pressure is determined from outside air
temperature and relative humidity, both obtained from
climate files. As precipitation and vapour exchange form,
respectively, the major moisture supply and removal mech-
anisms for permeable building components [13], a more
exhaustive description on the wind-driven rain and surface
vapour transfer coefficients is presented in the next
paragraph.

Similarly, convective heat exchange between surfaces
and the atmosphere is generally described by use of a sur-
face heat transfer coefficient Ay,

He=hye(Te — Tes). (14)

The radiative heat exchange is composed of the
absorbed short-wave radiation and the long-wave radiation
exchange between surface, atmosphere and ground:

Se=K(Sai + Sair) + 08| Faro (Theo = T4 ) + Futy (T = T3 .
(15)

The direct and diffuse radiation are obtained from climate
files. A solar path calculator [23] is used to project the
direct radiation on the building component’s surface.
Ground surface temperature is taken equal to the air tem-
perature, based on [24,25]. Different models exist for the
calculation of sky temperatures: a comparison in [24]
indicated that the deviations are not that large. The model
presented in this paper applies:

Ty = Te — (23.8 — 0.2025(T, — 273.15))(1 — 0.87cf).
(16)

A model relating the cloudiness cf to the short-wave
radiation was presented by Kasten and Czeplak [26], but
was shown to give erroneous results in [24]. The cloudiness
factors are thus adopted from solar radiation measure-
ments [27], which though only allow deriving a year-aver-
aged value.

The sensible heat transfer due to precipitation is calcu-
lated as:

CR = ¢,T.R. (17)

Accepting the rain temperature equal to the air tempera-
ture is debatable: Janssen [24] did demonstrate though that
the inclusion of CP in the surface heat balance had practi-
cally no effect on surface temperature.

The latent and sensible heat transfer due to vapour
exchange can be described with:

LE. = (¢yTes + Ly)E.. (18)

The equilibrium in the moisture and heat balances (8)
and (9) does only hold however for unsaturated external
surface conditions. During severe precipitation, the mois-
ture supply to the surface may be larger than the possible
absorption by the material. At such moments, the surface
moisture content reaches its saturation value, and the
excess rainfall drains as runoff over the external surface.
During such runoff periods, Eq. (8) is no longer valid,
and instead a fixed capillary pressure is to be imposed
(19), which also changes the heat balance (20):

Pees = 0 Pa, (19)
Shes — H.+Se + CR — CRyr + LE.,
CR — CRoir = copyTeR — copyTesRofr- (20)

Currently, as in other hygrothermal models, the model pre-
sented in this paper assumes runoff to disappear from the
system, and not to form a moisture load for locations lower
on the building component’s surface. A first effort to the
combined modelling of capillary sorption and surface flow
is documented in [7].

3.2. Modelling of wind-driven rain

Wind-driven rain loads on building components are
highly variable in space and time. This is due to the vari-
ability of the main influencing parameters: building geom-
etry, environment topography, position on the building,
wind speed, wind direction, horizontal rainfall and rain-
drop-size distribution. Three categories of methods exist
for the quantification of wind-driven rain loads: measure-
ments, semi-empirical formulae and numerical simulation
methods based on CFD (computational fluid dynamics).
A review on each of these methods was recently provided
by Blocken and Carmeliet [28]. The methodology that is
suggested in this paper is based on the combination of
the numerical simulation model for wind-driven rain [29],
and the additional insight and simplifications recently pro-
vided by Janssen et al. [13].

Wind-driven rain can be calculated with the wind-driven
rain relationship:

Rwdr = O((Rha U7 0— (p)RhU7 (21)

where o is the wind-driven rain coefficient. Because of the
very simple form of (21), the entire complexity of the inter-
action between wind, rain and building has to be integrated
in this coefficient. Resultantly, this coefficient is a compli-
cated function of Ry, U and (0 — ¢), and CFD is employed
to determine this function. A three-step approach is used:

1. Steady-state wind-flow pattern: The steady-state wind-
flow pattern around the building is calculated with
CFD. The Reynolds-Averaged Navier-Stokes equations
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are solved with the control volume method and closure
is obtained by the use of the realizable k—¢ turbulence
model. The result of the calculation procedure is the
velocity-vector field around the building.

2. Raindrop trajectories: Raindrop trajectories are obtained
by injecting raindrops of different sizes in the calculated
velocity-vector field and by solving their equations of
motion. Drops are injected from a horizontal plane,
located in the upstream-undisturbed wind-flow pattern
high above the ground, to allow them to reach their ter-
minal fall velocity (vertical) and wind velocity (horizon-
tal) before entering the flow pattern disturbed by the
presence of the building.

3. Specific and integrated catch ratio, and wind-driven rain
coefficient: Comparing the horizontal raindrop density
(injection density) with the density of the wind-driven
rain drops arriving at the building facade results in val-
ues for the specific catch ratio Ryqdd)/Ru(d), for each
raindrop diameter d. The integrated catch ratio Ryq./
Ry, is obtained by integration of the specific catch ratios
over the raindrop spectrum. Finally, the wind-driven
rain coefficient o is acquired by division with the refer-
ence wind speed.

For more details, the reader is referred to [29]. The results
of this procedure are wind-driven rain coefficients for a
given building geometry and environment topology, for
all positions on the building facades and for different values
of wind speed, wind direction and horizontal rainfall inten-
sity. As an example, Fig. 1 shows two wind-driven rain
coeflicient charts, illustrating « as a function of wind speed
and horizontal rainfall intensity, for two positions on the
windward facade — with the wind perpendicular to the
facade — of a cubic 10 x 10 x 10 m* building, located on
a grass-covered plain without other nearby obstacles [30].

The resulting wind-driven rain coefficient o is generally a
pronounced function of Ry, U and (6 — ¢). For the pur-
pose of hygrothermal simulations of building components
though, Janssen et al. [13] verified that, in most cases, the
dependence of o on wind direction can be reliably simpli-
fied by projecting the wind-velocity vector on the facade’s
normal, yielding a simplified wind-driven rain relationship:

Ryar = o) (Ry, U - cos(0 — @))R,U - cos(0 — o)
=0 (Rh» U/a )Rh Ulv (22)

2
U (m/s) R, (kg/m2h)

2
R, (kg/m2h)

U (m/s)

Fig. 1. Wind-driven rain coefficients o, (R, U') (R, and Ryyq, in kg/m2 h)
for the left top corner (a), centre (b), of a cubic (10 x 10 x 10 m?)
building’s facade.

where o | is the coefficient for a wind direction perpendicu-
lar to the facade and U’ is the projection of U on the nor-
mal to the facade. On the other hand though, the same
study also indicated that the dependence of «; on U and
Ry, cannot be neglected for reliable hygrothermal simula-
tions, stressing the importance of CFD-based wind-driven
rain coefficients for this purpose.

3.3. Calculation of convective surface transfer coefficients

The surface moisture and heat transfer coefficients gov-
ern the convective exchange of vapour and heat between
the atmosphere and a component’s outer surface (Egs.
(13) and (14)). Reliable calculation of these is however
cumbersome, as comprehensive models are still lacking.

Moisture and heat transfer at external surfaces are dom-
inated by the forced convection due to wind, and thus
depend strongly on the local air velocity. While the latter
relation has occasionally been measured in wind tunnels
[31,32], the relation between the reference wind speed and
the local air velocity is still lacking. Like for wind-driven
rain, this could be quantified by numerical CFD simula-
tions. Building geometry, environment topography, posi-
tion on building, wind speed and direction will likewise
become important influencing parameters. At present such
CFD-based relations are not available though. The surface
transfer coefficients furthermore depend on the pore struc-
ture, and on the roughness of the external building material
[31,32]. Worch [31] furthermore stated that the moisture
transfer coefficients depend on the moisture content at
the surface. Presently none of these influences has been
integrated in models yet.

Due to the lack of reliable and validated models, one has
to refer to empirical data for the heat transfer coefficient
and to analogies for the moisture transfer coefficient. The
heat transfer coefficient can be obtained from large-scale
measurements of convective heat transfer at building com-
ponents’ surfaces [19,33-36], which relate a ‘building-part
averaged’ surface heat transfer coefficient to the reference
wind speed. Fig. 2 illustrates the various relations between
the wind speed and surface heat transfer coefficient [33-36].
The expression leading to the most central result [35] is
retained:

Bne = 1.7V10e + 5.1,
Viee = 1.8U +0.2
Viee = 04U + 1.7

(windward), (23)

(leeward),

where V) is the local air velocity.

For the surface moisture transfer coefficients on the
other hand, empirical data are limited [37]. It is therefore
commonly preferred to derive them from their thermal
counterparts, based on the ‘Lewis analogy’ [19], which
assumes the thermal and hygric boundary layers to be sim-
ilarly shaped and sized. In that case, the surface moisture
transfer coefficient can be assumed proportional to the sur-
face heat transfer coefficient:
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80
--McAdams [33]

——|to et al. [34]
— Sharples [35]
| & Loveday and Taki [36]

[2]
o

surface heat transfer coefficient (W/mzK)
) IS
o o

0 5 10 15 20
reference wind speed U (m/s)

Fig. 2. Comparison of different relations between average surface heat
transfer coefficient and reference wind speed (bold: windward side, thin:
leeward side).

he = 7.7 x 107 by (24)

The existence of such proportionality between /4y, . and /i, ¢
is supported by the data of Schwarz [37].

Variation of the surface transfer coefficients with build-
ing geometry, environment topography, location on the
building, structure of material and surface is hence not
accounted for in the proposed methodology. Janssen
et al. [13] demonstrated though that the surface transfer
coefficients significantly affect the moisture transfer in per-
meable building components: for reliable simulations,
accurate hourly values are required. It is obvious that the
accepted methodology needs refining, and further research
on this matter is strongly encouraged.

3.4. Climate data

Meteorological data are generally gathered as arithmet-
ically averaged values over 10-min intervals, and are then
processed to average values over longer time intervals.
The use of hourly averaged climate data, instead of original
10-min data, in simulations of vapour transfer in building
components, was analysed by Geving [38]: no substantial
deviations were observed. A just as comprehensive analysis
of liquid transfer is still lacking. Blocken and Carmeliet [39]
state that 10-min rain intensity and wind speed data are
most appropriate for accurate estimations of the wind-dri-
ven rain loads, and indicate that the commonly arithmeti-
cally averaged hourly R, and U values tend to lead to
underestimations. Instead R,-weighted hourly averages of
Ry, and U should be used. For moisture and heat transfer
simulations, it was confirmed that such weighted averages
generally yield equally accurate predictions of longer-term
variations of moisture transfer [39]. For shorter-term phe-
nomena like runoff and water penetration however, reliable
predictions can only be made with short-term climate data.

The availability of climate files on a 10-min basis or on
an hourly basis including R;-weighted R;, and U averages is

however almost none. Currently ongoing work focuses on
the establishment of hourly databases containing weighted-
averaged wind and rain data [39], and further efforts in this
direction are encouraged. For the meantime though, tradi-
tional arithmetically hourly averaged climate values have
to be assumed satisfactory.

4. Conservative numerical implementation

The strongly non-linear transfer equations (2)—(7) and
boundary conditions (8)—(24), describing the transfers of
heat and moisture in building components under atmo-
spheric excitation, defy analytical solution and hence
require numerical solution. In the presented model, the
finite-element method is favoured for the spatial discretisa-
tion, in combination with an implicit finite-difference
scheme for the temporal discretisation. In this develop-
ment, specific attention is paid to the effect of the spatial
discretisation on the monotony of the solution, to the influ-
ence of the temporal discretisation on mass and energy
conservation and to the linearisation technique. Whereas
of major importance to attain an accurate — and efficient
— hygrothermal simulation model, these topics are not
tackled in [9,10,19-22].

4.1. Spatial and temporal discretisation

The transfer equations (2)—(7) can be represented as:

op. or

— —_— T =
Cmm ot + Cmn 6t v (kmmvpc + kthT) 07 (25)
oT d
o =+ Cim é'; ¢ VT (kyy VT + kym Vp,) = 0. (26)

4.1.1. Spatial discretisation

The Galerkin weighted-residual finite-element method,
instead of finite-difference or control-volume methods, is
favoured for the spatial discretisation of Eqgs. (25) and
(26). The finite-element technique explicitly assumes a var-
iation of the independent variables over the calculation
domain, which is considered numerically superior. More-
over, surface values of the capillary pressure and tempera-
ture are required for the evaluation of the boundary
conditions. These are only directly available for the finite-
element method, while necessitating additional approxima-
tion in the finite-difference and control-volume methods.
The following elaboration is limited to the moisture trans-
fer equation. The weak Galerkin formulation and Green-
Gauss theorem convert (25) into:

, T
/ [Mcmm % 1 Meg, aﬁ_t + V™M (ki VP, + knn VT) | dQ
Q

- 7{ M0 (ke Vp, + ke VT) AT
r

=0, (27)



1134 H. Janssen et al. | International Journal of Heat and Mass Transfer 50 (2007) 1128—1140

where Q is the spatial domain under consideration, M a
weight function and n is a unit vector perpendicular to
the boundary I' of the calculation domain. For practical
applicability, the calculation domain Q is subdivided into
a number of small elements Q°. Within each element, the
unknown p.(x,y,z) and T(x,y,z) are approximated with
shape functions between the nodal values:

Pe = NP, (28)
T = NT®, (29)

where N contains the shape functions and p¢ and T° con-
tain the nodal values of the capillary pressure and temper-
ature. By choosing the weight functions M equal to the
shape functions N, the resulting set of equations for each
element can be rewritten in matrix form as:

Cam aa—pf +C aaTt + K0+ K, T = F;, (30)
CﬁmuziéfthdeQ,Cﬁmf:l;%mngdQ, (30.1)
Koy = | JonV'N.9N, 9, Ky, = /Q e VTN,VN 40

(30.2)
Foi= /r Nignadl', (30.3)

where C; are the element capacity matrices, K the
element permeability matrices, F; the element external
load vector and g., is the external load, normal to the
boundary. At this point, boundary conditions (7)—(24)
can be inserted. While finite-difference and control-volume
discretisations assign one storage capacity to a zone
surrounding a node, and require an assumption on the
average permeability between neighbouring nodes [40],
the finite-element method yields an unambiguous treatment
of the capacity and permeability terms (30.1) and (30.2).
The integrals (30.1), (30.2) and (30.3) are calculated numer-
ically, applying Gauss-Legendre numerical integration for-
mulae. Assemblage of the equations over the complete
calculation domain yields (for moisture and heat transfer
equation):

op, oT
(:mm_C Cm A, I(mm c Km Tszy 31
o T Cmg, T p. + Kun (31)
oT 0
Cin 5, + Cim a—"t + K T+ Ky, = Fy (32)

where C,, are the global capacity matrices, K, the global
permeability matrices and F,, the global external load vec-
tors. The system of equations (30) and (32) can generally be
represented as:

0
Ca—ltJ+KU:F, (33)

where U represents the unknown nodal values for one or
both of the independent variables, and C, K and F are com-
posed from the different C,,, K., and F,.

4.1.2. Temporal discretisation

To transform the system of differential equations (34)
into algebraic equations, an appropriate temporal discreti-
sation needs to be applied. The so called 6-family of finite-
difference schemes is a commonly used method:

aU; aUz+At
U = U+ [ (1 - Q)E + 95 At, (34)

where 0 is a parameter limited to [0,1], and ¢ and At are
the current time and time step (s), respectively. The condi-
tionally stable explicit scheme — 0 equal to 0 — is not pref-
erable, as it results in slow simulations: the necessarily
small spatial discretisation to describe sharp moisture
fronts in free water uptake experiments severely limits
the time step size. The unconditionally stable Crank-Nich-
olson and implicit algorithms — 0 equal to 0.5 and 1,
respectively — on the other hand do not impose such lim-
its: the larger time steps will easily compensate the re-
quired iterative solution of the non-linear equations and
matrix inversions. The stable Crank-Nicholson can
though not avoid oscillatory solutions [41]. Patankar [41]
moreover reasons that the implicit algorithm is closer to
reality. Van Genuchten [42] furthermore states that the
implicit solution is more efficient, except when very strict
accuracy limits are enforced. An implicit algorithm is
moreover desirable when the storage terms are (near)
zero and Eq. (33) becomes an elliptic equation [43].
The example section at the end of the paper will confirm
that such fully implicit temporal discretisation does not
introduce any significant deviations. Inserting Eq. (34) in
(33) converts the differential equations to algebraic
equations:

(CI+AI 4 AtKH—At)UH-AI _ FH—AtAt + Cl+AlUt. (35)

4.2. Monotony considerations

Several authors [43-46] indicate that the spatial discret-
isation of the moisture transfer equation with the finite-
element method may lead to non-smooth, oscillatory
solutions, particularly when simulating free water uptake
into dry porous materials. The resulting over- and under-
shoots at the toe of the moisture fronts become more seri-
ous for lower initial moisture contents and for larger grid
spacings. These oscillations are generally attributed to the
mass distribution in the capacity matrices (30.1), character-
istic to the finite-element method. Finite-difference or con-
trol-volume discretisations on the other hand, leading to
diagonal — or lumped — capacity matrices, do not demon-
strate such non-monotone behaviour [46]. Pan et al. [47]
showed that the finite-element method may lead to negative
“neighbouring node responses” — resulting in an unphysical
decrease in moisture content as response to a positive
inflow — when the moisture content increase in the neigh-
bouring nodes is very large, such as at a sharp wetting
front.
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The common measure to eliminate the unphysical oscil-
lations is mass lumping. Neumann [43] proposed to replace
the matrices (30.1) by their lumped variants:

Chamiy = i /Qc CmmN; A€, (36)

where J;; is the Kronecker delta. (36) is equivalent to shift-
ing the off-diagonal elements in (30.1) onto the diagonal.
Several authors have reported to obtain non-oscillatory re-
sults with (36), but all applied mass lumping combined only
with linear shape functions [43-46]. When implemented
lumping indeed removed the oscillations, but only if linear
elements were used. With higher-order shape functions, the
over- and undershoot remained. This observation indicates
that Eq. (36) may not be generally applicable, which was
also stated by Reddy and Gartling [48]. Given this lack
of general validity, it is therefore decided not to apply mass
lumping.

Oscillations at the toe of the moisture front mostly
occur when simulating free water uptake experiments with
rough spatial and temporal discretisations. In the example
section closing this paper, it will be shown that their influ-
ence on the results is minimal. Simulations under atmo-
spheric excitation, on the other hand, will only very
rarely develop the conditions necessary for such sharp
moisture fronts, and will thus not be considerably affected
by maintaining the consistent, mass distributed capacity
matrices (30.1).

4.3. Mass and energy conservative modelling

For reasons of clarity, the development of a conserva-
tive transfer equation will first be restricted to isothermal
liquid water transfer. The introduced principles are after-
wards extended to the coupled transfer of moisture and
heat.

4.3.1. Isothermal liquid transfer

As mentioned before, moisture transfer is rather
described based on capillary pressure, as this quantity
forms a true potential for moisture transfer:

ow 0
. g ~ V" (K/Vp,) =0. (37)
Several authors report unacceptably large mass conserva-
tion errors though, independent of the spatial discretisation
method [44—46]. Eq. (38) on the other hand, based on the
moisture content as flow potential, is unconditionally mass
conserving:

w_ vV(D,Vw) =0, (38)
ot
where D, is the moisture diffusivity (m%/s).

These mass conservation errors must arise from the non-
linear nature of Eq. (37): the storage coefficient dw/dp.
depends strongly on the capillary pressure p. (Fig. 3). Its
time-discrete evaluation — be it at ¢, t + At, t + At/2 — can
never be entirely representative for the storage process over
the complete time interval from ¢ to ¢ + A¢, as Ow/0p,. varies
continuously with the evolution from p. to p*4’. Celia et al.
[46] therefore introduced the mixed form. With a finite-dif-
ference temporal discretisation this becomes:

wt+At _ Wt

At

ow T
— -V (K,Vp,) =
o V' (K,Vp,)

- VY(K,Vp,) =0. (39)

An iterative solution procedure is needed for the non-
linear equation (39), in which the value of w after iteration
m+ 1 in the ¢ to £+ Az time step (W' ™2*""1) can be esti-
mated with a truncated Taylor series:
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Fig. 3. Illustration of moisture storage for the mixed (40) and p.-based (41) isothermal moisture transfer equation.
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t+Atm
§7W (p£+Atarn+l _p?rAt,m) + (Wz+Az,m _ Wt) —VT (K1VPL)At
c N VB
=0. (40)

An equivalent form of the original p.-based moisture trans-
fer equation (37) is:

ow t+At,m

(piraemtt — p') —VT(K,Vp,.)At = 0. (41)

.

C

The mass storage in the mixed (40) and p.-based (41)
moisture transfer equations is illustrated in Fig. 3. This
comparison reveals the mass conserving properties of the
mixed formulation. When convergence is near, p/ %!
and p.™"" are almost equal, and the exact value of the
capacity term Ow/dp,. is no longer important: the storage
of moisture is defined by w4 — ', leading to a mass-
conserving mixed equation (40). This is not the case though
for the p.-based equation (41), where Ow/0p, completely
determines the storage of mass and leads to faulty
estimates.

4.3.2. Coupled moisture and heat transfer

The principles put forward originally for isothermal
liquid water transfer [46] can be easily extended to the cou-
pled transfer of moisture and heat, yielding a mass and
energy conservative scheme [24]:

(CH»ALm + Ath+At.m>UI+A[,m+l
— AtFtJrAt,m + C1+At,n1Ut+At,m o (St+At.m _ S[)7

S;,i:/ wN;dQ, (42)

Slexi = / T(copy + cow)N,;dQ.
, o

The application of the conservative formulation (42) does
not require more computational effort. Its relevance is illus-
trated in the example section concluding this paper. As is
evident from the description above, the mass and energy
conservative modelling is independent of the spatial dis-
cretisation method and can thus be generally applied. It
has though not been implemented in any of the currently
available hygrothermal simulation models [9,10,19-22].

4.4. Linearisation techniques

The resulting system of equations is non-linear as the
capacity, permeability and load matrices all depend on
the unknown capillary pressures and temperatures, and
has thus to be iteratively linearised to allow solution.

4.4.1. Picard iterative scheme
The Picard iterative scheme (42) applies substitution: C,
K and F are calculated with capillary pressures and temper-

atures from the previous iteration and an iterative loop is
continued till convergence. The Picard scheme is straight-
forward but rather inefficient: primarily for the non-linear
boundary conditions governed by transfer coeflicients
(the vapour exchange (13) is by far the best example), con-
vergence is poor, and long calculation times arise. Poor
convergence on flux-type boundary conditions originates
from the dependence of F on the unknown U. Changes
of U lead to unpredictable changes of F, making conver-
gence difficult.

4.4.2. Newton—Raphson iterative scheme

This flaw is solved by application of the Newton-Raph-
son iterative scheme. Essentially, the system of non-linear
equation (42) can be represented as:

R(U1+A1) — 07 (43)
of which the root U™ has to be determined. The New-

ton—Raphson scheme states that:

Ut+At,m+l _ Ut+At,m — AUt+At‘m+1 — _;((Iljjt;it::l)) ) (44)
oU

Elaborating this for Eq. (43), the resulting equation to be
solved is:

t+At,m t+At,m 0 o t+At.m aFHAt'm t+At,m+1
C +AK + AtTU — At U AU
— tFH—At.m _ Ath+Ar,an1+Az,nz _ (St+At.n1 _ S[). (45)

As can be seen in Eq. (45), the Newton—-Raphson iterative
scheme inserts ““predictive information” on the changes of
F — and of the material properties — with U in the left hand
side coefficient matrix, seriously improving the convergence
rate. The needed derivatives can all be calculated analyti-
cally. The efficiency of the scheme is illustrated in [12]. It
is noteworthy that the Newton—Raphson elaboration of
the conservative formulation yields a “slimmer” equation
than that resulting from the original (35): among others,
Eq. (45) does not contain derivatives of capacity matrices,
implicitly enhancing the model’s efficiency.

4.5. Dynamic time stepping

At the start of a rain shower very small time steps are
desirable to allow accurate simulation of the absorption
of precipitation by the external layer of the component.
At other moments, larger time steps are preferable to
reduce calculation time. For that reason a dynamic-time-
step algorithm is developed. The size of the next time step
is determined from the previous time step and the number
of iterations performed during that step:

A#*! = Af min (”;“;1 : 2), (46)

where A¢’ and A" are the current and next time step (s),

respectively, m the number of iterations needed to attain
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convergence in time step At’, and my,y is the maximum
number of iterations allowed in one time step. The growth
of the time step is not completely free: time step increases
are limited to a factor 2, as the lack of such an upper limit
results in frequent divergence of the numerical solution.
The maximal time step is determined by the desired output
frequency and the required transitions of the climate data
values. When the iteration does not converge within m,,,,
iterations, the time step is halved and the iteration loop
restarted.

5. Examples

The hygrothermal model is applied for two cases com-
mon in building physics: free water uptake by a building
material, and atmospheric excitation of a building compo-
nent. The negligible influence of oscillatory solutions —
over- and undershoot at the toe of the moisture fronts — is
illustrated for the free water uptake, the relevance of mass
and energy conservative modelling on the other hand is
illustrated for the atmospheric excitation. For all simula-
tions, mass and energy conservative equations (42) are used
with consistent capacity matrices (30.1) and (30.2), except
where indicated. All simulations use ceramic brick as exem-
plary building material. Hygric properties are depicted in
Fig. 4, the thermal properties are: c¢g- po = 840 - 2005
J/m*K; 2=0.540.0045-w W/m K [10]. As exemplary
climate data, Design Reference Year data for Essen
(Germany) are applied [22], containing values for the air
temperature, direct and diffuse solar radiation, relative
humidity, wind speed, wind direction and horizontal rain.

5.1. Free water uptake by ceramic brick

Free water uptake measurements are commonly carried
out to determine the capillary moisture content and the cap-
illary moisture absorption coefficient of building materials,
two quantities required primarily in the determination of
material properties. For such measurement, the underside
of a beam-shaped sample is brought in contact with water,
and the moisture accumulation in the sample is monitored.
One-dimensional moisture transport is ensured by vapour
tightening the vertical sides of the sample, and limiting
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Fig. 4. Moisture retention curve (a), liquid and vapour permeability (b),
for ceramic brick at 293.15 K.

the evaporation at the top of the sample. Theoretically the
moisture accumulation should progress linearly with square
root of time, and this proportionality is defined the capillary
absorption coefficient A,,. This first example shows free
water uptake by a 9 cm high ceramic brick sample. The
initial and boundary conditions are:

t<0s x€[0;0.09m, p, =—10°Pa, (47)
t>20s x=0m, p,=0Pa,
x=009m, g =0kg/m’s. (48)

Simulations are continued for 4500 s, with alphanumeric
output every 100 s.

A first simulation employs a very fine 241-noded discret-
isation for the 9 cm sample: the resulting moisture content
profiles and the accumulation of moisture are shown in
Fig. 5(a) and (b). The resultant A, is 0.1411 kg/m? s
As consistent capacity matrices are used (30.1), very small
oscillations at the toe of the moisture fronts cannot be
avoided. Far larger oscillatory behaviour at the moisture
fronts’ toe is obtained when a rough discretisation of 27
nodes [11] is used, as illustrated in Fig. 5(c). As these oscil-
lations mainly occur in the very dry range of the moisture
retention curve, they do not yield any visible oscillations in
the moisture content profiles in Fig. 5(d). Application of
lumped capacity matrices on the other hand yields non-
oscillatory solutions. Fig. 5 also indicates that the coarse
discretisation results in a slight smearing of the capillary
pressure and moisture content profiles, as was also noted
in [46]. The resulting A4.,, remain very close to the original
value though: 0.1409 kg/m? s*> and 0.1410 kg/m?*s*> for
the consistent and the lumped simulation, respectively.
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Fig. 5. Moisture content profiles at 500, 1500, 2500, 3500, 4500 s (a),
moisture accumulation over time (b), capillary pressure profiles at 1500 s
(c), moisture content profiles at 1500 s (d), during free water uptake by
9 cm ceramic brick.
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The effect of maintaining mass distributed consistent
capacity matrices (30.1) can thus be judged negligible.

5.2. Atmospheric loading of ceramic brick outer leaf

A second example illustrates the hygrothermal response
of a 9 cm ceramic brick outer leaf of a cavity wall, exposed
to the Essen climate. Only the outer leaf of the facade is
simulated: the following insulation layer constitutes a hyg-
ric and thermal break, rendering the hygric and thermal
capacity of the inner leaf negligible for this simulation.
Insulation and inner leaf are modelled with surface transfer
coefficients of 107's/m and 0.7 W/m’K, considering a
nearly vapour tight, insulated structure. Orientation of
the facade is Southwest, close to the SW—W primary Essen
wind-driven rain direction, and wind-driven rain coeffi-
cients for the top corner of the small cubic building are
applied.

The initial conditions remain (47), the boundary condi-
tions are atmospheric excitation (7)—(24). The simulations
are continued for 70 days, with an alphanumerical output
every hour. Only the first 70 days of the year are used here,
as the related climate conditions yield a complete build-up
from dryness to saturation and back down again. Fig. 6(a)
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Fig. 6. Average and external surface moisture contents from a conserva-
tive simulation (a), average moisture contents from conservative and non-
conservative simulations with maximal time steps of 0.36, 36 and 3600 s
(b), for 70-day atmospheric excitation of 9 cm ceramic brick outer leaf.

depicts the resulting variation of the average and external
surface moisture content.

To illustrate the relevance of mass and energy conserva-
tive modelling, and the negligible effect of the fully implicit
temporal discretisation, the simulation is repeated with
maximal time steps of 0.36, 36 and 3600 s, and with non-
conservative transfer equations. The results, limited to
the average moisture contents in the brick outer leaf, are
shown in Fig. 6(b). Both 0.36 s simulations, conservative
and not, yield similar results, indicating the equivalency
of (35) and (42) for short time steps: the variation of p.
and thus dw/0p. during a short time step is practically nihil,
making any conservative corrections redundant. The devi-
ations between the 36 s and 3600 s conservative and non-
conservative simulations express the need for conservative
modelling however: while the conservative 36 s and 3600 s
results do not show any digression from the 0.36 s result,
the non-conservative 36 s and 3600 s simulations reveal
serious deviations, growing larger with larger time steps.

The agreement between the three conservative simula-
tions also demonstrates the negligible effect of the fully
implicit temporal discretisation: while all material proper-
ties and boundary conditions are calculated based on the
final capillary pressures and temperatures (35) — instead
of the initial (explicit) or intermediate values (Crank-Nich-
olson) —, this does not significantly affect the simulation
results: the 3600 s results do not deviate from the reference
0.36 s results.

6. Conclusions

This paper comprehensively presented a numerical
model for simulations of moisture and heat transfer in
building components under atmospheric excitation. A first
section of the paper introduced transfer equations and
atmospheric boundary conditions, with an emphasis on
wind-driven rain and vapour exchange, respectively, the
key moisture supply and removal mechanism for perme-
able building components [13]. Whereas a comprehensive
calculation method — incorporating the influence of build-
ing geometry, environment topography, position on the
building, wind speed, wind direction, horizontal rainfall
and raindrop-size distribution — exists for the wind-driven
rain coefficients o, this is not so for the surface transfer
coefficients. Only a few of the influencing factors are inte-
grated in the currently proposed methodology. Refinement
is required, and further research on this matter is strongly
encouraged.

A second section presented the numerical modelling of
transfer equations and boundary conditions, with an
accent on mass and energy conservative modelling. It was
verified that the common temporal discretisation of non-
linear equations may yield conservation errors, which can
be solved by starting from the mixed transfer equation
form. Since this conservative modelling was developed
independently of the spatial discretisation method, it can
be generally applied, in finite-element, finite-difference
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and control-volume methods. It was moreover indicated
that mass lumping, a commonly applied technique to avoid
oscillations at the toe of moisture fronts in finite elements,
may not be generally valid. After verifying that the effect of
such oscillations is limited it was decided to maintain the
original consistent formulations for the capacity matrices.

This paper contributes two important matters to the
currently ongoing standardisation of the numerical simula-
tion of moisture transfer in building components [9] and its
related quality assessment methodology [10]: the atmo-
spherical boundary conditions, and the mass and energy
conservative modelling. The efficient numerical solution
of the resulting system of equations, while already intro-
duced in this paper, is further elaborated in [11,12].
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