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ABSTRACT: Simulation tools are becoming available which predict the heat and moisture conditions in the
indoor environment as well as in the envelope of buildings, and thus it has become possible to consider the
important interaction between the different components of buildings and the different physical phenomena
that occur. However, there is still room for further development of such tools. This paper will present an at-
tempt to integrate modelling of air flows in building envelopes into a whole building hygrothermal simulation
tool. Two kinds of air flows have been considered: (1) Air flow in a ventilated cavity such as behind the exte-
rior cladding of a building envelope, i.e. a flow which is parallel to the construction plane. (2) Infiltra-
tion/exfiltration of air through the building envelope, i.e. a flow which is perpendicular to the construction
plane. The paper presents the models and how they have been integrated into a whole building simulation
tool. Furthermore, the paper shows some calculation results for validation and for illustration of the impor-

tance of the phenomena.
1 INTRODUCTION

The ventilated exterior cladding is a rather common
building component at the exterior side of building
envelopes. It is typically used in wall systems, at
least in Northern Europe, but also elsewhere in the
world. The ventilated cavity behind the cladding
provides good safety against ingress of precipitation
that meets the exterior face of the wall. Because the
cavity has openings that make it possible to have an
immediate exchange of air between the cavity and
the air outside, then there will be an almost immedi-
ate pressure equalization of wind gusts that meet the
fagade. Thus there is only little potential to push wa-
ter through cracks and openings in the exterior clad-
ding. Besides, the cavity itself constitutes a drainage
capability for precipitation water that may have en-
tered into the cavity, as provision can be made so it
can run down and out.

The outdoor ventilated attic, or ventilation under
a roofing material, may also be modelled in a similar
way as the ventilated exterior cladding of a wall. But
naturally for these constructions, the cavity will have
a much lower slope, and the cavity may have con-
siderable extension (“thickness”) perpendicular to
the flow direction.

The flow in ventilated cavities is predominantly
governed by wind forces and stack effect.

In all situations, the ventilated claddings have an
influence on the thermal, moisture and air flow con-
ditions in the building envelope. Despite of this, it is

only rare, if ever, that ventilated cavities are consid-
ered in whole building heat, air and moisture simula-
tion models. Our intent with the work presented in
this paper is to demonstrate a possible means how to
integrate a simplified cavity air flow model in the
whole building hygrothermal simulation model,
BSim (Rode & Grau, 2003 and 2004). The heat and
moisture flows in this model, like in most energy
simulation tools, are modelled one-dimensionally
with flows that pass through the building elements
perpendicular to their surface. However, when venti-
lated cavities are introduced, the flow in these parts
follows a path which is parallel to the construction,
and thus, the whole situation should be modelled
two- (or even three-) dimensionally. We will intro-
duce an approximate model which allows to build
upon the overall one-dimensional nature of the heat
and moisture flow calculations in the tool.

Another development regards a model of air flow
passing through the building envelope perpendicular
to its plane, i.e. by exfiltration or infiltration. It may
have a quite notable influence on the heat flow
through the wall. In addition, the impact on the
moisture conditions can, even for small air flows,
completely change the situation, e.g. from a healthy
construction to a disaster. Air flows from
warm/humid environment towards colder climates
should generally be avoided, whereas air flows in
the opposite direction could have a drying effect.

When infiltrating air flows can be seen to provide
some of the required fresh air supply to the indoor



environment, then the so-called dynamic wall prin-
ciples apply, and the wall itself works as a heat ex-
changer where some of the heat lost by conduction is
recovered by the ingoing air.

For these reasons, it has been decided to imple-
ment a model for advective heat and moisture flow
in a whole building simulation tool. Again, BSim
from the Danish Building Research Institute has
been chosen as one such tool. A multi-zone model
for air flow between zones (rooms) within buildings
has been implemented into BSim as described previ-
ously by Grau & Rode, 2005. For more information
about BSim, see www.bsim.dk.

2 VENTILATED AIR CAVITY MODEL

The ventilated cavity is set up as shown in Figure 1
as one of the layers in the sequence of a one-
dimensional multilayered structure.

The ventilated cavity is modelled as another hy-
groscopic material in the sequence of layers that
form the multilayered structure. However, the mate-
rial is chosen such that is has some, but only rather
limited hygroscopic capacity and diffusion resis-
tance. However, this material is just used as a
dummy layer to hold the properties of the air that is
passing through the cavity.

The air flow is driven by an air pressure differ-
ence between inlet and outlet, which is caused by (1)
wind induced air pressure differences between the
loci for inlet and outlet to the cavity, and (2) stack
effect:

AP,

wind
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where Ac = difference in pressure coefficients be-
tween inlet and outlet - the value is calculated as Ciop
- Chottom; P = density of air, kg/m3 ; V=wind speed in
10 m’s height, m/s.

AIDstack =g %AT -Ah
=g-%-AT-Ah (2)
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where g = acceleration of gravity = 9.81 m/s%; T =
absolute temperature, K; M,;; = molar mass of air =
28.96 g/mole; R = universal gas constant = 8.31
J/(mole-K); AT = temperature difference between air
in the cavity and the outdoor ambient, K (calculated
as Tambient — Tcavity); 4h = vertical distance between
inlet and outlet ("Height™), m.

Ideal gas assumptions are applied in the second
line of Equation (2).
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Figure 1.
denote the node points for the calculation. They may repre-
sented separate materials or subdivisions or one material.

Configuration of the ventilated cavity. The ‘x’-es

The total pressure difference to drive air flow
through the cavity is:

AP = prind + AI:)stack (3)

cavity

The two pressure contributions are added with the
signs from the two previous equations as they may
work in opposite directions. We apply a sign con-
vention such that positive pressure differences are
those which lead to downward air flow.

The air velocity in the duct is calculated as fol-
lows:

AP

cavity

Vo P é:total

where Vg4t = air velocity in the ventilated cavity,
m/s; &= loss coefficient, -

The total loss coefficient is the sum of the coeffi-
cients for inlet, exit and duct losses. &inlet and &yt are
set to 0.6 and 1.0, respectively, while &yt is calcu-
lated as follows:

“4)

Vduct =

Sgduct =f (5)
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where f = friction factor; | = duct length in flow di-
rection (“Length”), m; dy = hydraulic diameter.

For laminar flow in the duct, the friction factor is:

(9 _ 96v ©)
Re Vduct 'dH
where v= kinematic viscosity, m?*/s.
For a rectangular cavity:
2'w-d
d, =
w+d (7)
~2-d (for a narrow cavity)



where W = cavity width (extent in horizontal direc-
tion in the plane of the cavity), m; d = cavity thick-
ness (distance across the cavity perpendicular to its
plane), m.

The air velocity is itself a parameter in determin-
ing &otal, and therefore an iterative procedure is fol-
lowed to determine Vgut. Once the air flow in the
cavity is known, the heat and air balances for the
cavity air can be determined. However, a fundamen-
tal issue concerns the fact that the hygrothermal con-
ditions in the cavity develop over the path length of
the cavity, while the flows through the building en-
velope are calculated in node points along a line
which is perpendicular to the cavity. Thus, since it is
not intended with the work presented in this paper to
subdivide the construction into several sub-areas
along the cavity, i.e. to make a multi-dimensional
model, the correct flow field of heat, air and mois-
ture transfer cannot be captured with full correctness
of this model. We introduce an approximation by
d1str1but1ng the effect of the cavity equally over its
path length'.

In this model, the cavity is regarded as a fully
mixed volume. The air enters at the inlet at the con-
dition of the outdoor air, and it exchanges heat and
moisture with the cavity walls facing the interior and
the exterior parts of the construction.

Indeed, in the model the ventilated cavity is cal-
culated as just another non-fluid layer filled with a
material which has thermal conductivity and water
vapour permeability in the same order of magnitude
as still air. The material chosen is inorganic felt,
since this is a rather open material with quite limited
heat and moisture capacity, and therefore it does not
significantly “disturb” the conditions in the cavity.
By adjusting the thickness of this layer, one can
achieve a desired thermal resistance of the cavity.

The reason for not using “still air” as the hygro-
scopic material filling the cavity is that the “sorption
curve” for air will be very strongly temperature de-
pendent, and the model would need quite some ad-
justment to take this into account.

The effect of the cavity ventilation is calculated
by adding heat and moisture sources (or sinks) to
this layer which evenly distributes the source power
over the transmission area of the cavity as follows.

Heat source per wall transmlssmn area brought
by ventilation with outdoor air (W/m?):

" It should be acknowledged that the heating/cooling and dry-
ing/humidification that take place of the air in the cavity along
its length can be calculated as functions that develop exponen-
tially over the length. For small air flows, the conditions in the
cavity will within a short distance reach the same equilibrium
conditions as in an unventilated cavity while, for large air
flows, the inlet conditions will prevail most or all of the way
through the cavity. This is described in a section on air flows in
channels with transverse heat flows by Hagentoft, 2001.

Qair (,0 : Cp )air (Tout _Tcav) .

qvent = -
; w-l (8)
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since Qalr = air flow in duct = d W vqy; and p = den-

sity, kg/m’; and Cp = specific heat, J/kg-K.
Moisture source per wall transmlss10n area
brought by ventilation with outdoor air (kg/m*s):

g _ Qalr ( pOUt pC&V) Qa|r ( pout pcav) _
vent — =

wl R-T  wl 130,60032; ©
d ( pout - pcav)
Vit N-m
| 130,600 N™
g
where p = water vapour pressure, Pa; R, = Gas con-

stant for water vapour, J/kg-K.

As BSim uses an implicit finite control volume
solver, these convective source terms can be intro-
duced in the control volume equation for the cavity
in such a way that the source terms do not cause in-
stability of the numerical procedure. Also for this
reason, physical unrealistic conditions, such as nega-
tive vapour pressure, will not occur.

3 PROCEDURES TO CALCULATE HEAT AND
MOISTURE TRANSPORT THROUGH POROUS
WALLS WITH A FILTRATING AIR FLOW

The filtration air flow Qinrm 1s calculated according
to the procedures described in the previous section.

Both temperature and vapour pressures are calcu-
lated in BSim using an implicit finite control volume
scheme. For heat conduction, the finite difference
form of the heat balance equation form for one con-
trol volume looks:

(pcp)i Axi T'JH—_T'J:

At
S P (10)
Ax AxI+1 AX,  AX
i+ 7+7+Ri7%
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where p = density of the material, kg/m; Cp = spe-

cific heat, J/(kg-K); Ax = width of the control vol-
ume, m; T = temperature, K; At = time step, s; 41 =
thermal conductivity, W/(m-K); R = poss1ble inter-
face resistance between control volumes, m*K/W; i
= index for control volume number; j = index for
time step.

With air flow, Equation (10) is modified as fol-
lows:
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where Typsiream = temperature in the adjacent control
volume from which the air comes, K.

For vapour diffusion, the finite difference form of
the moisture balance equation looks:

i+l i

pl p|
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Ay A%, o A, My
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where & = moisture capacity (slope of sorption iso-
therm), kg/kg; p = vapour pressure, Pa; ps = satura-
tion vapour pressure, Pa; & = water vapour perme-
ability, kg/(m=s-Pa); Z = possible interface water
vapour resistance between control volumes,
Pa'm’ s/kg

With air flow, Equation (12) is modified as fol-
lows:

i+l i

p.1 pj
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where Pypstream = Vapour pressure in the adjacent con-
trol volume from which the air comes, Pa; R, = gas
constant for water vapour = 461.5 J/(kg'K); T = ab-
solute temperature, K.

A “new” vapour pressure distribution has been
determined. However, since the whole problem is
non-linear (because the moisture capacity is not a
constant value), a special procedure must be fol-
lowed to ensure that the mass balance will be cor-
rect. The vapour pressures just found must be re-
garded as preliminary indications of the new values.
It could even be that some of the preliminary vapour
pressures have values that exceed the values of ps at
the same location, or they may be negative. This is
either neglected at first, or the time step is repeated
with a smaller At. The found vapour pressures are
used in the moisture balance of each control volume
as follows.

The vapour flux across the interface between con-
trol volumes, i and i+1, for the time step from j to
j+1lis:

J+1 j+1
Pl_ Pi - Piy 14
gl A AXi—l AXl + 7. ( )
25i-1 25 o

where g = water vapour flux, kg/m’s.

The vapour flux is calculated from the vapour
pressures at the end of the time step, as predicted by
Equation (13). A similar equation to Equation (14) is
set up for Qi+, and the increase in moisture content
control volume i is found as follows:

(15)

p-AXi U'. 'U| _ ( i+l J+l)
i

At - g|+1 - g|

where u = moisture content, kg/kg

The equilibrium relative humidity is determined
for each control volume by taking the calculated
moisture contents and using the sorption curve for
the relevant material (that is, an inverse expression
for the sorption curve will be used).

4 EXAMPLES

4.1 BESTEST building

An existing BSim model of the BESTEST case
building (Judkoff and Neymark. 1995) has been
taken as a starting point for illustrating the capabili-
ties of the ventilated cavity model. The original
model consists of just one thermal zone. Two ther-
mal zones have been added representing a bathroom
and a kitchen, and the original thermal zone repre-
senting a living room (see Figure 2). Inspired by
Woloszyn et al. (2005) has been added a bathroom
and a kitchen within the BESTEST building, while
keeping the same materials for the exterior building
envelope — monolithic constructions of aerated con-
crete.
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Figure 2. BESTEST model

The facade facing east has been replaced by a
construction with a ventilated cavity (see Figure 3).
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Figure 3. Construction with ventilated cavity. The material
layers are listed from the inside of the construction towards the
outside. The thickness of the insulation is 285 mm.

Seen from inside, the construction consists of
1.3 cm plasterboard, 28.5 cm insulation, 0.9 cm plas-
terboard, 3.8 cm ventilated cavity, and 1.9 cm wood
panel facing outdoors. The ventilated air gap has
material properties as a material with only small
moisture resistances, and only small heat and mois-
ture capacities and equivalent thickness 0.005 m.

In order to activate the air flow in the cavity
driven by the air pressure difference between inlet
and outlet, a profile for the wind pressure coefficient
must be assigned to the constructions.

The wind pressure coefficient is depending on the
building geometry, and is in general difficult to ob-
tain. The most precise is to measure the coefficient,
or to make a calculation by a CFD program. A less
precise method is to obtain the coefficients from
standard tables defined for common building geome-
tries.

The pressure coefficient is dependent on the wind
direction. By providing the coefficients for the wind
directions north, east, south and west, the profile can
be calculated for any wind direction (Axley, 2001).

The model has been simulated taking the venti-
lated cavity into account, and compared to a simula-
tion where the ventilated cavity is not taken into ac-
count.
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Figure 4. Temperature in the ventilated cavity. One calcula-
tion (“model”) is based on the model for ventilated air cavity,
while the other (“w/o model”) is for a similar calculation which
does not consider the air flow in the cavity.

The temperature within the ventilated cavity has
been compared for a period in March (of the Danish
Design Reference Year). As can be seen in Figure 4,
the temperature is somewhat dependent on the wind
speed. With high wind speed the temperature is the
same as the outside temperature, and with low wind
speed the temperature in the cavity is higher. When
not taking the ventilation of the cavity into account,
the temperature is very similar, or if any different, it
is slightly higher and less fluctuating.

The calculation of the ventilated cavity has no
significant effect on the relative humidity (nor the
temperature) of the air in the room facing the venti-
lated construction, see Figure 5.
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Figure 5. Relative humidity of the living room.

The relative humidity within the construction
with the ventilated cavity has been compared, taking
the ventilation into account or not. See Figure 6,
which shows the equilibrium relative humidity for
the exterior wooden cladding and for the interior
plasterboard during a week in the end of June.
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Figure 6. Relative humidity of the ventilated construction.
Results entitled “w/o model” are from the model without venti-
lated cavity.

In the material layer facing the room (Plaster) the
relative humidity is as expected nearly the same with
and without taking the ventilation into account. In
the wood layer separating the ventilated cavity and
the outside the relative humidity has been slightly
reduced by taking the ventilation of the cavity into
account. Annual duration curves for the moisture
content in the wood siding as predicted with and
without the model for the ventilated cavity, are
shown in Figure 7.
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Figure 7. Annual distribution of relative humidity in the exte-
rior wood based siding as calculated with (“model”) and with-
out (“w/o model”) the ventilated cavity model.

4.2 Example — Validation of filtration model

An existing BSim model (the BESTEST building)
has been taken as a starting point for illustrating the
new model with filtration air flow in the building
envelope. The building consists of 150 mm solid
aerated concrete walls, and the walls have no surface
coating.

One of the exterior walls of the building is split
up such that half of the wall has a filtration air flow
going through it, while the other is calculated as be-
ing air tight. See Figure 8. The building is exposed
to an outdoor climate which artificially was constant
at 20°C and 30% RH, while the indoor climate was

assumed operated so it was constantly 30°C and
50% RH. Outside, the wind was assumed blowing
from the west at 5 m/s, so by turning the building so
the facade with filtration air flow either faces the
wind, or is on the leeward side, then the heat and
moisture flows in the building envelope could be in-
vestigated with the advection phenomena. With con-
stant boundary conditions and constant air flows, the
results can be compared with results of analytical
calculations. The air flows were adjusted to always
give a mass flow rate of 0.0005 kg/(m’s), corre-
sponding to 1.57 m’/(m’h) — either infiltrating or
exfiltrating.

The mesh had control volumes of thickness 1.7
mm closest to the indoor climate, increasing to 10
mm through most of the wall, so there were a total
of 17 control volumes to represent the wall.

- LE LA sy il atiom rem Lot (0407 - B

a8z

PFR&SEECC O AXE S B oARKSE 0P

i pd
i | L.

120l (3] £ ILIJ
=)

Ll
Scale 1380 Grid 1.0 Srap 0.00

Figure 8. BESTEST building modelled in BSim. The wall
that that is split in two halves has one half calculated with the
filtration model, whereas the other half is calculated as being
air tight.

The analytical solution for the temperature is
given by (Hagentoft, 2001):

X

e’ —1
T(X) :Tout +(Tin _Tout)£— (16)
el -1

where L = thickness of the wall, m; ¢ = a quantity of
dimension length that characterizes the interaction
between conductive and convective heat flows, such
that:

A

(=—=
Cair M air

(17)

where Cur = heat capacity of air = 1005, J/(kg-K);
M, = mass flow rate of air, kg/(m?s).

Figure 9 shows the comparison between the tem-
peratures calculated numerically using BSim and the
analytical solutions for exfiltration, no air flow, and
infiltration, respectively.



Table 1 gives a comparison between the analyti-
cally and numerically calculated temperatures in the
middle of the wall.

Table 1. Analytically and numerically calculated temperatures
in the middle of the wall.

Analytical Numerical
Exfiltration 25.52 25.55
No air flow 25.00 25.04
Infiltration 24.48 24.50
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Figure 9. Analytical (solid lines) and numerical calculation
(symbols) of temperatures through the wall with exfiltration
(0), no air flow (X) and infiltration (¢) air flow through the
outer wall.

The temperature determines the saturation vapour
pressure. An approximation of the analytical vapour
pressure is found as:

X

e —1
p(X): pout +( Pin — pout)T (18)
e -1

where /¢, = a quantity of dimension length that char-
acterises the interaction between conductive and
convective water vapour flows, such that:

o
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y (19)
where C, = ratio between humidity of the air (x) and
the vapour pressure = 0.622/(101.325 Pa - p), Pa’

Cy 1s not quite constant since p varies with loca-
tion in the construction, and therefore, the analytical
solution is only approximate (with a few percents’
deviation).
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Figure 10. Vapour pressure calculated according to Equation

(18).

Finally, RH can be determined as p/ps. Figure 11
shows the comparison between the temperatures cal-
culated numerically using BSim and the analytical
solutions for exfiltration, no air flow, and infiltra-
tion, respectively.

Table 2 gives a comparison between the analyti-
cally and numerically calculated relative humidity in
the middle of the wall.

Table 2. Analytically and numerically calculated relative hu-
midity in the middle of the wall.

Analytical Numerical
Exfiltration 66.8 64.9
No air flow 44.7 44.7
Infiltration 22.5 234
W T e
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Figure 11 Analytical (solid lines) and numerical calculation
(symbols) of relative humidity through the wall with exfiltra-
tion (), no air flow (X) and infiltration (¢) air flow through the
outer wall.

It can be concluded that the advection model in
BSim predicts the analytical temperature distribution
with a good satisfaction, while also the relative hu-
midity distribution is predicted with a fair amount of
accuracy.

5 CONCLUSION

A model for calculating air flows in ventilated
cavities has been implemented in the whole-building
hygrothermal simulation tool BSim. An existing
model of the BESTEST case has been taken as a
starting point for illustrating the capabilities of the
ventilated cavity model. Finally a model of an exist-
ing research house with facade elements with venti-
lated cavities has been simulated.

A preliminary model for filtration air flow
through a wall has been implemented to investigate
its effect on heat and moisture conditions in the wall.
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