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ABSTRACT

Starting from a practical design problem related to
natural and hybrid ventilation systems, this paper
looks at different airflow modeling methods that
might be employed to assist in the decision making
process of a building design team. The question at
hand is whether or not to make use of a double-skin
fagade system in a new office development. The
airflow modeling methods considered are the mass
balance network method and computational fluid
dynamics (CFD).

The paper gives an overview of the methodology of
the design study. The underlying modeling and
simulation work is elaborated. The paper finishes
with some conclusions, both in terms of the actual
performance of the double-skin facade and in terms
of the modeling and simulation work.

The main conclusions are that for the foreseeable
future the network method is more suited for this
type of “everyday” design support work. However
there are important areas where the network method
in general might benefit from CFD, or vice versa.

INTRODUCTION

In Europe and elsewhere, fully glazed fagade
systems are currently very popular with architects
and investors. Even in moderate climate zones fully
glazed buildings need shading devices in order to
reduce cooling loads. External shading devices are
much more effective than internal shading devices.
However external shading devices are not very
popular due to mechanical, cost and aesthetic
reasons. An often-used alternative is a shading
device positioned within the fagade in a ventilated
cavity. In the 1970’s the climate-window concept
was developed, in which the cavity is ventilated
with inside air. A more recent development is the
double-skin fagade concept, as shown in Figure 1,
in which the cavity is ventilated with ambient air. If
a design team decides for a double-skin fagade, a
logical next step is to make the cavity an integral
part of the natural or hybrid ventilation system; for
example by operable office windows which open to
the cavity, or by using the cavity for pre-heating
fresh supply air during the heating season.

Figure 1 Typical example and principle of
double-skin facade.

To predict the performance of a double-skin fagcade
is not a trivial exercise. The temperatures and
airflows result from many simultaneous thermal,
optical and fluid flow processes, which interact and
are highly dynamic. These processes depend on
geometric, thermo-physical, optical and
aerodynamic properties of the various components
of the double-skin fagade structure and of the
building itself. The temperature inside the offices,
the ambient temperature, wind speed, wind
direction, transmitted and absorbed solar radiation
and angles of incidence — each of which are highly
transient - govern the main driving forces. This
typically results in highly erratic airflows as
indicated in Figure 2.
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Figure 2 Typical airflow variations in a natural
ventilated glazed vertical building structure,
such as a double-skin facade. Graphs on the
right are blow-ups showing different coupled
and de-coupled solutions for temperature and
airflow (Hensen 1999)
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It is obvious that for such a configuration, computer
modeling and simulation is needed to predict the
future performance in the real world. Since there
are so many parameters and variables involved, it is
practically impossible to prepare generally
applicable design prescriptions for such a system.
Therefore modeling and simulation should be
employed to support the design process directly.
The methodology involved is basically an iterative
process comprising the following main steps.

1. Analysis of the problem and re-expressing the
building design in a validated and appropriate
simulation model in terms of extent,
complexity and time and space resolution
levels.

2. Calibration of the model.

3. Performing simulations against relevant inside
and ambient boundary conditions during a
suitable length of time.

4. Analyzing and reporting of results, perhaps
followed by changing the model and further
simulations.

This approach is demonstrated in the following
sections by means of a design support study for a
double-skin fagade office development in Prague in
the Czech Republic (Hensen and Bartak 2001).

MODELING THE DOUBLE-SKIN
FACADE

The main objective of the study was to generate
performance data in support of the design team by
predicting the environmental conditions in the
double-skin facade, and the resulting cooling loads
for the adjacent perimeter offices during extreme
summer conditions. The temperatures in the cavity
are of interest for the manufacturing and
construction methods. The office cooling loads are
needed for sizing the HVAC systems. In this case,
the design team has actually very little interest in
the flow field itself.

Since the layout of the building is very regular there
is no need to include the whole width or depth of
the building. However, the model does need to
include the offices adjacent to the fagade plus the
double-skin facade itself. The stack effect
necessitates that the model covers the full height of
the building.

The simulation period needs to cover at least a full
day preceded by several simulation start-up days in
order to account for thermal storage effects of the
construction. Based on previous studies (e.g.
Hensen 1999) time steps of 1 hour are deemed the
appropriate temporal resolution.

Although airflow is demonstrably an important
aspect of building/ plant performance assessment,
the sophistication of its treatment in many modeling

systems has tended to lag behind the treatment
applied to the other important energy flow paths.
The principal reason for this would appear to be the
inherent computational difficulties and the lack of
sufficient data. In recent times more emphasis has
been placed on airflow simulation mostly focused
on the following two approaches:

e  Computational fluid dynamics (CFD) in which
the conservation equations for mass,
momentum and thermal energy are solved for
all nodes of a two- or three-dimensional grid
inside or around the object under investigation.
In theory, the CFD approach is applicable to
any thermo-fluid phenomenon. However, in
practice, and in the building physics domain in
particular, there are several problematic issues,
of which the amount of necessary computing
power, the nature of the flow fields and the
assessment of the complex, occupant-
dependent boundary conditions are the most
problematic (Chen 1997). This has often led to
CFD applications being restricted to steady-
state cases or very short simulation periods (see
e.g. Haghighat et al. 1992, Martin 1999, Chen
2000).

e  The network method, in which a building and
the relevant (HVAC) fluid flow systems are
treated as a network of nodes representing
rooms, parts of rooms and system components,
with inter-nodal connections representing the
distributed flow paths associated with cracks,
doors, pipes, pumps, ducts, fans and the like.
The assumption is made that for each type of
connection there exists an unambiguous
relationship between the flow through the
component and the pressure difference across
it. Conservation of mass for the flows into and
out of each node leads to a set of simultaneous,
non-linear equations, which can be integrated
over time to characterize the flow domain.

Obviously there is a tradeoff. The network method
is of course much faster but will only provide
information about bulk flows. CFD on the other
hand will provide details about the nature of the
flow field. It depends on the problem at hand,
which of these aspects is the more important one.

In the current case the thermal side of the problem
is very important. Given the extent of the model
and the issues involved, this can only be predicted
with building energy simulation. Both CFD and the
network method can be integrated with building
energy simulation. In case of CFD this is still very
much in development although enormous progress
has been made in recent times (see e.g. Bartak et al.
2002, Zhai et al. 2002). Integration of the network
method with building energy simulation is much
more mature (see e.g. Hensen 1991) and more
commonly used in practice. The reasons for this are



threefold. Firstly, there is a strong relationship
between the nodal networks that represent the
airflow regime and the corresponding networks that
represent its thermal counterpart. This means that
the information demands of the energy conservation
formulations can be directly satisfied. Secondly, the
technique can be readily applied to combined multi-
zone buildings and multi-component, multi-fluid
(e.g. water and air) systems. Finally, the number of
nodes involved will be considerably less than that
required in a CFD approach and so the additional
CPU burden is minimized.

Based on the above considerations regarding the
requirements for the problem at hand and in view of
the characteristics of the airflow modeling methods,
it was decided to use the network approach fully
integrated in a building thermal energy model
(Hensen 1991, Clarke 2001). One of the very
powerful features of this simulation environment is
that it allows modeling of building airflow on
different levels of resolution (from user defined air
change rates, via mass balance network approach to
computational fluid dynamics) and on different
levels of integration (e.g. airflow on its own, or
coupled with energy balance, and/or coupled with
CFD).

As shown in Figure 3, the model comprises a
typical 7.5 m wide section of the south side of the
building, consisting of a “stack” of 8 zones
representing the office zones up to a depth of 5 m
behind the fagade, and another 7 “stacked” zones
representing the double-skin fagade itself. These 7
zones are coupled by an airflow network which also
includes the inlet opening (modelled by a
connection between the bottom cavity zone and
outside, i.e. the air temperature and wind pressure
in front of the fagade) and the outlet opening (a
connection between the upper cavity zone and
outside, i.e. the air temperature and wind pressure
on the roof).

It was assumed that the office windows and the
shading devices are closed and that effectively there
will be no air exchange between the offices and the
cavity of the double-skin fagade. Solar radiation
passes through the double-skin depending on the
angle of incidence and the optical properties of the
transparent systems. The outer layer of the double-
skin fagade is single pane clear glass 6 mm thick.
The office windows have advanced double glazing
with blinds located in the cavity of the double-skin
facade. For the case without the double-skin fagade,
inside blinds were assumed for the office windows.
Further details of the model can be found in the
appendix.

MODEL CALIBRATION

Due to lack of available resources it has to be
assumed in this — and many other - design study
context that the models and the simulation

environment which is being used has been verified
(ie the physics are represented accurately by the
mathematical and numerical models) and validated
(ie the numerical models are implemented
correctly). Nevertheless it is critically important to
be aware of the limitations of the modelling
approach.
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Figure 3 The model of the double-skin fagade.
On the left: cross-section of the double-skin
facade system. Above: schematic representation
of the super-imposed thermal and airflow
network models. Bottom: graphic feedback from
the simulation environment.

For example, when using the network approach it
should be realized that most of the pressure-flow
relationships are based on experiments involving
turbulent flow. Von Grabe et al. (2001) demonstrate
the sensitivity of temperature rise predictions in a
double-skin facade, and the difficulty of modeling
the flow resistance of the various components.
There are many factors involved but assuming the
same flow conditions for natural ventilation as
those used for mechanical ventilation causes the
main problem; i.e. using local loss factors { and
friction factors from mechanical engineering tables.
These values have been developed in the past for
velocities and velocity profiles as they occur in
pipes or ducts: symmetric and having the highest
velocities at the center. With natural ventilation
however, buoyancy is the driving force. This force
is greater near the heat sources, thus near the
surface and the shading device, which will lead to
non-symmetric profiles. This is worsened because
of the different magnitudes of the heat sources on
either side of the cavity.
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One way forward would be to use CFD in separate
studies to predict appropriate local loss factors {
and friction factors for use in network methods.
Strigner and Janak (2001) describe an example of
such a CFD approach by predicting the
aerodynamic performance of a particular double-
skin fagade component, an inlet grill.

As discussed elsewhere in more detail (Hensen
1999) another limitation is related to assumed
ambient conditions. This concerns the difference
between the "micro climate" near a building and the
weather data, which is usually representative of a
location more or less distant from the building.
These differences are most pronounced in terms of
temperature, wind speed and direction, the main
driving potential variables for the heat and mass
transfer processes in buildings!

These temperature differences are very noticeable
when walking about in the summer in an urban
area. Yet it seems that hardly any research has been
reported or done in this area. There are some rough
models to predict the wind speed reduction between
the local wind speed and the wind speed at the
meteorological measurement site. This so-called
wind speed reduction factor accounts for any
difference between measurement height and
building height and for the intervening terrain
roughness. It assumes a vertical wind speed profile,
and usually a stable atmospheric boundary layer.

It should be noted however that most of these wind
profiles are actually only valid for heights over 20
7o + d (2o is the terrain dependent roughness length
(m), and d is the terrain dependent displacement
length (m)) and lower than 60 . . . 100 m; ie. for a
building height of 10 m in a rural area, the profiles
are only valid for heights above 17 m, in an urban
area above 28 m and in a city area above 50 m. The
layer below 20 zy + d is often referred to as the
urban canopy. Here the wind speed and direction is
strongly influenced by individual obstacles, and can
only be predicted through wind tunnel experiments
or simulation with a CFD-model. If these are not
available, it is advised to be very cautious, and to
use - depending on the problem on hand - a high or
low estimate of the wind speed reduction factor.
For example, in case of an "energy consumption
and infiltration problem" it is safer to use a high
estimate of the wind speed reduction factor (eg.
wind speed evaluated at a height of 20z, + d). In
case of an "air quality” or “overheating and
ventilation” problem it is probably safer to use a
low estimate (eg. wind speed evaluated at the actual
building height, or assuming that there is no wind at
all).

Calibration is a very difficult issue in practice. For
existing buildings there are usually no experimental
results readily available. In a design context there is

not even a building yet. In practice, the only way to
calibrate the model is to try to gain confidence by
carefully analyzing the predictions and to compare
these to expectations or “intuition” based on
previous work. Unexpected results are usually the
result of modeling errors. In rare — but interesting —
cases unexpected interactions take place and — after
analyzing these — the simulations may have helped
to improve the understanding of the problem. In
any event, calibration should not be taken lightly
and sufficient resources should be reserved for this
activity.

SIMULATIONS

Because of the main interest in the summer
conditions the simulations were carried out for an
extreme summer day in Prague. The offices inside
conditions were for a typical weekday (see the
appendix). The simulation period was preceded by
five simulation start-up days. All simulations were
carried out with 1-hour time steps.

In order to generate relevant design information, the
following cases have been considered.

A — The building without the double-skin facade
and with internal venetian blinds.

B — The building with the double-skin facade and
blinds located in the fagade cavity.

C — As B but now assuming that there would be no
wind at all.

D — As B but now assuming that the damper in the
double-skin fagade outlet would be closed.

Case A serves as the reference case. A comparison
of case B with case A would show the influence of
the double-skin facade as designed. As explained
above, Case C is needed in order to show what
would happen if there would be no influence of
wind, e.g. because of sheltering by neighbouring
buildings. Case D would shows what would happen
if the outlet damper would be closed, perhaps due
to malfunctioning.

RESULTS AND DISCUSSION

Figure 4 shows the double-skin air temperature
results for cases B and C. These are the air
temperatures in the upper part of the double-skin
fagade, where normally the highest temperatures
occur. It is clear that for this building there is not
much influence of the wind; i.e. the buoyancy
forces are the dominant driving force for the
airflow. For both case B and case C, the maximum
temperature rise in the double-skin fagade is about
12°C above ambient, which will occur in the late
afternoon and early evening.




Lib: 1libl: dbl facade, wind=1 open, artcl
Period: Tue 18 Jul @DDHSO to: Tue 18 Jul @ZSHSO Year:2000 :
Zones: fcdd

45.0+

40.0+

35.0+

30.0+
feds db

~TE A

25.0

20.0

om oo

15.04

10.0+

5.0 edgel

0.0 T T T T T T T 1
3 [} 9 1z 15 18 21 24

Time Hrs

Lib: 1ib2: dbl facade, wind=0 open, artclm
Feriod: Tue 18 Jul BOOh30 to: Tue 18 Jul E23h30 Year:2000 : sin
Zones: fcdg

45.0+

40.04

35.0+

30.0+
Feda db T

“TEO A

25.0-

mbient db
20.0

om o

15.0+

10.0

edalel dbT

0.0 T T T T T T T
< [ 9 12 15 18 21 24

Time Hrs

Figure 4 Predicted air temperatures in the double-skin facade during one of the warmest summer days in
Prague. Upper lines represent outlet temperatures. Middle lines represent inlet temperatures (ambient).
Lower lines represent the temperature rise in the facade. The left graph corresponds to the final design of the

double-skin facade with wind forces taken into

account. The right graph represents the same situation

without taking into account the airflow driving forces due to wind.
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Figure 5 Predicted air temperatures in the double-skin facade during one of the warmest summer days in
Prague. Upper lines represent outlet temperatures. Middle lines represent inlet temperatures (ambient).
Lower lines represent the temperature rise in the facade. The left graph corresponds to the final design of the
double-skin fagade. The right graph represents the situation where the outlet damper would be closed due to
malfunctioning or control error. The temperature scales are approximately the same.

As can be seen in Figure 5, the air temperature rise
would be considerably higher in case the outlet
damper would not be open. In that case the air
temperature could rise up to almost 50°C above the
ambient temperature, and this would happen in the
middle of the afternoon.

Figure 6 shows some results in terms of airflow rate
through the double-skin fagade for the case B
conditions. During most of the day the flow is
upward, basically because the average air
temperature in the double-skin fagade is above the
ambient temperature. However during part of the
early morning the south fagade is in the shade. The
thermal capacity of the fagade delays the



temperature rise of the cavity air relative to the
more rapid rise of the ambient air temperature.
Thus the average air temperature in the double-skin
fagade is temporarily lower than ambient. This
results in downward air flow through the cavity.
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closed, there would be no reduction but an increase
in cooling load for the offices.

Table 1 Maximum sensible cooling load for the
office adjacent to the facade on the top floor
(i.e. level 8) during one of the warmest summer
days in Prague, and the differences relative to
case A (i.e. no double-skin facade)

Figure 6 Case B (as designed) airflow rate
through the double-skin facade during one of
the warmest summer days in Prague. The thin
line indicates upward flow in the cavity. The
thick line represents downward flow in the
cavity. Note that 10000 m*/h corresponds to an
average cross-sectional air velocity of about 0.7
m/s in the cavity. Due to smaller cross-sectional
areas, this corresponds to about 1.3 m/s in the
outlet, and about 2.0 m/s in the inlet opening of
the double-skin facade.

In general, the double-skin fagade acts as a thermal
buffer in front of the offices. This has three
interacting thermal effects for the offices.

1. The air temperature inside the double-skin
facade will be higher than ambient during most
of the day. This will result in lower conductive
heat losses (heating season) and higher
conductive heat gains (summer) depending on
ambient temperatures and solar radiation
levels.

2. The extra outside pane of glass of the double-
skin fagade will reduce the amount of solar
radiation on the inside facade, thus reducing
the solar radiation load of the offices due to
radiation transmission via the windows.

3. The double-skin facade allows blinds in the
cavity of the double-skin fagade as opposed to
on the inside of the window, thus reducing the
solar radiation load of the offices via the
windows.

Which of these three effects is most important at a
particular point in time depends on optical and
other properties of the structure and complicated
dynamic thermal interactions between the fagade,
temperatures and airflow in the double-skin fagade,
and outside. As can be seen in Table 1 and Table 2,
for the offices adjacent to the fagade the result is a
reduced maximum cooling load during hot summer
days. Of course, in case the outlet damper would be

Maxnpum Difference relative
sensible
. to case A
Case cooling
load W W/ %
kW m? floor
A 3.53
B 3.29 -240 -6 -7
C 3.32 -210 -6 -6
D 3.65 120 3 3

Table 2 Maximum sensible cooling loads for the
offices adjacent to the double-skin facade
during one of the warmest summer days in
Prague for case A (without double-skin facade)
and case B (with the double-skin facade)

Floor Maximum Sensible cooling load
level | sensible cooling reduction due to the

load double-skin fagade

Case A | Case B
kW kW W W/ %
m’ floor

8th 3.53 3.29 240 6 7
7th 3.51 3.24 270 7 8
6th 3.50 3.20 300 8 9
Sth 3.50 3.14 360 10 10
4th 345 3.08 370 10 11
3rd 3.38 2.95 430 11 13
2nd 3.14 2.67 470 13 15

As evidenced by Table 1 and Table 2, the cooling
load reduction depends on the floor level. It is less
for the higher floors because of the higher air
temperatures in the cavity of the double-skin
fagade. This might lead to the suggestion that it
would be advantageous to divide the cavity into
segments with inlet and outlet openings at various
heights. This is however not so easy to predict due
to the strong thermodynamic coupling that exists
between the airflow and thermal processes in a
naturally ventilated double-skin fagade structure.

IN CONCLUSION

The above work shows the advantages of a double-
skin fagade construction in terms of reducing the
cooling load of the adjacent zones especially on the
lower floors.




Coupling a double-skin fagade to a natural or
hybrid ventilation system is common but represents
challenges as shown in this paper. These are due to
the temperature and airflow fluctuations in the
fagade construction. The airflow is not only highly
erratic in magnitude but can even take place in
reversed direction.

This paper has shown that to predict the
performance of this type of systems constitutes a
non-trivial modeling and simulation exercise that
should be based on a thorough methodology and
good working practice.

When modeling these type of systems it is typically
necessary to take into account a large part of the
building with dynamic interactions between several
zones and ambient conditions. This has
consequences for the practically possible level of
spatial and temporal resolution which make CFD
less appropriate in everyday practical design of
these types of systems.

On the other hand this paper has indicated several
areas where the network method in general could be
improved through separate CFD studies. An
example would be to verify and/or improve the
network pressure-flow relationships and local loss
factors for airflow conditions typical of natural and
hybrid ventilation systems. Another area of concern
where CFD might be of benefit is the wind pressure
distribution on the fagcade and roof of the building.

A final conclusion from this paper could be that
both the network method and CFD have their own
advantages and disadvantages for modeling this
type of natural and hybrid ventilation systems.
Either method can and should be used but at
different stages.
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APPENDIX - MODEL DETAILS

Geometry

The model comprises 8 stacked thermal zones
(named Iflr, 2flr, ..., 8flr according to floor level)
which represent the office modules. The
dimensions of each office module are: width 7.5 m,
depth 5 m, height 3.7 m (except 1st floor which is
4.15 m high). Therefore each office module has a



floor area of 37.5 m2 and a volume of 138.75 m3.
The total building height is 30.05 m.

The model comprises another 7 stacked thermal
zones (named fcd2, fed3, ..., fcd8 according to floor
level) which represent the double-skin facade
construction. The dimensions of each double-skin
fagade module are: width 7.5 m, depth 0.636 m,
height 3.7 m.

Constructions

The office fagcade construction consists from
outside to inside of 80 mm insulation + 200 mm
concrete. The standardized thermal resistance R is
2.9 m’K/W or U is 0.32 W/(m’K). The surface
emittance is 0.9 [-], the surface solar absorptance is
0.8 [-].

The roof construction consists from outside to
inside of 150 mm insulation + 280 mm concrete.
The standardized thermal resistance R is 4.35
m’K/W or U is 0.22 W/(m’K). The floors consist of
280 mm concrete.

Windows

The double-skin facade outer glazing consists of
6mm clear float with a visible transmittance of 0.87
[-] and a nominal U value of 5.40 W/(m’K). The
direct solar transmittance at 5 angles (0°, 40°, 55°,
70°, 80°) is 0.78, 0.76, 0.72, 0.58, 0.35 [-]. The total
heat gain factor at 5 angles is 0.82, 0.81, 0.77, 0.63,
0.40 [-]. The solar absorptance at 5 angles is 0.149,
0.163,0.173,0.179, 0.169 [-].

The glazing of the offices towards the double-skin
fagade consists of double glazing with external
blinds and is composed of 5 layers [including air
gaps], has a visible transmittanceof 0.72 [-] and a
nominal U value of 1.60 W/(m°K). The direct solar
transmittance at 5 angles (0°, 40°, 55°, 70°, 80°) is
0.07, 0.03, 0.02, 0.02, 0.02 [-]. The total heat gain
factor at 5 angles is 0.09, 0.04, 0.03, 0.03, 0.03 [-].
The solar absorptance at 5 angles for each layer is
layer 1: 0.570, 0.551, 0.526, 0.507, 0.507 [-], layer
2: 0.001, 0.001, 0.001, 0.001, 0.001 [-], layer 3:
0.042,0.017, 0.013, 0.010, 0.010 [-], layer 4: 0.001,
0.001, 0.001, 0.001, 0.001 [-], layer 5: 0.014, 0.006,
0.005, 0.004, 0.004 [-].

Operation

Every office zone has infiltration rate of 0.3 ACH
continuously. The ventilation rate of the 2nd floor
zone until the 8th floor zone is during office hours
based on 50 m’ /(hr.pers) = 187.5 m® /hr = 1.351
ACH

For the office zones the casual gains on working
days 7:00-17:00: occupants 233 W sensible + 293
W latent, lights 750 W, equipment 1125 W. There
are no casual gains outside working hours.

Control

The 1st floor office zone has free floating
temperature. The cooling set point is 28°C for the
other office zones during working days 7:00-17:00.
Free floating temperature outside working hours.

Airflow network

The inlet opening has a cross-sectional area 7 m x
0.2 m = 1.4 m”. The outlet opening has a cross-
sectional area 7 m x 0.3 m = 2.1 m”. In case of the
closed outlet damper, a leakage 7 m x 0.005 m =
0.035 m’® is assumed. The horizontal openings at
each floor level in the double-skin fagade are 7 m x
0.6 m=4.2m’"

Node outl is external node, wind induced pressure,
south, at ' the height of the building = 15 m. Nodes
f2, f3, to f8 are nodes in the double-skin fagade
(number = floor level). Node out2 is external node,
wind induced pressure, roof, at height of 30.9 m.
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