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1 INTRODUCTION

In the design phase of a building equipped with a ventilated double facade, it is essential to be
able to predict the energy performances of the facade in the building and this for different
design possibilities of the facade. The possibility of modelling the facade (and the building)
with simulation programs can play an important role from that point of view and allows to
compare different possible design concepts.

The prediction of the energy performances of a ventilated double facade is a complex matter.
The thermal process and the airflow process interact. These processes depend on the
geometric, thermo-physical, optical and aerodynamic properties of the various components of
the ventilated double facade.

The aim of this document is to explain how the thermal and solar performances of ventilated
double facades and of buildings equipped with this kind of facades can be predicted by
simulation. The control aspects are also considered.
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2 OBJECTIVES

During the first phase of this project (2001-2002), an overview of some existing simulation
software that could be used to simulate the energy behaviour of ventilated double facades has
been given [1]. Only the modelling of the ventilated double facade has been considered (no
modelling at the building level). The simulation results have been compared to measurements
carried out in outdoor test cells. The comparison showed a good agreement between all
simulation programs and measurements in case of a mechanically ventilated facade.

The objectives in the second phase of the project (2003-2004) are the following:

e to widen the scope of the first phase of the project by considering not only the modelling
of the ventilated double facade alone, but also the modelling of the whole building
equipped with the facade, the HVAC systems and the control aspects. Further simulation
programs (only software which are available on the market) are analysed. Studying the
interaction between the facade, the building and the installations is important for a good
assessment of the performances of ventilated double facades. Until now, practically no
research study has assessed the impact of the control systems and the integration of
ventilated double facade with the HVAC systems,

¢ to analyse the capability to simulate control systems and control strategies,

e to assess the various simulation programs on basis of their modelling possibilities, user-
friendliness, advantages, disadvantages, etc.,

e to explain how a ventilated double facade can be modelled with the various software.
Sometimes, ‘tips’ are needed. This is the reason why the knowledge of experts in
simulation has been collected.
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3 CONSIDERED SIMULATION SOFTWARE

3.1 SOFTWARE AVAILABLE ON THE MARKET

Most of the time, models of ventilated double facades are developed by researchers and are
not available on the market. Saelens D. gives an overview of multiple-skin facades models
that have been developed during the last years [5]. Most of them have been developed for
mechanically ventilated types. Only few models for naturally ventilated facades are available.
Only simulation programs and models that are available on the market and that can be used by
design offices, consultants, architects... are considered in this study. Of course, not all
existing software have been analysed. Models developed by researchers, which are not
available on the market, will not be assessed.

3.2 BUILDING AND COMPONENT SIMULATION SOFTWARE

One can distinguish two kinds of simulation software:

e Component simulation software, which are able to simulate a facade component in
order to predict its thermal, energetic and visual behaviour and performances on the
basis of the material properties of the component,

e Building simulation software, which are able to simulate a whole building (facade
included) in order to predict the thermal dynamic behaviour of the building, the indoor
temperatures, the energy consumptions, etc.

Both types of simulation software are important in the scope of this project. The ‘component
simulation software’ allows determining the thermal and solar performances of the ventilated
double facade alone. As the ventilated facade is usually connected to the HVAC system
and/or managed by control systems, the facade model must also be implemented in building
energy simulation programs in order to assess the effect of the facade performances on the
building performances (building energy consumption, interior temperature, etc.).

Table 1 gives an overview of the simulation software considered in this study.

Software Facade component | Building
WIS
BISCO/TRISCO/VOLTRA
CAPSOL

TRNSYS

ESP-r

TAS

NNENANENENAN
NENANAN

Table 1: Simulation software considered in this study
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4 CAPABILITY TO SIMULATE BUILDINGS EQUIPPED WITH
VENTILATED DOUBLE FACADES

4.1 REQUIREMENTS

This section presents all the functionalities that an ‘ideal’ simulation software should have in
order to correctly simulate buildings equipped with any kind of ventilated double facades.
The physics must be accurately represented by the models.
This ‘ideal’ software should be able to (see Figure 1):
e correctly model the outdoor climate
e correctly model the ventilated facade: glass skins, shading device, frame, mechanical
or natural ventilation, etc.
e correctly model the building, the connection between the facade and the building, the
HVAC systems, etc.
e correctly model the control systems and the control strategies, which influence the
working and the performances of the building and its systems.
Of course, such ‘ideal’ software doesn’t exist. Each software has its own limitations. The
criteria that a software should fulfil in order to make a correct model are given in the
following sections.
The choice of the most appropriate software depends on the main objective of the simulation.
For example, if the objective is to estimate the yearly energy consumption of a building
equipped with a naturally ventilated double facade, then a powerful software must be used
with detailed models of the facade, the building, the HVAC systems, the control systems, etc.
But more simplified software can be used if one aims to determine the maximum indoor
temperatures in the building during summertime for example.

Jo v
e =

Figure 1: Outdoor climate, facade, building and control systems

4.2 OUTDOOR CLIMATE

In order to predict the yearly performances of a building, it is important that the program
simulates the outdoor climate on a real way. The items given in Table 2 must be taken into
account.

Wind speed and wind direction are two important data in order to correctly predict the
ventilation in case of a naturally ventilated double facade. But it is clear that these two data
are very difficult to obtain just around the facade. The wind is very variable in the space and
also in the time.

In order to determine the solar performances of a facade system, detailed data on the incident
solar radiation (on a vertical, normal and/or horizontal surface) must be obtained. The solar
radiation is decomposed into three components: direct, diffuse and reflected (by the ground).
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The latter component should be known in order to accurately determine the solar
transmittance through venetian blinds near the ground level.

Temperature Outdoor air temperature
Sky temperature
Surroundings temperature

Humidity

Wind Speed
Direction

Incident solar radiation On a vertical surface / Horizontal / Normal
Direct + Diffuse + Reflected (by the ground)
Spectral data

Incidence angle (azimuth & ...)

Table 2: Simulation of the outdoor climate

4.3 SIMULATION OF FACADE COMPONENT

One of the difficulties of simulating a ventilated double facade is explained, among other
things, by the complex heat exchange process around the shading device due to the absorption
of the solar radiation (by the shading device) and to the cavity ventilation.

Therefore, it is important to correctly model the shading device on one hand and the heat
transfer around the shading device and the glass panes (convective and radiative heat transfer)
in the cavity on the other hand. A further difficulty in case of a naturally ventilated facade is
the prediction of the airflow rate in the cavity due to the buoyancy and wind effects.

Table 3 gives a description of some functionalities that a simulation software should have in
order to assess on a correct way the thermal and solar performances of ventilated double
facades (this list is not exhaustive). Some modelling aspects are described and discussed
more in detail below.

Modelling of the shading device and heat transfer

In the case of a VDF, different types of shading devices can be installed: venetian blind, roller
blind, louvres, etc.

Only few simulation programs are able to model shading devices with fixed or adjustable slats
(louvres or venetian blinds), which are widely used in VDF in Belgium.

The heat transfer around this type of shading device is particularly difficult to model:

e Short wavelength radiation (solar radiation): the incident solar radiation is
multireflected on the slats of the venetian blind.

e Airflow around the shading device: inter-cavity airflow can occur (air from the
exterior cavity can flow through the shading device towards the interior cavity or vice-
versa).

e The heat absorbed by the shading device is extracted by the air flowing into the
cavity; the heat exchange by convection is a complex matter (see also below). There
is also a heat radiation exchange between the shading device and the glazing panes.

Convective heat transfer in the cavity
The convective heat transfer depends on the nature of the airflow (laminar/turbulent), the
airflow rate and the temperature difference between the surface and the fluid.
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The flow in naturally and mechanically ventilated cavities is fundamentally different. Saelens
(2002) gives in Ref.[5] existing relations obtained from experimental research and numerical
simulations to estimate the convective heat transfer coefficient. Distinction is made between
natural, forced and mixed convection regimes. It was shown that obtaining a reliable
expression for the heat transfer coefficient is difficult. Different convection regimes can exist
depending on the operation of the VDF (closed/open, forced/natural flow).

In mechanically ventilated cavities, the airflow rate is fixed. Empirical equations exist and
can estimate the convective heat transfer.

In case of natural convection, the situation is more complex as the airflow rate is unknown.
The airflow rate and the temperature profiles are mutually dependent. The airflow rate is
caused by the two following effects:

e stack effect (buoyancy effect): caused by the temperature difference between the air
that comes in and the air that comes out the cavity of the ventilated double facade,

e wind effect: caused by the wind pressure differences between the air inlets and outlets.
The wind pressure on a specific point of the building envelope depends on the wind
velocity and the wind pressure coefficient of that particular point. Both parameters are
difficult to estimate. The local wind velocity depends mostly on the surroundings (on
a large scale). The wind pressure coefficients depend on the wind direction, the
surroundings (on a small scale) and the geometry of the building itself.

The combined effect of wind and temperature difference creates a total pressure difference
between the inlet and outlet of the facade, which determines the airflow rate in the cavity. As
shown in Figure 2, when wind velocities are limited, the stack-effect is dominant. When wind
velocities are high, the wind-effect is dominant. Between these two regimes, there is a
transition regime where both effects may assist each other or may counteract.

AR i

Stack

Wind speed

Wind speed

Figure 2: Combined stack and wind effects:
a) wind and buoyancy have cumulative effects;
b) wind and buoyancy have opposite effects.

As already mentioned, in the naturally ventilated facades, the airflow rate and the temperature
profiles are mutually dependent and hence the thermal system must be solved iteratively. In
order to take the combined effect of heat and mass flow into account, two possibilities exist
[SI[10][8]:

e Computational fluid dynamics (CFD) simulation

e Air flow network coupled with energy balance

CFD-simulations have the potential to achieve more accurate results (details about the nature
of the flow field) but its implementation in practice is quite difficult. In case where one aims
to obtain results for a complete year, this kind of simulations requires a lot of effort and time
and must be carried out in so many configurations that the required computational time would
be enormous. Due to the high complexity of CFD simulations, a validation of the CFD model
is required and is not often available. The CFD results are highly dependent on the inputs
(wind, Cp, etc.), which are very variable.
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The second possibility is easier to implement and is compatible with simulation of long
periods. Some simulation programs are able to couple the thermal and the airflow models
(like in this the case in e.g. TRNFLOW, which is a combination of the thermal model
TRNSYS and the ventilation model COMIS). Thermal and ventilation models can be coupled
in several ways :

The full integration approach: both ventilation model equations and thermal model
equations are solved simultaneously, by incorporating both sets of equations into a single
equation system (e.g. ESP-r).

The onions approach: airflow rates are passed from the ventilation model to the thermal
model, which calculates new air temperatures and pass them to the ventilation model,
which calculates new airflow rates... until convergence is reached. The procedure is then
repeated for the next time step.

The ping-pong approach: airflow rates calculated in the ventilation model at time t are
used as input by the thermal model to calculate new temperatures at time t. These
temperatures are then used by the ventilation model to calculate new airflow rates at time
t+1. This approach has as main disadvantage that it can generate substantial errors and
should be used with care.

t, | Increasing
time steps

Ventilation model
) 4_0_0@2
Thermal model
Ventilation model

Thermal model
Ventilation mode

od-— —od—od—o 44—

o - —ed—od—o 4

Figure 3: Onions, ping-pong and global onion approaches

The global onion approach: the thermal model is run for the whole period. The resulting
temperatures are introduced to the ventilation model, which calculates ventilation rates for
the all period. These airflow rates are introduced in the thermal model to calculate new
temperatures, and so on... up to convergence of both models. This method presents a
major limitation: it is not possible to implement a ventilation control strategy that is not
fixed in advance (e.g. time-controlled, controlled according to the outdoor climate...).
Indeed, the opening of a window according to the inside temperature for instance will not
affect the inside temperatures because they are considered as input data for the ventilation
model.

Ventilated double facades 11/142




FACADE LAYERS

Comments

Glass layers

- optical properties

Spectral ?

Angular dependent?

Optical properties different for direct, diffuse and reflected
(incident) solar radiation?

- thermal properties

Function of the temperature?

Shading device

- type of shading device Modelling of any type of shading device? (roller blind,
venetian blind with orientable slats, etc.)
Overhang ?

- optical properties Spectral?
Angular dependent?

- position of the shading device
in the cavity

Attached to the internal or external glass skins ?
Placed in centre of the cavity ?

- control Can the shading device be controlled ? Pull down or roll up the blind according to the sunshine level,
temperature, etc

Frame

- modelling Possible?

- thermal properties

Can ventilation air pass through the frame?
Thermal properties function of the airflow rate passing
through the frame?

Possibility to set an inlet temperature (air entering the
ventilated cavity) different to the exterior or interior
temperature?

For certain applications, it is important that the frame of the ventilated
double facade can be modelled. The heat transmission through the frame
can represent a non-negligible part of the total heat transmission losses
through the complete facade.

Air entering the ventilated cavity can be heated and cooled down due to
contact with the bounding surfaces and heating due to solar radiation.
The inlet temperature in the cavity influences both the transmission
losses and the enthalpy change of the air flowing through the cavity.

Cavity subdivision

- Vertical Vertical subdivision? The number of zones into which the facade must be divided is not
straightforward. This vertical subdivision is needed to take into account
the temperature profile in the cavity.

- Horizontal Horizontal subdivision ? Fictive vertical walls can be simulated ? (in some programs it is needed

to model fictive vertical walls to represent the shading device rolled up)
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HEAT TRANSFER

Convective heat transfer
in the cavity

- Forced convection

Convective heat transfer coefficient:

- must it be given (fixed value)? Possibility to modify the
value of the coefficient during the simulation (in function
of some inputs)?

- is calculated from some parameters? (flow regime,
airflow rate, temperature difference, etc)

- Natural convection

Possibility to model natural ventilation in the cavity?
(naturally ventilated facades)

See also “Air flow modelling” (see below)

Radiative heat transfer

- in the cavity

Radiation and convection treated separately?
Radiation heat transfer coefficient is a function of the
temperature ?

- exterior radiation heat transfer

Calculated from sky temperature and environment
temperature?

- view factor

Correct determination of the view factor between facing
panes ?

Short wave radiation

- all panes

inter-reflections between the glass panes and the shading
device?

- venetian blind

inter-reflections between the slats of the venetian blind?

AIR FLOW MODELING

- Coupling airflow modelling
and thermal modelling

- Combination of a thermal and an airflow network in the
same software?
- Possibility to combine the software to air flow models?
(other software)

- Natural ventilation

Buyancy effect? (stack effect)

Wind effect?

Airflow between the cavity and the interior of the building
through the window openings?

Ventilated double facades
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FACADE & BUILDING

Coupling facade and building

Possibility to connect the facade model with the building
and its installations?

Table 3: Simulation of the facade component
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4.4 SIMULATION OF CONTROL SYSTEMS AND CONTROL STRATEGIES

Most current building performance simulation software do not have a flexible way of dealing
with control systems and control strategies.

The current situation is that there exists software that are very advanced in control modelling,
but limited in building performance simulation concepts.

On the other hand, building performance simulation software is usually relatively basic in
terms of control modelling and simulation capabilities [14].

Coupling the two approaches (building simulation software and control modelling software)
would potentially enable integrated performance assessment by predicting the overall effect of
control strategies. ~Communication mechanisms exist, which allow to marry the two
approaches [13][14].

Adequate dynamic control systems and strategies are needed to reach the expected
performance of ventilated double facades. Several studies have shown that only an optimal
control of the facade (shading device up or down, slat angle of the venetian blinds or louvres,
airflow regimes, opening of dampers, etc) enables this system to truly act as active energy
savers and to bring comfort.

According to Park [15], the lack of such a dynamic control is because of the following
challenges:

“First, an adequate control needs an underlying mathematical model to predict the response of
a system. But, the nature of the dynamics of these systems involves complex irregular 3D
geometry where turbulent air flows and each solid and non-solid component is linked to other
components by radiative and convective heat exchange, and thus it is not easy to accurately
predict the response of the system in computations.

Second, it is difficult to apply modern analytical optimal control theory such as Pontryagin’s
Minimum Principle because of high nonlinearity of the physical mathematical representation
of the system, complicated by the change of the airflow regime and thus of the mathematical
representation. In addition, the occupant’s intervention further complicates the application of
the optimal control theory.

Third, the systems are expected to reflect the multifaceted user preference such as energy
conservation, visual comfort and thermal comfort.

The determination of optimal control actions synthesizing these three major system utilities is
a complex tradeoff influenced by heating, cooling, and lighting loads, exterior and interior
glazing temperature, outdoor and indoor air temperature, solar radiation, sky condition,
personal preference, etc. The above-mentioned set of state variables and parameters woven
with the multifaceted quantitative and qualitative cost elements explain the difficulty to
determine optimal control actions.”

In this document, the capability of the considered software of simulating control systems and
control strategies is analysed. In case of some software, ‘tips’ are needed for simulating
controls. The optimisation of the control strategies is out of the scope of this document.
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5 ASSESSMENT OF SEVERAL SOFTWARE

5.1 WIS SOFTWARE

WIS 3.0 is a uniform, multi-purpose, European-based software tool designed to assist in
determining the thermal and solar characteristics of window systems (glazing, frames, solar
shading devices, etc.) and window components. The tool contains databases with component
properties and routines for calculation of the thermal/optical interactions of components in a
window. One of the unique elements in the software tool is the combination of glazings and
shading devices, with the option of free or forced air circulation between both. This makes the
tool particularly suited to calculate the thermal and solar performance of complex windows
and active facades.

The WIS algorithms are based on international (CEN, ISO) standards, but WIS also contains
advanced calculation routines for components or conditions where current standards do not
apply.

WIS 1.0 (the first version of WIS), previously developed as a licensed tool under a European
Commission-funded research project, has been upgraded to WIS 3.0 during the last three
years within the European WINDAT Network, which includes 40 leading research and
educational organizations, industries, consulting engineers and designers, including a strong
representation in relevant international standardization bodies.

This tool is collectively supported and used in research, industry, standardisation, education
and design throughout Europe to compare, select and promote innovative windows and
window components to maximise energy savings and improve indoor comfort.

WIS 3.0 tool is now freely available, and is designed as a user-friendly tool, prepared for a
wide variety of users including: consulting engineers, manufacturers, Building designers,
researchers, those involved in standardisation, building regulation and education.

Control systems and building modelling are not considered in this tool.

For more information, support, and free download of the tool: http://www.windat.org.

Section 8.1 gives a detailed description of the software in the context of the modelling of
ventilated double facades.

WINDAT and WIS were financially supported by the European Commission Directorate
General for Energy and Transport.

5.2 BISCO/TRISCO/VOLTRA SOFTWARE

The company Physibel has developed a series of software aimed at modeling heat transfer of
building details using the energy balance technique.

Where all other simulation programs calculate the ventilated double facade (VDF) as parallel
glass and shading layers which does not directly take into account the thermal bridging effect
of sub-components with a clear 2D or 3D heat flow, BISCO, TRISCO and VOLTRA have the
potential to calculate for both temperature distribution and heat loss, the interaction between
the glass and shading layers in combination with the thermal bridging effect of the
subcomponents around the VDF (e.g. the supporting mullions and transoms, connection with
inlet and outlet openings and even the false ceiling).

Control systems and building modelling are not considered in this tool.
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http://www.windat.org/

For more information about BISCO, TRISCO, VOLTRA: http://www.physibel.be/ !

Section 8.2 gives a detailed description of the software in the context of the modelling of
ventilated double facades.

53 CAPSOL SOFTWARE

CAPSOL is a programme that calculates multi-zone transient heat transfer.

In CAPSOL, the building and its environment are considered as a set of zones, between which
heat flows occur due to conduction, convection, radiation and ventilation. The behaviour of
the system is defined by the boundary conditions, i.e. known temperatures, heat fluxes (such
as solar radiation and internal heat gains) and controls (such as heating, cooling, mechanical
ventilation and sun shading). The program contains a solar processor; building sun obstacles
and wall sun obstacles can be defined to simulate e.g. other buildings and overhangs.

During the dynamic calculation, a system of energy balance equations is built and solved each
calculation time step, using the Crank-Nicolson finite difference method.

For more information about CAPSOL.: http://www.physibel.be/

Section 8.3 explains in detail how CAPSOL can be used to simulate a building equipped with
a ventilated double facade.

54 TRNSYS SOFTWARE

TRNSYS (TRaNsient SYstem Simulation Program) simulates the dynamic thermal behaviour
of buildings and systems. It has a modular system approach, which makes it very flexible.

It includes a graphical interface, a simulation engine, and a library of components that range
from various building models and standard HVAC equipments to renewable energy and
emerging technologies. TRNSYS also includes a method for creating new components that
do not exist in the standard package. Extensive libraries of non-standard components for
TRNSYS are available commercially from TRNSY'S distributors.

This simulation package has been used for more than 25 years for HVAC analysis and sizing,
electric power simulation, solar design, building thermal performance, analysis of control
schemes, etc.

Coupled with COMIS, it allows multizone airflow analyses. This can be done "manually" or
with the commercial tool TRNFLOW.

For more information about TRNSYS, sece the websites: http://sel.me.wisc.edu/TRNSYS/ and
http://www.transsolar.com/.

For more information about COMIS, see the website: http://epb1.1bl.gov/COMIS/

For more information about TRNFLOW, see the website http://www.transsolar.com/.

Section 8.4 explains in detail how TRNSYS can be used to simulate a building equipped with
a ventilated double facade.

" Two examples of ventilated double fagades are given under http://www.physibel.be/ > VOLTRA > Animation
examples
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5.5 ESP SOFTWARE

ESP-r is an Open Source program, developed by the Energy Systems Research Unit at the
University of Strathclyde with inputs from many other organisations. It has been developed
over a 28 year period, with funding from the UK’s Engineering and Physical Sciences
Research Council and the R&D Framework Programmes of the European Commission.

ESP-r is a transient energy simulation program based on the finite volume technique. It is
capable of modelling the energy and fluid flows within combined building and plant systems
when constrained by control actions and subject to dynamically varying boundary conditions.
By default, the Crank-Nicolson formulation for mixed explicit/implicit finite differences is
used (although the user can change this from fully explicit to fully implicit solutions). The
user can specify simulation timesteps up to a maximum of hourly and there are options for
timestep control to increase resolution where needed.

It is available by download from ESRU’s website (http://www.esru.strath.ac.uk). Other
information (tutorials, exercises, documentation, upgrade notes etc) can also be found on the
website.

Section 8.5 explains in detail how ESP-r can be used to simulate a building equipped with a
ventilated double facade.

5.6 TAS SOFTWARE

TAS is a suite of software products, which simulate the dynamic thermal performance of
buildings and their systems.

- The main module is Tas Building Designer (A-Tas), which performs dynamic
building simulation with integrated natural and forced airflow. It has 3D graphics
based geometry input that includes a CAD link.

- Tas Systems is a HVAC systems/controls simulator, which may be directly coupled
with the building simulator. It performs automatic airflow and plant sizing and total
energy demand.

- The third module, Tas Ambiens, is a robust and simple to use 2D CFD package which
produces a cross section of micro climate variation in a space.

A-Tas is a software tool which simulates the thermal performance of buildings. The main
applications of the program are in assessment of environmental performance, natural
ventilation analysis, prediction of energy consumption, plant sizing, analysis of energy
conservation options and energy targeting.

For more information about TAS: http://ourworld.compuserve.com/homepages/edsl

See section 8.6 for detailed information about the modelling of ventilated double facades.
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6 CONCLUSIONS

The modelling of ventilated double facades is complex because of the high degree of
interaction between the many heat and mass transfer (air flow) processes. The selection of the
appropriate correlations for the convective heat transfer in the cavity of the ventilated double
facade is a quite difficult matter. In mechanically ventilated facades, the airflow rate is fixed
and empirical equations exist and can estimate the convective heat transfer. The case of
naturally ventilated facades is more complex as the airflow rate is variable, depending on the
wind and stack effects. In particular, the determination of the airflow caused by the wind
effect requires the knowledge of the wind velocity and the wind pressure coefficient, which
are difficult to estimate. In order to take the combined effect of the heat and mass flow into
account, two possibilities exist : computational fluid dynamics (CFD) or the coupling between
an air flow network and a thermal network. The accurate modelling of some types of shading
device (Venetian blinds for example) placed in the cavity of the VDF is far from evident.

The choice of the most appropriate software for simulating a VDF depends on the objective of
the simulation : design of a new concept of VDF ? Dimensioning of the HVAC systems
which are connected to the VDF ? Determination of the maximum cooling or heating loads
during a whole year ? Determination of the maximum indoor temperatures in the building
during summertime ? Determination of the yearly energy consumption ? Condensation risk ?
Testing of various control alternatives ? etc.

Some modelling aspects where there is uncertainty (e.g. choice of the appropriate convection
correlations, discharge coefficients, wind pressure coefficients) may have a significant impact
on the predictions. Hence it is advised that a cautious approach be adopted according to the
aim of the simulation. For example, in the case of an energy consumption problem, it is safer
to use a factor giving higher wind speeds; in the case of an air quality or overheating problem,
a factor giving a low estimate of wind speeds should be selected.

In spite of these modelling difficulties, the role of simulation is important and simulation
represents the only one method to estimate the yearly energy consumption of a building
equipped with a ventilated double facade and to assess for example the impact of different
control systems and control strategies on the building performances.

In this document, the capability of several simulation programs to simulate a VDF or a
building equipped with a VDF has been analysed.

The software TRNSYS, ESP-r and TAS are powerful transient energy simulation programs
and are able to simulate a ventilated double fagade, the building, the HVAC systems and the
control systems and strategies in a certain extent. These programs can make the coupling
between thermal and airflow models. Nevertheless, all these programs face similar obstacles
regarding the level of resolution necessary to model some major thermodynamic flowpaths in
ventilated double facades. Time and experience are required in order to use properly these
quite complex software. The software CAPSOL shows less functionalities than the three
previous ones but this software can be recommended for specific points of interest due to its
facility of use.

The software WIS combines a user-friendly interface with the most advanced calculations of
the thermal and solar properties of window and facades. The WIS algorithms are based on
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international (CEN, ISO) standards, but WIS also contains advanced calculation routines for
components or conditions where current standards do not apply. Control systems and building
modelling are not considered in this tool. Finally, BISCO, TRISCO and VOLTRA belong to a
series of software aimed at modelling the heat transfer of building details using the energy
balance technique. These programs are well adapted to calculate the interaction between the
glass skins and the shading layer in combination with the thermal bridging effect of the
subcomponents around the VDF (e.g. the supporting mullions and transoms, connection with
inlet and outlet openings, etc).
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8.1 WIS SOFTWARE

8.1.1 General software information

Introduction

WIS 3.0 is a uniform, multi-purpose, European-based software tool designed to assist in determining the thermal
and solar characteristics of window systems (glazing, frames, solar shading devices, etc.) and window
components. The tool contains databases with component properties and routines for calculation of the
thermal/optical interactions of components in a window. One of the unique elements in the software tool is the
combination of glazings and shading devices, with the option of free or forced air circulation between both. This
makes the tool particularly suited to calculate the thermal and solar performance of complex windows and active
facades.

The WIS algorithms are based on international (CEN, ISO) standards, but WIS also contains advanced
calculation routines for components or conditions where current standards do not apply.

WIS 1.0 (the first version of WIS), previously developed as a licensed tool under a European Commission-
funded research project, has been upgraded to WIS 3.0 during the last three years within the European WINDAT
Network, which includes 40 leading research and educational organizations, industries, consulting engineers and
designers, including a strong representation in relevant international standardization bodies.

This tool is collectively supported and used in research, industry, standardisation, education and design
throughout Europe to compare, select and promote innovative windows and window components to maximise
energy savings and improve indoor comfort.

WIS 3.0 tool is now freely available, and is designed as a user-friendly tool, prepared for a wide variety of users
including: consulting engineers, manufacturers, building designers, researchers, those involved in
standardisation, building regulation and education.

WIS description

WIS combines the most advanced calculation routines with a user-friendly interface that runs under Windows
98, Windows 2000, Windows NT and Windows XP. Figure 4 gives an impression of the WIS structure.
Windows are composed of a transparent system, a frame and spacer. All can be selected from an elaborate
database with component data. Transparent systems are made up of layers. Each layer is chosen from a database
with specular glass layers, scattering layers (such as blinds and diffusing glass) and gas fills. Air exchange
between layers and the environment or between mutual layers can be modeled by free or forced convection.

Important new features compared to version 1 are:

e The component databases are filled with a large number of components (hundreds of glazings, dozens
of shadings and frames and spacers)

e  The calculation routines are adapted to the newest CEN and ISO standards

e New data can easily be imported when it comes available and glazing data can also be imported from
other sources (older WIS database or the International Glazing Database)

e The linear thermal transmittance of frames and spacers can be determined with 3 different methods

e The optical properties of scattering layers can also be determined with a built-in ray tracing module as
an addition to the existing view factor method

e Asan addition to venetian blinds WIS can also model pleated blinds, roller blinds and screens and other
diffusing devices
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Figure 4 : WIS structure

8.1.2 Outdoor climate

The following information has to be given (see Figure 5) :
e outdoor and indoor air temperature in °C

outdoor and indoor radiant temperatures in °C

direct solar radiation in W/m?

convective surface coefficient outdoor in W/m?K

convective surface coefficient indoor in W/m?K

For the calculation of the solar factor g and the light transmittance t, the relative spectral distribution of the
global solar radiation has to be specified.
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Recard: |<|1|| 1 »|>||He| of 4

Figure 5 : environment

8.1.3 Simulation of a ventilated double facade

8.1.3.1 General methodology

Transparent systems are made up of layers. The properties of the whole facade (U-value, direct solar
transmittance, solar factor, UV-transmittance, etc.) are calculated from the properties of its components and from
the thermal and optical interaction between them.

For example, if one wants to determine the properties of a ventilated double facade of type ‘climate facade’, the
constitutive components of the facade must be specified (see Figure 6) :
e Double glazing unit
Ventilated air gap 100 mm width
Shading device
Ventilated air gap 100 mm width
Single glazing

The double glazing unit is composed by a glass pane (6 mm width), an air gap (12 mm width) and a second glass
pane (6 mm width).

The thermal and optical properties of each component (glass pane, shading device, etc) must be individually
specified (see after).

The air gap can be naturally or mechanically ventilated (see after).

All layers are supposed to be parallel between them.
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Figure 6: transparent system

8.1.3.2 Fagcade layers
Glass layer
WIS offers the full spectral data for glass panes in an extended database with products from different

manufacturers. The pane data that is officially submitted to the WINDAT network and reviewed according to the
WINDAT guidelines is marked by the letter ‘E’ and protected (see Figure 7) .

B Pane JHI=] E3
ALl
» name: Isuny_cIB.ng:I 1D: | 2729 Info |
product name: ISunelgy clear N z
Supplier |GLAVEF|BEL 5.4 =1 This data has been reviewed by
Group [WINDAT 3.1 | T LR BN e b
thickness: I 6 mm therm. conductivity: 1.000 W m.K]
corrected emissivity £ [-] transmittance
outdoor indoor 5
i | 0238 | 0.837 | 0.000 J
reflectance [-] transmittance
outdoor indoor X Ra
solar 0103 0.091 0.538 | 97
vizual 0102 0.086 0.577
uv 0108 0.076 0.382
o single layer [no coating etc) v spectral properties as input
Al
[ usze properties for 0 30 and 60 degrees incidence angle
uze properties for substrate and for substrate + film
W uze estimated values for angle dependent properties
Input | Calculate Output | pane type I_?
solar properties —!
Return | Import from text file | I Freeze |
Select pane: [sury_cB.ovb ||
Record: 14 4 | 152 » bllb*l of 214

Figure 7: Glass selection screen

The user can furthermore import his or her own spectral data e.g from measurements or from the International
Glazing Database. WIS calculates a number of optical properties such as the solar, visual and UV reflectance and
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transmittance values, according to the European standard EN410. Angle dependant properties can also calculated
according to appropriate algorithms, see Figure 8.

Figure 8: Angular properties of selected glass

Figure 9: Spectral properties of selected glass

In order to model a double glazing unit, each glass pane and the gas fill must specified.

WIS includes a database with the physical properties of a number of gasses often used in double glazed units,
such as air, argon, krypton, etc. The user can create any mixture by mixing 2 or more different gasses. WIS will
automatically calculate the physical properties of the mixture needed to determine the insulation value (U-value)
of the window, see Figure 10. The gas properties of the standard gasses are given according to EN673. The
properties of gas mixtures are volume weighted, also according to EN673.

Ventilated double facades




B Gas_mix |- [O]x]

RS I,
4 Gasmix_id: | & name: |Air-Argon1D.-"SD
-10 oC 0 oC 10 oC 20 oC
Conduction [w/(mKJ): | [001653) [0mi7i2,  [0ot7es  [001eTe
Dynamic Yizcosity [ka/[m._z]]: | 20E-05 | 21E-05 | 21E-05 | 22E-05
Density [Kg/m3}: | [ 17787 [ 1eain [esz3] [ 15348
CoP/kaKIE: | [ 5678 [ 5673 [ e8| 5ers9
GASES B
Gas name percentage
[ cen_Air = 10
cen_Argon hd a0
* ha 0
Return |

Select gas mix: |M |
Record: 14] 4| 2 v mlr#]cf 2

Figure 10: ‘Gas mix’ screen

Shading device

The shading device is considered as a scattering layer. Scattering layers form a special category in WIS. In the
new version of WIS four different types of scattering layers are distinguished:

1. Slat type blinds (such as venetian blinds)

2.  Pleated blinds

3. Roller blinds and screens

4.  Other scattering devices such as diffusing glass

The database contains the measured spectral properties of various products (mainly shading devices) and the user
can import his or her own data (e.g. from measurements) into the database. The properties that are used are the
normal incidence beam to beam reflectance and transmittance and the normal to hemispherical beam to diffuse
transmittance.

For venetian blinds and pleated blinds WIS calculates the blind properties from the material properties, including
all inter-reflections between the blinds. The blinds may be partly transparent.

The properties of pleated blinds are always calculated with the built-in ray-tracing module. For venetian blinds
WIS offers the choice between ray-tracing calculations or the view factor method. Although much faster, the
view factor method assumes that all slat reflections and slat transmissions are diffuse, which can be an incorrect
assumption for blinds that are specularly reflecting. The ray-tracing option is a much better choice for blinds that
are highly specular.

Another new feature (only with the ray-tracing method) is to calculate the properties of curved slat type blinds.
This type of blinds is very popular because of their light re-directing properties. For the user modeling the slat
curvature is simply done by setting the curvature value (known as crown height) to the appropriate value and
WIS will do the rest, see Figure 11.
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Figure 11: Geometrical definition of curved slat type blinds

Frame

WIS contains a database of frames with their width and U-value as the principal properties, according to EN ISO
10077-1. New entries of frames with these properties can be easily added.

For a detailed analysis of frames, WIS provides the link to steady state numerical calculation tools (THERM and
KOBRA).

- i
I @re T Ean 5|
name: |F| eynasrs LRS- Info I
width: 0102 m id: I 1

material_type: Ialun'iniu'nwilh!h- u_value: I 287 W/m2K)

Fleturn| Paths [ Kobra | The

Picture [

Figure 12 :“frames’ screen

Spacers properties of some typical spacers are also stored in the WIS database.

Transparent system

The panes, gas filling and shading devices of a window system are put together into a transparent system. In WIS
all ‘solid’ layers (panes and scattering layers) are assumed to be separated by a gas (mix) layer. A laminate is
assumed to be one solid layer. The optical and thermal properties of the transparent system are calculated
according to EN410 and EN673 when no shading layer is included. When a shading layer or another scattering
layer is included or when air exchange is included all calculations should be performed in expert mode. In this
mode WIS uses some powerful algorithms, which are not (yet) standardized. Systems with inside air circulation
(ventilated systems) and shading layers will then be calculated according to ISO DIS 15099 and (where
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applicable) to prEN 13363-2. Following (and contributing to) the latest drafts of these standards, the current
calculations in WIS “are as close as possible to the physical reality and as close as possible to the standards”.
With these special features, the WIS tool is particularly suited to calculate the thermal and solar performance of
complex windows and active facades.

Ventilated double facade

The heat transfer in the cavity is governed by the equations given in the international standard ISO 15099:2003,
a detailed calculation method for the thermal and solar properties of windows including solar shading devices.

Convective heat transfer in the cavity

For a ventilated cavity, the equations related to the convection heat transfer are those given in ISO 15099:2003.
The surface-to-air heat transfer coefficient by conduction/convection for vented cavities is given by the
following equation :

hcv,i = 2hcdv,i + 4V1

where
hev,i is the surface-to-air heat transfer coefficient by conduction/convection for vented cavities
[W/m?K]
hedv,i is the surface-to-surface heat transfer coefficient by conduction/convection for non-vented
cavities [W/m?K]
Vi is the mean air velocity in the gap [m/s]
Tuﬂp. i, out

qu), 1, iml

Figure 13 : ISO 15099 - Model of mean air- and outlet temperature

The convective heat transfer coefficient h.q,; is given by detailed equations in function of the Nusselt number
N,. This N, is calculated using correlations based on experimental measurements of heat transfer across inclined
air layers.

Short wave radiation : transfer through the cavity

The transmitted (or reflected) part of the incident solar radiation through the fagade is determined on basis of the
spectral properties (transmittance, reflectance and absorptance) of each layer of the fagade and the thermal and
optical interaction between the different layers.
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In case of a shading device, the incident solar radiation may change direction while being transmitted or
reflected at the layer. In WIS (and according to ISO 15099), beam radiation transmitted or reflected by the solar
shading device is considered to be split into two parts:
e aundisturbed part (specular transmission and reflection);
e a disturbed part, which is approximated as anisotropic diffuse (Lambertian) (with the view factor
method)
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Figure 15: Direct and diffuse transmittance for a shading device (Venetian blind)

Diffuse radiation transmitted or reflected by the solar shading device is assumed to remain diffuse (“diffuse-
diffuse”).

WIS gives the calculation of the transfer of the short wave radiation not only for normal incidence but also for all
incidence angles.

Long wave radiation : transfer through the cavity

The long wave radiation transfer is calculated (detailed equations of heat transfer) on basis of the temperatures
and of the emissivities and long wave transmittance of the panes.

Due to its porous structure (open weave, slats), the shading device is not only partially transmittant for solar
radiation, but also for thermal (long wave) radiation. This phenomenon is covered in WIS.
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8.1.3.3 Ventilation in the cavity of the double facade

WIS offers two possibilities for the ventilation of the air cavity : forced ventilation (known airflow rate) and free
ventilation (see Figure 16). In both cases, the following information must be given :

e geometry of the air cavity : width (m) and height (m)

e origin and destination of the air that is flowing through the cavity : air from outdoors (at the outdoor air
temperature specified in the ‘environment’ screen — see Figure 5) or from indoors (at the indoor air
temperature specified in the ‘environment’ screen — see Figure 5) can enter the cavity. Air leaving the
cavity can go to indoors or outdoors.

B3 Transparent_system E

| ransparentsysieny

Return | name: IFDV1 id: I a8 Width [w) [m]: ;
- 5 1 - - Height [h : 3
Fofced Ventiatiorinput 2] | Hewht () [m]
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Gap | outd ind ind [ [dm3#s. m]
2 -] & o L 0
Fl E s [g [& 5]
3 - T [g (& ]
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e h
ErEe N entriatrorminput: =
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Gap outd ind ind di dz2 d3
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3 =T g [@ 0 0 0 w
s 3//<
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Figure 16: Ventilation models in WIS

Forced convection

In this case, the air flow rate (and thus the mean velocity of the air in the cavity) is known. The temperature
profile and the heat flow are calculated by a simple model (‘plug flow”). Due to the air flow through the cavity,
the air temperature in the cavity varies with height (see Figure 17).
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Figure 17 : air flow in the cavity of a facade

The temperature profile depends on the air velocity in the cavity and the heat transfer coefficient to both layers.
The temperature of the air in the cavity at a certain height depends on the following parameters :
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e the temperature of the incoming air in the cavity

e the temperature of the layers adjacent to the cavity

e the characteristic height of the temperature profile (depending on the mean velocity in the cavity, the
heat transfer coefficient, the width of the cavity, the density and the specific heat capacity of the air)

The thermal equivalent (average) temperature of the air in the ventilated cavity is calculated on basis of the
temperature profile. In this way, the bi-dimensional heat transfer is reduced to a one-dimensional process. This is
the procedure described in the ISO 15099 standard.

Natural convection

WIS offers the possibility to model natural convection caused by the stack effect (thermally-driven ventilation).
Wind-induced ventilation is not considered in WIS.

The velocity of the air in the space caused by the stack effect depends on the driving pressure difference and the
resistance to the airflow of the openings and the space itself.

The air velocity in the cavity of the facade is calculated by solving a set of equations (this is described in the ISO
15099 standard).

The calculation of the pressure loss in the inlet and outlet openings requires the determination of the pressure
loss factors for openings (inlet and outlet). These pressure loss factors are calculated on basis of the area of the
bottom opening of the cavity, of the top opening, of the left side opening and of the right side opening (see
Figure 18).

Figure 18 : schematic representation of openings

In order to determine these openings, the user must specify the air openings d1, d2 and d3 in mm (see Figure 16).

8.1.4 Simulation of control systems and control strategies

The WIS software is not able to simulate any control strategy or control system. Each
working condition must be simulated independently.
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2: BISCO/TRISCO/VOLTRA SOFTWARE
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8.2 BISCO/TRISCO/VOLTRA SOFTWARE

8.2.1 GQGeneral software information

Physibel has developed a series of software aimed at modeling heat transfer of building details using the energy
balance technique.

Where all other simulation programs calculate the ventilated double facade (VDF) as parallel glass and shading
layers which does not directly take into account the thermal bridging effect of sub-components with a clear 2D
or 3D heat flow, BISCO, TRISCO and VOLTRA have the potential to calculate for both temperature distribution
and heat loss, the interaction between the glass and shading layers in combination with the thermal bridging
effect of the subcomponents around the VDF (e.g. the supporting mullions and transoms, connection with inlet
and outlet openings and even the false ceiling).

8.2.1.1 Bisco

BISCO allows to calculate two-dimensional steady state heat transfer in objects with any shape. The geometry
required to perform the calculation is a picture in bitmap format (e.g. a drawing on paper can be scanned, a
drawing on screen can be captured, ...). The only complementary input consists of an association between the
colors in the bitmap picture and the material properties or the boundary conditions. The grid generation is fully
automatic.

BISCO allows to calculate important thermal quantities as defined by European standards: temperature factor,
linear thermal transmittance, thermal transmittance of a window frame, etc.

8.2.1.2 Trisco

TRISCO allows the very same kind of calculations as BISCO but with three-dimensional objects. The geometry
is here described with a list of rectangular blocks that the user has to encode manually. Two-dimensional BISCO
files can be imported and altered to take the third dimension into account.

8.2.1.3 Voltra

VOLTRA is an extension for time-dependent boundary conditions of the steady-state program TRISCO. The
object modeling is completely identical as in TRISCO except that thermal inertia of materials is taken into
account. TRISCO data files can be imported in VOLTRA. The time-dependent boundary conditions are
described with functions, either built-in functions based on variable parameters, or external user-defined
functions based on function values given at a fixed time interval.

All those programs can be used with the RADCON module. The RADCON module allows a more realistic
simulation of the separate heat transfer by radiation and convection in enclosures and between material objects
and the environment.

Since VOLTRA is the most complete software of the series and also the most useful to model ventilated double
facade, only this one will be described (Version 4.0 was used in this study).

8.2.2 Theory

This paragraph describes how the program takes different theoretical aspects into account.

8.2.2.1 Convective heat exchange in the cavity

The user is free to use any convective heat transfer between the air inside the cavity and the surrounding
materials. For example the convective heat transfer relations of parallel surfaces as described in ISO 15099 can
be used. Coefficients are chosen once at the beginning of the simulation and can not vary during the simulation
as a function of the air flow.
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8.2.2.2 Short-wave (solar) radiation

The user can define a radiation [W/m?] between a boundary and all materials in contact with this boundary. The
intensity can vary as a function of time.

Opaque and transparent materials are treated the same way, which means that solar radiation cannot pass through
a material.

In order to simulate the effect of short-wave solar radiation through the double facade, first the absorption
fraction of the different glass layers and shading devices need to be calculated. This can be done from the
knowledge of the solar glazing characteristics of the different layers by use of a program as WIS. The absorption
fraction multiplied with the incident solar radiation will result in the solar absorption of every component. It is
possible to add heat sources between different planes representing the absorbed heat in the materials. The
absorbed short wave energy of the sun (represented by the different heat sources) will make the temperature of
the radiated elements (i.e. heated elements) to rise.

8.2.2.3 Longwave radiation

Thanks to the RADCON module, radiation flux can be treated separately. The user can define the emissivity ()
of each material. The program calculates automatically all view factors. Linear or non-linear radiative heat
transfer can be used.

For external longwave radiation, the user can specify a sky radiation temperature as a function of time. Taking
into account the interaction with the radiation coming from the ground or another building is possible by
explicitly modelling it with all boundary conditions.

8.2.2.4 Air flow in the double facade

Air flow between different zones can be defined as a function of time, which allows to model forced ventilation
of double facade. Natural ventilation, depending on temperature, wind speed, etc. can not be taken into account.

VOLTRA considers each zone with a uniform temperature. The cavity of the VDF can be split in different zones
so that each one has a different temperature. About ten volumes are sufficient to correctly model the evolution of
the air temperature inside a double fagade of 3 m high.

8.2.2.5 Control

VOLTRA is not aimed at simulating control strategy of a DVF. Ventilation fluxes are indeed defined a priori
(before simulation) and cannot depend on another specific parameter.

8.2.3 Procedure for setting up a model

In this paragraph, we will present the building up of a model, step by step. Examples of ventilated double
facades will illustrate the procedure.

The input in VOLTRA is organized in several windows. Normally the following windows are open when the
command File > New or File > Open... is invoked:

The Image window, with a graphical representation of the model. In this window the object can be interactively
rotated and zoomed in.

The Grid window, with the distances between the successive grid planes in three dimensions.

The Blocks window, with a list of all building blocks of the geometry. All coordinates refer to the grid in the
Grid window.

The Colours window, with the thermal data of all materials and surface boundary conditions. Each block in the
Blocks window refers to a colour in the Colours window.

These are the main windows but others will be introduced when needed. Each window can be activated by using
the Edit menu.

R[JM¥YA Report on simulations of the energy performances




8.2.3.1 Grid

The default model consists of a three-dimensional cube of 1m. First define the grid unit (or scale) of the mesh
sizes in the Grid window by choosing Grid > Grid Unit.... It is usually more convenient to choose a grid unit
equal to Im or Icm.

Enter the number of meshes for the three dimensions. Each dimension is represented by a column in the Grid
window, headed by X, Y and Z. Initially all new mesh widths are equal to 1. One can edit the individual mesh

widths to different values. The position of the meshes is reflected in the Image window by a surrounding box.

Figure 19 gives an example of grid definition that will be used to build up a ventilated double fagade model.

8] D Grid =<
ND. X Z
0-1 25.000 50,000 25,000
1-2 5.000 15.000 5.000
2.3 5,000 5,000 5,000
a-4 10,000 10,000 10,000
-5 5.000 15,000 5.000
a6 51.028 10,000 50,000
B-7 FA7.943 5.000 250,000
7-8 51.028 80,000 250,000
g-9 5.000 5.000 250.000
910 10.000| &0.000] 250,000
10-11 SO000|  S.000[  z50.000
11-12 5.000|  10.000] 250,000
1213 Z5.000 5.000|  250.000
15314 15.000| 250,000
14-15 50.000( 250,000
15-16 250,000
1617 50.000
17-18 5.000
18-19 10.000
1920 5.000
20-21 5.000
2192 25.000
Sum 1000.000 360.000 2700.000

Figure 19: Definition of the grid

All coordinates in the Blocks window, which will be discussed below, are given with reference to grid numbers,
as defined in the Grid window.

While or after entering the geometry of the object, grid meshes can be subdivided or merged using grid
functions.

8.2.3.2 Geometry

Both the object geometry and the boundary condition locations are defined by using rectangular blocks defined
in the Blocks window. A block defining the object geometry corresponds to a material part of the object
considered. A block defining a boundary condition location has to be defined in such a way, that the surfaces
between that block and adjacent material blocks correspond to surfaces on which the boundary condition has to
be applied.

The blocks are ordered in a sequential list. You can insert a new block before or after the current block (wherein
the cursor cell is), delete the current block, copy the current block or move the current block into another
position in the list.

Each block has a colour number (between 0 and 255), which is a reference to a colour in the Colours window
and 6 coordinates, which are grid numbers as defined in the Grid window.
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@ Image (=)I2)4 [ @ Biocks

Mo, Col.| xmin | =max

1 |l i} 13 1 14
2 214 1 11 3 ]
a 9z 2 11 4 1
4 a 3 10 4 5
5] 215 4 9 4 1
[ 15 2 11 3 4
7 15 2 11 3 ]
a8 18 2 11 11 12
g 60 1 1z 2 3
10 60 1 12 B 7
11 0 z 1| 10 11
12 0 z | 12 13
13 230 5 [ B 11
14 231 5 [ B [
15 232 5 [ B [
16 233 5 [ B [
17 234 5 8 B 8
18 235 5 8 B 8
19 236 5 8 B 8
20 237 5 8 B 8
71 238 5 8 B 8
29 239 5 8 B 8
75 240 B ] B ]

Figure 20 : Encoding the geometry with Blocks

Only rectangular blocks can be defined. The order of succession in the blocks list is important. There is a
superposition rule: blocks further in the list (with higher block number) override previous blocks (with lower
number) where they overlap. An intelligent definition of blocks can reduce the required number of blocks to
model a given object.

Complex shape
This way of encoding the geometry of the model is convenient for simple geometries. But for more complex

model it can be tedious. Figure 21 shows an example of aluminum window frame encoded in order to calculate a
U value.

An alternative way of entering the geometry has been used for this example. It consists of the following steps:

e Generate a 256 colours bitmap file representing a two-dimensional view of the model, with a more
convenient software as AutoCAD (a simple hand-drew picture scanned as bitmap file can also be
used). Each colour corresponds to a different material or boundary condition.

e Use BISCO program to create a first two-dimensional model, starting from this bitmap file.

e Import the BISCO model in TRISCO.

e Import the TRISCO model in VOLTRA and alter it to take the third dimension into account.
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Figure 21 : Zoom on a complex frame detail

8.2.3.3 Material properties

The definition of a block requires an index to a colour (i.e. a number between 0 and 255 in the first column, see
Figure 22). Each colour corresponds to a specific material or boundary condition depending on the type of
colour. Different blocks can refer to the same colour defined in the Colours window.

==X

Type CEN-rule |Name Pat. A 5 P C 2] h o &a he| Pc| er {5 | B2 16

IR | (1] Tedn®] | UKD TG DRRD | DATmET| [2C1) IWImEKT | | [°C |
MATERIAL aluririurm Loi| 00| 10000 con 1=
MATERTAL hardwood ) Loz| 0.90] 10000 oo
MATERIAL soda lime ] Loo| o0 1000.0 con
MATERIAL screen = 03| 0.90] 10000 coo
MATERIAL EPDM [=et] Lo4| o.0| 10000 coo
MATERIAL butyl hot: melt Los| o.90] 10000 coo
BC_SIMPL  |HI_NORML  |inkerior o1 7.70 100
[BC_SIMPL [HE exterior TOO 25.00 100 |v'”

|

1l >

Figure 22 : The colours window

The type MATERIAL means that all blocks with the referenced colour are defined as a material with given
thermal conductivity, density, emissivity coefficient and thermal capacity. The characteristics of most usual
materials can be loaded from a database.

Thermal conductivity (A) and thermal capacity (C) can be function of the temperature.

Glazing

As mentioned in section 8.2.2.2 (short wave radiation) glazing is modeled as an opaque material. In order to
simulate the effect of short-wave solar radiation through the double facade, first the absorption fraction of the
different glass layers and shading devices need to be calculated. This can be done from the knowledge of the
solar glazing characteristics of the different layers by use of a program as WIS. The absorption fraction
multiplied with the incident solar radiation will result in the solar absorption of every component. It is possible to
add heat sources between different planes representing the absorbed heat in the materials.

Shading device
The shading device is modeled as a material. Note that it can not be removed during calculation in transient

condition. Two different models must be created so that the performance of the double fagade with and without
shading device can be assessed.
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Frame

As mentioned in the introduction, one of the main interesting features of this program is that it can take all detail
of the fagade and their interaction into account. An accurate calculation of heat loss and surface temperature are
the most interesting output of the program.

8.2.3.4 Boundary condition and air cavities

The blocks that are not material can be defined as one of the following type:

- BC_SIMPL To simulate simplified combined convection and radiation between the object surfaces
and the environment, using a global heat transfer coefficient and an environment
temperature. This coefficient can be chosen by the user. The air temperature can be time
dependant.

In our example, the climate inside the building is of the type BC_SIMPL.

- BC_FREE To consider enclosures (i.e. normally fully surrounded by material surfaces) with an
unknown air temperature (“free” air temperature) and with a known heat source .
The cavity of the double facade is modeled as a set of BC_FREE cavities.

BC_SKY To consider environments with a known air temperature and with a known radiation
temperature of the environment of the object (the “sky”).
The simulation will consider both the radiation between surfaces of the object themselves
and between the surfaces of the object and the environment (the “sky”).
This type is the most accurate to model outside conditions.

8.2.3.5 Ventilation in cavity

Ventilation flow paths can be defined by entering one or more ventilation flows between two boundary
conditions in the Ventilation Flows window, opened with Edit > Ventilation Flows.

Per input line a ventilation source and ventilation destination must be entered. Both are identified by colour
numbers to the corresponding boundary conditions.

As mentioned in section 8.2.2.4, VOLTRA considers each zone with a uniform temperature. The cavity of the
VDF can be split in different BC FREE volumes so that each one has a different temperature. About ten
volumes are sufficient to model the evolution of the air temperature inside a double fagade of 3 m high with
enough accuracy. When a shading device is used, each cavity must be split in 2 independent BC_FREE cavities.
Figure 23 shows an example of ventilation flow definition in a cavity with a shading device in the middle of it.
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Figure 23 : Encoding ventilation flows

The ventilation flow refers to a function in the Functions window which can be time dependant.

8.2.3.6 Function

All parameters that are not constant refer to a function in the Function window.

Boundary conditions and ventilations flow can be time dependant which can be useful to simulate a whole day of
temperature, solar radiation and ventilation fluctuation. But temperature dependant functions are not allowed for
boundary conditions or ventilation flow, which makes it impossible to simulate control strategies. Indeed, all
ventilation flow must be defined in a separate data file before the beginning of the simulation.

VOLTRA propose basic build-in functions as sinusoidal or step functions that can be helpful to simulate daily
fluctuation. But the user can also make reference to external functions in txt format. This possibility allows to
simulate real measured conditions.

8.2.3.7 Output

When transient conditions are used, VOLTRA calculates temperature of all nodes, every time step. However the
program doesn’t keep all those information in memory. By default, only the final temperature and heat flux are
displayed at the end of the simulation.

The user must define, in the output node window, the particular point for which the evolution of the temperature
must be kept in memory. The same principle applies for the surface through which the evolution of heat flux
must be kept in memory by use of the output blocks window.

It is also possible to make a movie in avi format by saving an image such as Figure 24 at regular time step.
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Figure 24 : cross section of a double facade showing temperatures

8.2.4 Conclusion

BISCO, TRISCO and VOLTRA have the potential to calculate for both temperature distribution and heat loss,
the interaction between the glass and shading layers in combination with the thermal bridging effect of the
subcomponents around the VDF. They allow to calculate important thermal quantities as defined by European
standards: temperature factor, linear thermal transmittance, thermal transmittance of a window frame, etc.

But those software’s are not aimed at simulating control strategy of a DVF. Ventilation fluxes are indeed defined
a priori (before simulation) and cannot depend on another specific parameter.
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8.3 CAPSOL SOFTWARE

8.3.1 General software information

CAPSOL? is a programme that calculates multi-zone transient heat transfer.

In CAPSOL, the building and its environment are considered as a set of zones, between which heat flows occur
due to conduction, convection, radiation and ventilation. The behaviour of the system is defined by the
boundary conditions, i.e. known temperatures, heat fluxes (such as solar radiation and internal heat gains) and
controls (such as heating, cooling, ventilation and sun shading). The program contains a solar processor;
building sun obstacles and wall sun obstacles can be defined to simulate e.g. other buildings and overhangs.

During the dynamic calculation, a system of energy balance equations is built and solved each calculation time
step, using the Crank-Nicolson finite difference method.

For more information about CAPSOL: http://www.physibel.be/

8.3.2 Outdoor climate

The outdoor climate is defined by:

- one temperature function (type "T"),

- two horizontal radiation functions, to be selected out of three possible functions: global horizontal radiation
("G™), diffuse horizontal radiation ("D") and direct beam horizontal radiation ("B"),

- an infrared sky radiation function ("I"), if necessary.

Other climate characteristics as humidity, wind speed and wind direction are not considered by CAPSOL.

8.3.3 Simulation of a ventilated double facade

8.3.3.1 General methodology

The general methodology is to consider the VDF as a set of zones, as shown on Figure 25. Indeed, to take the
thermal stratification into account, it will be necessary to divide the cavity in a few zones, as CAPSOL considers
isothermal zones. If a shading device is present in the cavity, the number or zones required for the cavity will be
two times higher.

Outside: Outside:
Zone ES Zone ES '%‘.’
i
Inside: !EE ) Inside:
Cavities Zone | or IV Cavities |.-‘ Zone l or IV

Zones IV

N
o
3
o)
(2]
<
el
‘svveyhs

DG: Double Glazing
DG SG DG SD SG <« SD: Shading Device
SG: Single Glazing

Figure 25: Simulation of a VDF
without shading device (left) — with shading device (right)

% This document is based on CAPSOL v4.0w, released in 2002.
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The control strategy of a VDF may act on the ventilation (by modifying the airflow in case of a mechanical
ventilation system or by modifying the position of the air inlets and outlets in case of natural ventilation system)
and on the characteristics of the shading device (by modifying its position into the cavity (up/down) or e.g. the
positions of the slats of Venetian blinds)

CAPSOL offers possibilities to simulate control strategies.

— Shading device may be simulated by the controls integrated in CAPSOL. Some tricks will be required to
simulate the situation where the shading device is up and to link the shading device to the solar conditions;
they are discussed below.

— Ventilation related aspects might be more difficult to implement, according to the type of VDF. It is
important to keep in mind that CAPSOL is a thermal model. This means that it can calculate temperatures
of zones and walls, but it was not designed to calculate airflow between zones, according to their
temperatures. However, a multilateral ventilation control has been integrated in the last versions of
CAPSOL (v3.4 and higher). This control can be used to increase the ventilation rates between zones, in
function of a temperature difference. This possibility is less accurate than a calculation according to a
ventilation model (as COMIS), but can be used to avoid complex coupling of simulation models and to
allow control strategies. It will be discussed in §8.3.5.2.

8.3.3.2 Facade layers

Glass layer

For the double glazing and the single glazing that compose the VDF, there is nothing special to mention; they are
defined as usually. However, it is not always easy to get all input data for such glazing. It could be helpful to
use the WIS software to get the relevant data.

Example of definition of a single glazing
Table 4 gives an example of data usually given by the glazing manufacturer.

. o N A <
Single glazing " XY <©> ot 5= 100%
Width 4 mm Fv4e
Solar direct transmittance 83 %
Solar reflectance external side 8 % 100%
Solar reflectance internal side 8 %
Solar absorption 9 %
Solar factor 0.85 pe~8% @ . =83%
U-value 5.8 W/m2 K g=85%
~T6% L + 205 N
Indirect transmission

Table 4: Example of single glazing characteristics
provided by the manufacturer

This set of data does not cover all the needs of CAPSOL. Missing data are:

— the thermal conductivity, which can be found in NBN B 62-002: L =1 W/m.K,

— the density, which can be found in NBN B 62-002: p = 2500 kg/m?,

— the specific heat, which can be found in NBN B 62-002: ¢ = 750 J/kg.K,

— the infrared emission factor of both sides. The emissivity of a typical clear glazing without coating is
€ =0.837. For glazing with coating, typical values can be found in WIS.

— the angular dependence of the solar reflection factor on the external side. Typical values are given in the
CAPSOL manual (p = 0 for 0°, 15° and 30°, p =1 for 45°, p = 14 for 60°, p = 46 for 75°, p = 100 for 90°);
other set of data can be derived from the WIS software if necessary. The angular dependence does only
apply for wall sides in contact with outside.
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Figure 26: Definition of a single glazing in CAPSOL v4.0w
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Figure 27: Definition of angular reflection in CAPSOL v4.0w

Example of definition of a double glazing
Table 5 gives an example of data usually given by the glazing manufacturer.

Double glazing *"YZ" Ny
Width 6-12-6 mm | [<\_ )>
; — PTA
Coating position 2 v Petty 1+ 0+, = 100%
Solar direct transmittance 14 %
Solar reflectance external side 22 %
Solar absorption external pane 62 %
Solar absorption internal pane 2% Pe= Te=14%
Solar factor 0.22
2
U-value 2.6 W/m2K g=22%
Indirect transmission

Table 5: Example of double glazing characteristics
provided by the manufacturer

This is too less information compared to what CAPSOL or other simulation softwares require. A procedure to
find the missing data is described below; this procedure is not specific to CAPSOL and may be used for other
simulation softwares.
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1. The first step is to consider a standard double glazing with the same geometry (6-12-6), without coating.
The U-value of such a glazing is typically 2.8 W/m2.K, and its g-value 0.71.

_[ol x|
sicle! — sice? side 1 Sice 2
Mo. | Mame Type Pat d A R i3 c| M hirky = =ik plz| als 520k pes | als
[m] | [AGmk] | [meRan] | [hois] | [koR] | O[] [eindk] [-] [-] [-] [-] [-] [-] [-]
1 |Float clair NORMAL || 0.006 1.000 0.006 2300 a0 - 079| 084 007 0414 084 007 014
2| Air GAS ooz 0.0z 0173 12 1000 ( 1 ERE] - - - - - - -
3 |Flost clair NORMAL (M| 0006 1.000 0.006 2500 a0 079| 084 007 0414 084 007 014
Zo=0.024 m, ZR=0.183 m*Hn with b1 =25.00Wm2K, h2=7 7 Wim?K, — U=2.82'Wihm k| u=0.71

Figure 28: First step — considering a standard double glazing

2. The second step is to use the equation given in EN 410° in order to find the missing solar characteristics.

7,7,
=—2 . p=p +
l_pl'pZ
(a +a') a
g:

+ U.r
h, (1/U =1/h, —1/he)J

%P,
1=p.p,

a,.T

50
1=p.p,

1-p.p

1°772

s p' :p'2+ sae = + al"[l:pz A, =
1=p.p,

where 7 is the direct solar transmission of the double glazing,
7, and 1, are the direct solar transmission of the external and internal panes (noted t; in CAPSOL),
p is the solar reflectance of the double glazing
p; is the solar reflectance from outdoor of the external pane (noted pls in CAPSOL),
p'; is the solar reflectance from indoor of the external pane (noted p2s in CAPSOL),
p, is the solar reflectance from outdoor of the internal pane (noted pls in CAPSOL),
p', is the solar reflectance from indoor of the internal pane (noted p2s in CAPSOL),
o is the direct solar absorption of the external pane of the double glazing,
o, is the direct solar absorption of the internal pane of the double glazing,
a; is the solar absorption from outdoor of the external pane (noted als in CAPSOL),
o'y is the solar absorption from indoor of the external pane (noted a2s in CAPSOL),
o, is the solar absorption from outdoor of the internal pane (noted a.1s in CAPSOL),
g the solar factor,
U the U-value,

h. and h; are the external and internal global heat transfer coefficient.

By introducing the known value of the internal pane in these equations, it is be possible to find a set of possible
data for the internal pane so that the characteristics of the double glazing are met.

Figure 29: Step 2 —-Using EN 410 to find missing solar characteristics

3 EN 410:1998 Glass in Buildings — Determination of luminous and solar characteristics of glazing
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3. The third step is to use WIS in order to find the data that are still missing (€, Nu, h,).

h, :hr.[l,+1—1]
& &

where hy, is the black radiation heat transfer coefficient required in CAPSOL,
h, is the radiation heat transfer coefficient between the panes given in WIS,
€'l is the emissivity of the internal surface of the external pane,
€, is the emissivity of the external surface of the internal pane,
Nu is the Nusselt number of the cavity.

€
i =10l x|

side! — side? side 1 side 2
Mo, | Mame Type Pat d A F P Iu hrb = =lir plz| als s2ir pis | als
[m] | [ | [mekan] | [kaim®] | [RgRI (-] m*K] [-] [-] [-] [-] [-] [-] [-]
1 |Flost clair MORMAL (| 0.008 1.000 0.006 2500 750 - -| 06| 084 022| 062 0OB1| 038 046
Air GAS ooz 0.025 0.205 12 1000 1 5135 - - - - - - -
3 |Flost clair NORMAL (| 0.005 1.000 0.008 2500 a0 - -| 079| 0&84| 007 014 0854 007 0414
Ed=0.024 m, ER=0.217 m7Hin wyith b1 =25 .0Wm?H, h2=7 .7 Wintk — U=259Wim*H | g=0.21

Figure 30: Step 3 — Using WIS to find &4, Nu, hyy,

Shading devices
An example of a shading device composed by a screen (or roller blind) is given below.

Screen ""WX"
Width 4 mm
Solar direct transmittance 7.5 %
Solar reflectance external side 26.0 %
Solar reflectance internal side 34.8 %
Solar absorption ext = int 66.5 %
Solar absorption int = ext 57.7%

Table 6: Example of screen characteristics
provided by the manufacturer

The thermal resistance of such as screen is negligible. The density is typically £500 g/m? and the thickness
1 mm; however, in order to simulate the situation without screen, very small values will be introduced for the
density p and the specific heat c. The emissivity is usually not given by the manufacturer; € = 0.8 will be chosen
as default value.

=10] x|
zide! — =ide? zide 1 zide 2
Mo. | Name Type Pat d A R p c | Mu bk = Flir plz| als s2r pds | oZs
m] | DARn] (- [meRAA] | feoim®] | [kol] | O[] DAmRK] [-] [-] [-] [-] [-] [-] [-]
1 |Screen | NORMAL |Gi6d| 0001 | 999999 0.000 a4 a4 - -| 0075| 0&0| 026 OG7| O80| 035 058

Ed=0.001 m, ER=0.000 mKa weith b1 =230, h2=7 7 Wim?k — U=5.8200m% | g=0.23

Figure 31: Definition of a shading device in CAPSOL w4.0w

However, the shading devices usually applied in climatic facades is composed of "Venetian blinds", sometimes
orientable. The characteristics of such a shading device could be calculated in WIS and equivalent
characteristics can be introduced in CAPSOL. However, differences might be expected, due to the fact that, in
CAPSOL, all walls are considered more or less as specular panes (as glazing), whereas WIS simulates shading
devices as scattering layers. The difference is that there is no diffusion in the first ones (see Figure 32).
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Figure 32: Specular panes (left) versus scattering layer (right)

This will be illustrated by comparing CAPSOL simulations with WIS calculations®, for the specific case of the
VDF described in Table 7. The cavity width is 200 mm. The VDF is 3 m high and is divided in 3, as shown in
Figure 25. The convective heat transfer coefficients h. in the cavity depend of course on the airflow and the
glazing surface temperatures in the cavity. The values given by WIS for case 6 have been used, as well as the

values for h, and h;.

Analysed VDF

Double glazin Shadin, Single
Element Pane 1 : Pagne 2 deviceg glazging
Width 6 mm 6 mm 1 mm 8 mm
Solar direct transmittance 79 % 58 % 10 % 75 %
Solar reflectance, side 1 /2 7% /7% 24% /7% | 51 % /51 % 7% /7%
Emissivity, side 1 /2 0.84/0.84 0.04/0.84 0.85/0.85 0.84/0.84
U-value (cavity: 12 mm air) 1.6 W/m? K
Solar factor g 0.6

Table 7: Characteristics of the analysed VDF

Six sets of boundary conditions were simulated; the heat losses/gains through the VDF are given in Table 9 for

each of them.

1350 W

Table 8: Boundary conditions and heat losses (=) / gains (+)

WIS - scattering = (direct 2 diffuse)
WIS - specular = shading device as a pane (direct = direct)

Case AT® Sun Ventilation WIS. WIS CAPSOL 2 ” -
scattering | specular S soewW
1 0°C oW 0 m’h oW oW oW sw
2 0°C | 200 W 0 m*h 1173 W | 948 W | 896 W ) g
3 20°C 0w 0 m*h 5TW 57TW 62W | w e
4 20°C | 200 W 0 m*h 1074W | 858W | 837w | Zw
5 [ 200c | ow som/m | 25w | 25w | 25W ’ oo
6 20°C | 200 W 50 m*/h 638W | 506 W | 495W | som wow ssow

The remaining difference is due to the fact that the black radiation heat transfer coefficients in the cavity are set
to hy, = 5.15 W/m2 K, which is a value for an average temperature of both faces of the cavity equal to +£12°C. If a

value derived from the WIS calculations for case 6 is used (hy, = 7.82 W/m?.K), CAPSOL gives the same result
than WIS — specular for this case.

* The simulations were carried out with WIS 2.0.1.
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Evaluation of the impact of the dummy shading device

As said previously, in order to simulate the situation when the shading device is up, it is necessary to divide the
cavity in two sets of zones (Ex and Ix) which are separate by a "dummy" shading device. This dummy shading
device should have the lowest possible influence on the heat exchanges in the cavity. The definition of such a
dummy shading device is given below.

= NoShading.cwT B ]|
zidel — side2 zde 1 zide 2
Mo. | Name Type Pat =] S R P | Mu hrkr | = =lir pls| als F20r p2s | a2z
[m] | [onb] | [meRAN] | [kopime] | [ddak] | ] PARTER] -] [l [ [-] [ [-] [-]
1 | Mo shading MORMAL | ife| 0001 999999 0.000 a1 a1 - -| 1| 100] 000 00D) 1.00( 003 000

Ed=0.001 m, £R=0.000 m3ki it h1=25.000W0mPK, h2=7.7 Wim?k — U=3.8200mek | g=1.00

Figure 33: Dummy shading device

J

Figure 34: DVF simulated with 1 series of zones (without dummy shading device)
and 2 series of zones (with dummy shading device)

Figure 34 shows the differences between the cavity simulated with 1 series of zones (without dummy shading

device) and 2 series of zones (with dummy shading device).

e The directly transmitted solar radiation is not influenced by the dummy shading device, as its solar
transmission factor 1, is set to 1.

e The dummy shading device is opaque to IR; it is not possible to define an IR transmission of 1 for a wall in
CAPSOL (as it is for instance possible in WIS). To minimise this interference, the emissivity of both faces
of the dummy shading device are set to 1. The IR will heat up the dummy shading device, but this heat will
be reemitted as maximum as possible to both external and internal glazing. However, this will lead to a
reduction of the IR exchange in the cavity.

e In CAPSOL, the convective heat transfer coefficients of the wall surfaces have to be fixed in advance and
can not be changed during the simulation. In order to correctly simulate the actual shading device, heat
transfer coefficients have to be introduced to its both surfaces. This increases the total thermal resistance of
the VDF, which therefore decrease the convective heat transfer through it.

In order to evaluate the impact of the dummy shading device, the VDF described above (see Table 7) has been
simulated without the shading device and with 1 series of zones (VDF1) and 2 series of zones (VDF2). For this
analysis, the convective heat transfer coefficients h, was fixed to 1.7 W/m?K and 2.1 W/m?.K for respectively
the external and internal cavities in case of VDF2 and to 1.9 W/m2.K in case of VDF.

The heat losses/gains through the VDF are given in Table 9 for the same six sets of boundary conditions.

S(/A:YAl Report on simulations of the energy performances




Case T o/ T%n Sun Ventilation | VDF 1 VDF 2
1 20°C/20°C ow 0 m*h ow ow
2 20°C/20°C | 200 W 0 m*h +310 W | 4302 W
3 0°C/20°C ow 0 m*h TTW -59W
4 0°C/20°C | 200 W 0 m*h +239W | 4242 W
5 0°C/20°C ow 50 m*/h -47 W 30W
6 0°C/20°C | 200 W 50 m*h +237W | 4240 W

Table 9: Boundary conditions and heat losses (=) / gains (+) — CAPSOL
VDF 1 = 1 series of zones (without dummy shading device)
VDF 2 = 2 series of zones (with dummy shading device)

As can be seen in Table 9, in cases 3 and 5, the losses are reduced respectively by 20% and 56% (for the
analysed configuration). However, it must be noticed that the heat losses are quite low (-59 W and -30 W).

These results have been "validated" with WIS calculations.

-150 W -50 W 50 W 150 W

m VDF2 mVDF1

350 W

Case T out / T Sun Ventilation | VDF 1 VDF 2
1 19.99°C / 20°C ow 0 m3h ow ow
2 19.99°C/20°C | 200 W 0 m3/h +314 W | +307 W
3 0°C/20°C ow 0 m*h -72W —60W
4 0°C /20°C 200 W 0 m*h +242W | +246W
5 0°C/20°C ow 50 m*h —42W —28W
6 0°C/20°C 200 W 50 m*h +238W | +239W

Table 10: Boundary conditions and heat losses/gains - WIS, ¢=1

As we have said previously, it is not possible in CAPSOL to introduce a wall that has an IR transmission of 1.

In WIS, this is possible, see below.

-150 W -50 W 50w 150 W

®VDF2 mVDF1

350 W

Case Tt/ T Sun Ventilation | VDF 1 VDF 2
1 19.99°C / 20°C ow 0 m3/h ow ow
2 19.99°C/20°C | 200 W 0 m3/h +314 W | +315W
3 0°C/20°C ow 0 m*h -72W —69W
4 0°C/20°C | 200 W 0 m*h +242W | +245W
5 0°C/20°C ow 50 m*/h —42W —44W
6 0°C/20°C | 200 W 50 m*h +238W | +238W

Table 11: Boundary conditions and heat losses/gains - WIS, zig =1

As we have seen in Table 9, when there is no sun and no ventilation (as could be the case during the night) the
convective heat transfer is reduced by £20%. Therefore, it might be desirable to reduce the U-value of the double

glazing by 20%. With this modified double glazing, the results are:

-150 W -50 W 50 W 150 W

H VDF2 m VDF1

350 W

Case Tt/ T Sun Ventilation | VDF 1 VDF 2
1 20°C/20°C ow 0 m*h ow ow
2 20°C/20°C | 200 W 0 m*h +313 W | 4296 W
3 0°C/20°C ow 0 m*h -72W —68 W
4 0°C/20°C | 200 W 0 m*h 242 W | 4227 W
5 0°C/20°C ow 50 m*/h —-45W 36 W
6 0°C/20°C | 200 W 50 m*h +238 W | 4232 W

Table 12: Modified double glazing

-150 W -50 W 50 W 150 W

m VDF2 mVDF1

350 W
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In order to verify that the proposed procedure to simulate the shading device has no important impact on the
results, the same VDF was simulated with and without the shading device. The VDF with the shading device is
simulated with 2 series of zones (VDF 2), and the VDF without the shading device with 1 series of zones (VDF
1). As can be seen on Figure 35, when the shading device is not activated, the heat gains or losses through the
VDF are identical. It is also important that the temperatures of the air that leaves the cavities of VDF 1 and
VDF 2 are similar, as this temperature could be used to calculate the energy saved by a heat recovery unit. With
the modified double glazing, this is almost the case of the temperature of the internal cavity of VDF 2.
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Figure 35: Simulation of the VDF with and without a shading device
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Frame
This aspect has not been analysed here. The frame could be simulated by introducing walls surroundings the
cavities of the VDF.

Double facade
As said previously, the VDF will be simulated as a set of zones and walls.
Convective heat transfer in the cavity.

The convective heat transfer coefficients inside the cavity h, can not be changed during the simulation, in spite
of the fact that they will depend on the actual airflow. The best value has to be determined in advance (for
instance, by using the WIS software).

Short and long wave radiation: transfer through the cavity.

The short wave radiation (sun) transfer through the cavity is illustrated in Figure 36. The solar radiation striking
the external glazing is partially reflected (p.), directly transmitted (t.) and absorbed (o).

:

DG

SD: Shading Device

DG: Double Glazing
SG
SG: Single Glazing

V=X
<O 1
L V Q 1
(1)
Inside

1
(2)
_L_LJ

(1) Repartition according to "sun reception percentages"”
(2) Repartition according to "wall surface vieuw factores"

Figure 36: Short and long wave radiations transfer through the cavity in CAPSOL

o Reflection (pe). The reflection characteristics of the external surface can be defined depending on the angle
of incidence (as shown in Figure 27).

e Transmission (te). The part of the solar radiation that is directly transmitted through a wall is distributed to
the walls adjacent to the next zone according to their respective "sun reception percentages" (see also Figure
43) and is supposed to be perpendicular to these walls (in other words, the angular dependence of the
reflection is not considered anymore, even if defined by the user). In case of a VDF, 100% of the solar
radiation transmitted through the external glazing will strike the shading device and 100% of the radiation
transmitted through the shading device will strike the internal glazing®. The distribution of the radiation
transmitted through the internal glazing can be distributed over the internal walls of the zone, according to
the geometry of the room. The "sun reception percentages" can not be changed during the simulation.

e Absorption (o). In case of zones of type IV, the part of the absorbed radiation that is remitted is distributed
to the walls adjacent to the next zone according to their respective "wall surface view factors" (see also
Figure 44) and is supposed to be perpendicular to these walls. In the case of a VDF, the view factors have to
be defined so that the internal glazing only "see" the shading device, and vice et versa. The black radiation
heat transfer coefficients hy, inside the zones can not be changed during the simulation, in spite of the fact
that they will depend on the temperature. The default value proposed by CAPSOL is 5.15 W/m?.K.

> If no dummy horizontal wall are defined between E1 and E2 and between I1 and I2 (see 8.3.6.2).
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8.3.3.3 Ventilation in the cavity of the double facade

How is ventilation introduced in CAPSOL?
In CAPSOL, the ventilation path is fixed in advanced by filling a matrix "zone ventilation", as the one shown in
Figure 37.

In this example, the air that enters into the cavity of the VDF is supposed to be equally distributed on both sides
of the shading device (zones E1 and I1), and is supposed not to mix afterwards. These assumptions could be
changed if more information about the actual flow path was available. However, it must be reminded that the
flow path defined here is fixed and can not be changed during the simulation according to e.g. the flow rate or
the temperature.

If the flow path changes during the simulation, it will be necessary to define dummy zones of type IT (simplified
zones with known temperature). An example can be found in [17].

=
To 1 2 3 4 a2 G T g

From: E% OUTSIDE E3 12 E2 12 E1 I RO
1 OUTSIDE = voo voo Yoo Yoo | vYoO| YOO v
2 E3 100.0 100.0 - on 0o an oo 0.0 0.0
313 100.0 100.0 oo - no 0o on oo oo
4 E2 100.0 oof 1000 0o a 0o on oo oo
512 100.0 an on 100.0 0o - oo 0.0 0.0
6 E1 100.0 oo oo 00| 1000 0o - oo oo
TN 100.0 0o 0.0 0.0 0.0| 1000 0. - oo
8 ROOM 100.0 an on on 0o 0o soaof s00

Figure 37: Definition of ventilation in CAPSOL v4.0w

Forced convection.
As we will see in § 8.3.5.2, forced ventilation can be modelled with the standard control procedures implemented
in CAPSOL.

Natural convection.

As we will see in § 8.3.5.2, natural ventilation will probably require to couple CAPSOL with a ventilation
model.

8.3.4 Simulation of the building and HVAC systems

The building can be simulated by a set of zones, walls, internal gains functions. ..
The heating system and the air conditioning system can be simulated with the help of controls.
A heat recovery can be simulated with a series of zones and walls.

8.3.5 Simulation of control systems and control strategies

8.3.5.1 Modeling the control strategy of the shading device

The control of the shading device will be implemented with the help of the standard CAPSOL control procedure.
However, every control in CAPSOL is related to a temperature sensor whereas in reality, the shading device is
usually submitted to the outdoor luminance level (which can be related to the solar radiation®). PHYSIBEL has
therefore proposed a method to simulate a solar radiation sensor. The sensor is introduced as a wall with a
thermal resistance of R = 1 m2K/W, a low density, a low specific heat, an absorption coefficient of 1, the
orientation and the slope of the actual sensor. This wall is placed between the external zone and a dummy IT
zone with a constant temperature of 0°C; the respective surface heat transfer coefficients are h, = 0 W/m2.K and
h; =0 W/m2K. In this case, the external surface temperature of the wall is equal to the solar flux [W/m?] on that
wall. This procedure is described in detail in the CAPSOL Pilot Book.

% In average on a vertical surface oriented to South, 1 W corresponds to 105 lux (based on yearly measurements
at BBRI test site).
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In § 8.3.3.2, it was proposed to change the characteristics of the double glazing, in order to reduce the error
caused by the dummy shading device. If this solution is adopted, six controls will be required for a VDF divided
in three cavities.

Bwals o]
Sicle 1 Sicle 2
Wall | Mame Type Ori | Slope | Zoned hgt [gl=3] sl tot) | Zone2 hg2 hc2 sr20tof)
][ [ i} [Aimak] | [WiineK] [%] [AImaR] | [iineK] [%]

1 DiG-Y'3 FD¥-DG-modified1 1 a 90 (OUTSIDE 23 - - |E3 - 23 o100y

2 |5D-Y3 NoShading 1 - -|E3 - 23| 10001000 (13 - 23 0¢100)

3 |SG-Y3 SGG-F il p497 1 - -|13 - 23 100¢1007 |ROOM Y g - /(1))

4 |DiG-Y2 FD¥-DG-modified1 1 a 90 (OUTSIDE 23 - -|E2 - 23 o100y

5 |sD-Y2 NoShading 1 -|E2 - 23 1000100 (12 - 23 0p100)

B |SG-Y2 SGG-F il p497 1 - -2 - 23 100¢1007 |ROOM Y g - /(1))

7| DiG-v1 FD¥-DG-modified1 1 a 90 (OUTSIDE 23 - -|E1 - 23 o100y

g |SD-v1 NoShading 1 - -|E1 - 23 100¢1007 | - 23 o100y

9 |SG-Y1 SGG-F il p497 1 - -1 - 23 100¢1007 |ROOM Y g - /(1))

10 | Sun sensor Xsunsensor 1 o 90 | OUTSIDE 1] - - |Sun sensor 9595399 - LIT{1)] -
=

Powver Sunshade
Mo. | Sensor point | Atarget Sens T| Sens | Purpose t min Ok t min OFF Ctrl. type I point @ max | Inweall Ctrl. wealltype
[*C] [*C] [mir] [mir] [ | [min]

1 Sun sensor T98 10 10| COOLING 10 20| SUNSHADE DG-Y3 | SGG-ClimasPlusN-p537-4

2 | Sun sensor T98 10 10 | COOLING 10 20| SUNSHADE SD-¥3 Shading

3 Sun sensor T98 10 10| COOLING 10 20| SUNSHADE DG-Y2 | SGG-ClimasPlusN-p537-4

4 Sun sensor T98 10 10| COOLING 10 20| SUNSHADE SD-Y2 Shading

5 | Sun sensor T98 10 10 | COOLING 10 20| SUNSHADE DG-Y1 | SGG-ClimasPlusN-p537-4

G Sun sensor T98 10 10| COOLING 10 20| SUNSHADE SD-¥1 Shading
4 3

Figure 38: Implementing the control of the shading device in CAPSOL v4.0w

8.3.5.2 Modeling the control strategy of the ventilation

General considerations about coupling thermal and ventilation models

In order to correctly simulate the ventilation, a thermal model should be coupled to a ventilation model (like it is
the case in e.g. TRNFLOW, which is a combination of the thermal model TRNSYS and the ventilation model
COMIS). Thermal and ventilation models can be coupled in several ways.

e The full integration approach: both ventilation model equations and thermal model equations are solved
simultaneously, by incorporating both sets of equations into a single equation system (e.g. ESP-r).

O s ‘
3 + 3 3 3 ; ; t Increasing
8 O g g g 11 i 1 time steps
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Figure 39: Onions, ping-pong and global onion approaches

e The onions approach: airflow rates are passed from the ventilation model to the thermal model, which
calculates new air temperatures and pass them to the ventilation model, which calculates new airflow
rates... until convergence is reached. The procedure is then repeated for the next time step.

e The ping-pong approach: airflow rates calculated in the ventilation model at time t are used as input by the
thermal model to calculate new temperatures at time t. These temperatures are then used by the ventilation
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model to calculate new airflow rates at time t+1. This approach has as main disadvantage that it can
generate substantial errors and should be used with care.

e The global onion approach: the thermal model is run for the whole period. The resulting temperatures are
introduced to the ventilation model, which calculates ventilation rates for the all period. These airflow rates
are introduced in the thermal model to calculate new temperatures, and so on... up to convergence of both
models. This method presents a major limitation: it is not possible to implement a ventilation control
strategy that is not fixed in advance (e.g. time-controlled, controlled according to the outdoor climate...).
Indeed, the opening of a window according to the inside temperature for instance will not affect the inside
temperatures because they are considered as input data for the ventilation model.

Coupling CAPSOL with a ventilation model

As said previously, CAPSOL is a thermal mode and should be coupled with a ventilation model (like e.g.
COMIS). The only way to couple CAPSOL with a ventilation model is the global onion approach. This implies
that control strategy based on temperature or airflow rate can not be implemented.

A multilateral ventilation control has been integrated in the last versions of the software, but the possibilities
offered by this option are rather limited. The use of multilateral ventilation controls to simulate a ventilation
strategy is well described in the CAPSOL Pilot Book — Case J. The principle is to use a series of controls in
order to reproduce as good as possible the airflow rate that would be calculated by a ventilation model. This
principle of superposition can strictly only be used if the phenomena is linear, which is not the case. However, if
enough controls are used, the difference might be acceptable (as shown in the example given in the CAPSOL
Pilot Book — Case J). In summary, the CAPSOL multilateral ventilation control may simulate very simple
control strategies, as far as the ventilation can be approximated by a series of controls. This will be the case for
instance if there is only one inlet and one outlet and if the air is driven by stack-effect only, or by mechanical
ventilation only.

Consequently, if someone wants to simulate a VDF with CAPSOL, it will have to choice to use the multilateral
ventilation control, which is less accurate and may not take into consideration some important parameters, or to
couple CAPSOL with a ventilation model, which will not let him simulate control strategies not based on
parameters known in advance. The choice will have to be made according to the type of VDF to be simulated.

For instance, in the case of climatic facades, the air flow pattern is simple (only one inlet and one outlet) and is

not influenced by the wind. The best choice will be to use the CAPSOL multilateral ventilation controls.

These conditions are not met in the case of double-skin facades; in such cases, the best choice will probably be to

couple CAPSOL with a ventilation model.

Remarks:

e The CAPSOL Pilot Book — Case J also describes how to couple CAPSOL with a ventilation model (in this
case, the ventilation model is developed in MS Excel).

e Even if the multilateral ventilation controls are used, it might be necessary to first simulate the VDF in a
ventilation model, in order to calibrate the required ventilation controls (especially in case of natural
ventilation).

e It seems not possible to combine the wind-effect with the stack-effect with the multilateral ventilation
controls, as the combination of these two effects is complex and in any cases not linear.

S[JA:YAl Report on simulations of the energy performances




8.3.6  Other aspects
8.3.6.1 Number of zones that compose the VDF

According to the problem analysed, it might be desirable to increasing the number of zones that compose the
VDF. However, this will increase the time for introducing the data in CAPSOL.
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Figure 40: Example of the impact of the number of zones that compose a VDF.

1zone 2zones 3zones 4zones 5zones 6zones 7 zones

In the case of the VDF analysed in Figure 40, it can be seen that there is no major difference if the VDF is
simulated with 7 (couples of) zones or 3 or 4 zones.

8.3.6.2 Adding dummy walls between the zones that compose the cavities of the VDF

As can be seen on Figure 36, there are no walls simulated between the zones that compose the cavities of the
VDF. The consequences of this choice is that the part of the solar radiation striking the upper part of the external
glazing can not be directly transmitted to the lower part of the internal glazing, as in real VDF. This could be
changed by introducing dummy walls between the zones that compose the cavities. The distribution of the
radiation transmitted through the glazing and the view factors should be adapted, but remain fixed for the whole
simulation period. The dummy wall should have a very low thermal resistance and a solar transmission of 1.
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Figure 41: Solar processing trough zones of a VDF — option 2

A case has been run with such a configuration, for a narrow cavity (20 cm). There were no major differences
between this case and the original one. Bigger differences might be expected for larger cavities.
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8.3.7 Building up a model

In this paragraph, we will present the building up of a simple model of a VDF, step by step. This simple model
does not include horizontal dummy walls.

8.3.7.1 Step 1: definition of functions E_l_|®|ﬁ|ﬁ| -l_|_'f_|.|@| {fleiﬂiﬁl
Seven types of "functions" can be used to define

the outdoor climate, the internal gains and the set-up for the controls:

T: Temperatures,

I: Infrared radiation,

P: Power,

G: Global horizontal radiation,

D: Diffuse horizontal radiation,

B: Direct beam horizontal radiation,

V: Ventilation air changes.

Nk WD

These functions can be values in a file, but 5 types of "built-in" functions are also available (as constant, steps,
sinusoid...).

e Outdoor climate
As said previously, the outdoor climate is usually defined by one temperature function (T) and two horizontal
radiation functions (e.g. G and D).

e Internal gains
Internal gains are simulated by power functions. These powers are dissipated in zones.

8.3.7.2 Step 2: definition of zones |@'Iﬁlﬁl -l-l—'f—|.|@| ‘fi'{.'{i'

The outdoor environment is represented by a zone of type ES (External solar zone with known temperature) with
a function of type T for the outdoor temperature. The cavity is divided in e.g. six zones (as shown on Figure 25
(right)) of type IV (radiative and convective heat exchange are calculated separately). The room is a zone of
type IV with a function of type P for the internal gains.

E’UDF.cap:l ;|g|5|
Steady-state calculation Dymamic calculation

Zone | Mame Type W po | B-wy Qfree-wy | n-we | B-z Qfree-s n-= “ertilstion B Ir| Qfres
][ [dmk] [ [*C] [ | [t [RC] [ | [1h] zone | [MC] | [AATE] [
1 QOUTSIDE ES - 1200 1] - - 1] - -1- T99 100 -
2 E3 v 0.26 1200 a o} a i} i} 0|E2 - - POO
3 13 v 0.26 1200 a o} a i} i} o2 - - POO
4 E2 v 0.26 1200 a o} a i} i} 0|E1 - - POO
5 12 v 0.26 1200 u} 0 u} i} i} o POO
E E1 14 0.26 1200 u} 0 u} i} i} 0 |ROOM - - POO
7 il 14 0.26 1200 u} 0 u} i} i} 0 |ROOM - - POO
g Rzl 14 S4B 1200 u} 0 u} i} i} 0 | OUTSIDE - - PO

Figure 42: Definition of zones in CAPSOL v4.0w

8.3.7.3 Step 3: definition of ventilation Bl EE L e Lk
This point has been discussed in § 8.3.3.3.
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8.3.7.4 Step 4: definition of walls ||;’||ﬂ.|®ﬂl A |em|em| 3]l dGal

Figure 43 presents the definition of the walls that

compose the VDF only. From that figure, it appears that:

—  For the wall surfaces in contact with an external zone, there is no separation of radiative and convective heat
exchanges. Consequently, the global surface heat transfer coefficient h, is used (e.g. h, = 23 W/m?.K). This
parameter, which actually depends on the local wind speed, can not be changed during the simulation.

— Similarly, the convective heat transfer coefficients inside the cavity h, can not be changed during the
simulation, in spite of the fact that they will depend on the actual airflow. The best value has to be
determined in advance (for instance, by using the WIS software).

— In conformity with what was said in § 8.3.3.2, 100% of the incoming solar radiation that enters the external
side of the cavity (e.g. zone E3) strikes the shading devices (wall SD3). 100% of the solar radiation that
pass to the internal side of the cavity (zone 13) strike the single glazing (wall SG3).

mwal: (=T
Side 1 Side 2

Wl |Mame | Type A O [ Slope | Zonel hg1 hcl zrlitat) | Zone2 hg2 he2 sr2tot)
][] ['] [Wm*K] | [Wine] [%] PAmER] | AR [%]
1 |DG3 FDY-DG 26 - - | OUTSIDE 23 - -|E3 - 3 o100y
2 |5D03 FDY-5D 26 - -|E3 3| 1000100) |13 3 g Raln)]
3 |5G3 FDY-3G 26 - -|13 3| 10001007 |ROOM 3 a1 ()}
4 D2 FDY-DG 26 - - | OUTSIDE 23 - -|E2 3 g Raln)]
2 |sDh2 FDY-5D 26 - -|E2 - 3| 1000100712 3 g Ral)]
B |3G2 FDY-3G 26 - -2 - 3| 10001007 |ROOM 3 u] ()}
T D FDY-DG 26 - - | OUTSIDE 23 - - |E1 3 gL}
g |3 FDY-DG 26 - - |E1 - 3| 100010011 3 g Ralu)]
9 |5G FDY-5G 26 - - - 3| 10001007 | ROiOM 3 a1 {xj}

Figure 43: Definition of walls in CAPSOL w4.0w

8.3.7.5 Step 5: definition of wall types ||;’||ﬁ_l_|®|_l-|_'f_|.|@| 21| | G

This point has been already discussed in § 8.3.3.2.

8.3.7.6 Step 6: definition of points ||;’||ﬂ_|®|ﬁlfgl|.|@| 3|5 Gal

Points must be defined for each controls (see next paragraph) e.g. to specify the location of a sensor, and for each
location an output has to be reported.

8.3.7.7 Step 7: definition of controls ||:"||ﬁ_.|®|ﬁ|ﬁ| -1-|@| ‘fi'{.l{il

Three types of controls are available in CAPSOL: a power released in a certain point to simulate a heating or a
cooling system, a ventilation and a sunshade action on a certain wall.

The shading device control has been discussed in § 8.3.5.1 and the multilateral ventilation controls in § 8.3.5.2.

8.3.7.8 Step 8: definiti f surf i =3 =
fai?ors efinition of surface view | 31 165 -l-|—*—|. 4|l

As the cavity is divided in zone of type IV, the surface view factors have to be specified. In conformity with
what was said in § 8.3.3.2, all the walls must be defined as convex.

In the zone "ROOM", the surface view factors of the glazing that compose the VDF must be set to zero, so that
they can not see each other.
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&7 surface Yiew Factors =] |

Eﬁurface Yiew Facto = IElIlI @Surface Yiew Facto - II:IIiI

E3 13

RO

Yigwwfactar to:
fram: SG3 | 5G2 | 5G

3 S5G3 - 0.0 |00
6 SG2 0.0 - (1]
9 5G

Wiy factor to:
fram: DG3 s03

1 DG3 - 100.0
2 s5D3

Wigswfactor to:
framm: SD3 SG3

2 SD3 - 1000
3 8G3

Figure 44: Definition of surface view factors
in CAPSOL w4.0w

8.3.7.9 Step 9: definition of sun obstacles [E3|[A| & & | 28| 1| o | &b S|

CAPSOL allows to define sun obstacles which apply to the whole building or to specific walls only. The first
one can be used for instance to simulate the impact of other buildings, and the second one to simulate overhangs.
It is recommended to add a building sun obstacle to simulate the horizon, as shown in Figure 45.

Er‘ Building Sun Dbstacles =10 x|

Mo ATi-min ATi-max Aft-min [ Al-max
[*] [*] [] [*]
1 -180.0 180.0 oo s

Figure 45: Definition of building sun obstacles
in CAPSOL w4.0w

8.3.7.10 Step 10: modifying calculation parameters {}|ZI|ZE|EI|F§I|.|E'"| B

As said in § 8.3.3.2, the black radiation heat transfer coefficient is fixed and can not be changed during the
simulation. The value can be fixed in the definition of the calculation parameters.

Calculation parameters x|

Startup calculation duration I Di’ daps
Calculation duration I 4ﬂ days
10 i

Calculation time step

i

D ay number at start of calculation I 1?2i’ [21 Jun]
Diefault time unit Iminutes 'l

Mumber af sublayers per wall layer

:

I aximum thickness of wall sublayer m
binimum resistance of wall sublayer 0.001 ek
Black radiation heat transfer coefficient WwimEk,

Wheigth factor for air temp. in resultant temp.

8]

Cancel |

Figure 46: Definition of calculation parameters
in CAPSOL w4.0w
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8.3.7.11 Step 11: Running! ol ENEN BT B R

There is nothing specific to VDF to specify into the other input screens, which are well described in the
CAPSOL manual. The model is now ready to run!

8.3.8 Conclusions

e The aspects analysed in this study have shown that CAPSOL is able to simulate most of the VDF.

e The global philosophy is to consider the VDF as a set of zones, in order to take into account the thermal
stratification in case of ventilation and the control strategy of the shading device.

e The introduction of a dummy shading device to simulate the situation where the shading device is up does
not have a large impact on the results. This has been "validated" by comparing results of CAPSOL
simulations with WIS calculations.

e CAPSOL does only consider an angular dependence for the solar reflection of wall surfaces in contact with
outside (zone ES). The solar transmission is always supposed to be angular independent. As WIS considers
the angular dependence of both reflection and transmission, for every surface of both glass panes (specular
panes) and shading devices (scattering layers), this might lead to differences between results from CAPSOL
simulations and WIS calculations (especially in the case of shading devices).

e As CAPSOL is a thermal model, the ventilation related should in principle require to couple CAPSOL with
a ventilation model (as e.g. COMIS). However, the multilateral ventilation controls can be used to directly
simulate ventilation strategies in CAPSOL, without coupling it with any ventilation model.

e The simulation of complex situation (as e.g. naturally ventilated double fagades where the impact of the
wind has to be considered or VDF with more than one air inlet and one outlet) will required to couple
CAPSOL with a ventilation model. This can only be done with the so-called "global onion" approach,
which prevent the simulation of ventilation strategies that are not based on parameters that are known in
advance (as the time, the outdoor temperature, the solar conditions...). In this situation, the use of another
building simulation model might be more appropriate.

e A serious advantage of CAPSOL is that it is quite easy to use it. Of course, the user must have backgrounds
in building physics, but this is obviously the case for every building simulation tool. It must be mentioned
that CAPSOL is well documented and its user interface is friendly and intuitive.

8.3.9 References

[18] Heijmans N., Wouters P.; Impact of the uncertainties on wind pressures on the prediction of thermal
comfort performances, HYBVENT technical report, 2002
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8.4 TRNSYS SOFTWARE

8.4.1 General software information

TRNSYS (TRaNsient SYstem Simulation Program), commercially available since 1975, simulates the dynamic
thermal behaviour of buildings and their systems. It has been used for more than 25 years for HVAC analysis
and sizing, electric power simulation, solar thermal systems design, building thermal performance analysis,
modern renewable energy systems including PV and wind power simulation, etc.

TRNSYS has a modular system approach, which makes it very flexible. It includes a simulation engine and a
library of components that range from various building models to standard HVAC equipment to renewable
energy and emerging technologies. Extensive libraries of non-standard components for TRNSY'S are available
commercially from TRNSY'S distributors.

That core software can be completed by other software to make its use easier or to enlarge its possibilities:
- a user friendly software to define the building to simulate: PREBID.

- a model to calculate air flows in the building or the HVAC equipments: COMIS.

- a graphical interface: 11SiBat.

The version of the software, which has been used in this study, is TRNSYS version 15.

The core software: TRNSYS

TRNSYS relies on a modular approach to solve large systems of equations described by Fortran subroutines.
Each Fortran subroutine contains a model for a system component. For example, subroutine "Type 56" contains
a model of a multizone building and subroutine "Type 32" contains a model of a cooling coil.

Each component has inputs and outputs that represent the actual pipes, ducts, and control signals of their
physical counterparts.
Example: the inlet flow rates and temperatures for the air and water are inputs to the Type 32 model, while
the total and latent cooling rates are among the outputs of the model.

TRNSYS allows users to completely describe and monitor all interactions between system components. For
example, the user determines the connections between the output of the pump and other system components.
The modularity of the program allows the user to have as many pumps, chillers, cooling coils, controllers and
solar panels as necessary, in any desired configuration. Because the components are written in Fortran, a user
can easily generate a TRNSYS model that does not exist in the standard package (any new technology that is
created for example).

The user has to create an input file. It tells TRNSYS which parameters and initial values to use for each system
component and how the various system components are linked together. The TRNSYS engine calls the system
components based on the input file and iterates at each time step until the system of equations is solved.

A software to define the building: PREBID

To simulate the thermal behaviour of a building, TRNSYS, and more specifically "Type 56" model, needs a file
describing the building. It looks like that:
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B classe.bui - wordPad o ] 4

Fichier Edition Affichage Insertion Format %

D||a| Sl a o6 B

Bl
# Zone COULOIR / A irmnode COULOIR
®
ZONE COULOIR
AIRNOQDE COULOIR
WALL =HMURINT : ZURF= 9 : AREA= Z4 : ADJACENT=CLASSEL : BACK
WALL =HMURINT : ZURF= & : AREA= Z4 : BOUNDARY=IDENTICAL
WALL =HMURINT : SURF= 10 : AREA= 4.5 : BOUNDARY=IDEMNTICAL
WALL =MURINT : SURF= 11 : AREA= 4.5 : BOUNDARY=IDEMNTICAL
WALL =PLAMCHEREE : 3URF= 12 : AREA= 12.8 : BOUNDARY=IDENTICAL
WALL =PLAMCHEREE : 3URF= 13 : AREA= 12.8 : BOUNDARY=IDENTICAL
REGINE
CAPACITANCE = 46.08 i VOLUME= 38.4 : TINITIAL= 20 : PHINITIAL= 50 i WCAPR=
=
T 0Outputas J
=
QUTPUTS
TRANSFER : TIMEEASE=1.000
DEFAULT
AIRLINKS = WI_0OO01[1] WI_O0Z[Z] WI_OO01[3]
NTYPES = ZZ0 : FLMEL net wass flow per link [kg/h]
= 222 : FLFTL flow ‘From-node to To-node' . per link [kg/h]
= Z67 : CDVAL actual Cd—value if the link is & large opening [-]
®
®
® -
< ;IJ

Appuyez sur F1 pour obtenir de l'aide Mum

Figure 47: part of a ".bui" file defining a building

Although this file can be written by hand, a software called PREBID is available to help users with that task.

To create a building with PREBID, the user specifies the thermal zones (physical attributes, occupation and use)
and then describes the interactions between this zone, the ambient, and other zones in the building. The user can
choose layers, wall types, and windows from libraries, or describe its own elements.

[P PreBid - krueger.bui =1ol x|

Elle Wiew Zones Ivpemanager Generate Options Window Help -

]| |l G| L] | 11

* PREBID Manager =101 ]

Project
Zones

- EEABASEMENT
- P GARAGE
15TFLR

= ZNDFLR

Regime Data

2NDFLR % Initial Values
L EaTTIC T ® |rfilration | Heati L. Gai 4 Humidit
E“GRGATTIC sone volume: TN nhiltration I w eating I__, alns I t urnidity I

capacitance: 512 kK &, Yertiation Iﬁi{‘ Cooling I%‘g Comfort I

— Walls — Windows

| |Amea | Category | Type |Area | Category lutalue | o¥alue

Add | Add | Delste |

wall type: IW _3
area; |—3‘503 nEincl. windows
categany: lm

geasurf: llﬂ I
wall gairy mfp wm

orientation: BCKYRD [HoRZONTAL ~]
wigw fac tosky |05

For Help, press F1 UM |Wednesday, March 13, 2002 |14:54:40 7

Figure 48: zone definition in PREBID
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A model to calculate air flows in the building: COMIS

When simulating the thermal behaviour of a building, TRNSYS can manage air flows but does not calculate
them. The user has to specify how much air comes in or out each zone.

The software COMIS, which can be coupled with TRNSY'S, models the air flow distribution in buildings. The
program can simulate several key components influencing air flow: cracks, ducts, duct fittings, fans, flow
controllers, vertical large openings (windows and/or doors), kitchen hoods, passive stacks, and "user-defined
components".

COMIS allows the user to define schedules describing changes in the indoor temperature distribution, fan
operation, pollutant concentration in the zones, pollutant sources and sinks, opening of windows and doors, and
the weather data. The flexible time step implemented in COMIS enables the modelling of events independent of
the frequency with which the weather data are provided.

The COMIS air flow calculation is based on the assumption that indoor air flows reach steady-state at each time
step.

To allow user friendly simulations of natural ventilation systems, e.g. passive night cooling, double facades or
exhaust air shafts with a coupled heat and air flow model, TRNFLOW was created. The multizone air flow
model COMIS has been completely integrated into the thermal building module of TRNSYS. The coupling of
the two models has been realized within one module. Therefore the user has no longer to perform a laborious
linkage of two modules in each individual simulation case. The linkage is done one for all, and can be used for
any situation. The existing user interface of the building thermal model (PreBid) has been enhanced with new
features to be used for the data input of the air flow model. Data redundancy in the two models is covered by the
user interface. Thus, compared to the old version of the air and heat flow model coupling in TRNSYS/COMIS,
with TrnFlow many possibilities for erroneous data input have been eliminated.

An air flow model input file (".cif") is generated with the two thermal model input files (".bld" and ".trn").

User tip: be careful with the order of the thermal zones.

Both the air flow and the thermal models number the air zones in the order they are introduced. User should
though introduce in PREBID first all the thermal zones which are used in both models, than the other ones (e.g.:
basement, attic,... in which no air flow is calculated).

Example:
One wants to calculate the temperature in three zones: an office, a corridor, and a basement. Air is entering in
the office and going out through the corridor. There is no air flow in the basement.
1st case:
The zones are introduced in PREBID in that order
1. Basement
2. office
3. corridor
The thermal model numbers them in that order, but the air flow model numbers the zones as follow:
1. Office
2. corridor
because it doesn't use the basement.
There will be a recognition problem between the air flow input files (".cif") and the thermal input files
(".bld" and ".trn").
2" case:
The zones are introduced in PREBID in that order
1. Office
2. corridor
3. basement
The thermal model numbers them in that order, but the air flow model numbers the zones as follow:
1. Office
2. corridor
There will be no recognition problem between the air flow and the thermal input.
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The Figure 49 shows the links between the thermal and the air flow
model. For simplification, the information flow between the two
models is represented by one room air temperature node and one air
flow variable. In fact there are at least as many air temperature nodes
as there are thermal zones in the building and each node has at least
one air flow.

In the solution process, the air flow model starts with the input node
temperatures 0;, and calculates the corresponding air flows m of each
node. These flows are used in the thermal model, which calculates the
output room temperatures 6,,,. With an iterative solver algorithm the
input temperatures set is found which matches the output temperatures
set.

Figure 49: coupling between the airflow model and the thermal model
(TRNFLOW)

The air flow model in COMIS / TRNFLOW is a multizone model. It idealizes the building as a network of
nodes and air flow links between them (Figure 50). The nodes represent the thermal zones (which can be a room
or many rooms with the same function and occupation) and the building surrounding. The links depict openings,
doors, cracks, window joints and shafts as well as ventilation components like air inlets, outlets, ducts and fans.
The room temperatures are calculated with TRNSYS ("Type 56") which is a non-geometrical dynamic thermal
model. One air node per zone represents the thermal capacity of the zone air volume and capacities which are
closely connected with the air node (furniture for example).

haatloats

Figure 50: COMIS model used in TRNFLOW

A graphical interface to make the TRNSYS use easier: 11SiBat

An example of the input file needed by TRNSYS is represented in Figure 51. It can be written by hand. But to
create it more easily, the ‘Centre Scientifique et Technique du Batiment’ (CSTB in Sophia Antipolis, France) has
developed a general front-end program, IISiBat which can be roughly translated from French as "Intelligent
Interface for the Simulation of Buildings". It allows the TRNSYSS user to graphically choose icons that represent
components, and connect their inputs and outputs.
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4] classe.LST - Bloc-notes | 3
Fichier Edition Format 7
; |
* model "TYPEZSh" (Type 25)
w
UNIT L] TYPE 25 TYPEZ25h
“§UNIT_MAME TYPEZ2Sh
*§MODEL . \outputsPrinterprint User-supplied Units to File\TyPEZSh.tmf
PARAMETERS L]
¥ 1 pPrinting interwval
“ 2 Start time
¥ 3 Stop time
* 4 Logical unit
% 5 User supplied units
¥ § output format "“normal™” or ""SPREADSHEET'"
1. 000E+00 1. 000E+00 8. 7O0E+03 1.800E+0L 1.000E+00
0.000E+00
INPUTS [}
¥ TypeSETRNF] Ow: 1- ¢air temperature of zone) TAIR 1 ->Input to be printed-1
¥ typeS6TRNFTOow: 2- tair temperature of zone) TAIR 2 -rInput to be printed-2
5,00 5,02 CONST CONST CONST
CONST
Wik TNITIAL INPUT VALLES
Tclasse Tcouloir InClasse Fluxoutcl Fluxout
demcChaud
;c °C kosh kogsh kash
J
wwu pxrarnal files
ASSIGN CATRNSYSLSNTrnflowhexampleiresultats 18
*|? which file should contain the printed results? |1000
w
* model "TYPE25h météo" (Type 25)
uNIT 7 TYPE 25 TVPE25H m&TAD
*§UNIT_MAME T¥PEZSh météo -
< | H

Figure 51: TRNSYS input file

Figure 52 shows the IISiBat Assembly Window. This main window contains many descriptive icons with lines
connecting them. Each icon represents a different system component (e.g. pump, solar collector, etc.). The user
drags the necessary icons into the Assembly Window.

4 [1SiBat - [classe.TPF] gl x|
<@° File Edt Yiew Direct Access Assembly Calculabe Tools  Window 7 =1

N E S R E

i ot L T E =

3 Controllers

D Electical

D Heat Exchangers
B0 Hvac

(23 Hydronics

Ela Loads and Stuchures
-] Attached Sunspace
1423 MultiZone Buiding
3 © L typeBE

& Lok bypeBETRNFlow
f e} typeBEw_outfiles
Radiatis H
= (* (23 Overhang and Wingwall Shading

t
23 Pitched Roof and Atlic
=1

s
1 Single Zone Models
Ky temperature typesd TRITFlow QUTPUOTS

[ Thermal Storage \wall

L Wwindow
Humidity level

£ Output

7] Physical Phenomena
7] Samples

#-{7] Solar Thermal Callectars
t1-[_ Thermal Storage

#- Utilty

e ] [ -

| o

T

Figure 52: The I1SiBat Assembly Window

The user creates links between the components that share information. The lines connecting the icons represent
the pipes and wires that connect the physical components. While several connections are possible between two
components, just one link is displayed. To view or change the input and output connections, the user clicks on
the link itself to view a detailed window (see Figure 53). A bunch of Tools around the border of the Assembly
Panel window allow the user to place icons onto the working area, connect the icons as necessary, run the
simulation, access the editor, access the spreadsheet and plotting packages, and perform many other functions.
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Figure 53: Connections between the outputs of one model and the inputs of another model in 11SiBat

8.4.2 Outdoor climate and other context data

To run a simulation, TRNSYS needs the following parameters, for each time step:
- outdoor temperature
- relative ambient humidity level

If the user doesn't have that value at his disposal, a component (type 33) can be used to calculate the
relative ambient humidity from the absolute humidity level.

- fictive sky temperature

That value is calculated by a component (type 69b) from beam and diffuse radiation on horizontal
plane.

- for each orientation, total solar radiation, incident beam radiation, and angle of incidence
Those values can be calculated by a component (type 16) from various radiation values (for example,
from total and direct radiation on horizontal plane).
Since the calculations made in transforming solar radiation on a horizontal surface depend on the time
of day, it is important that the correct solar time be used. So, TRNSYS needs the building location on
earth to run a simulation. It is defined via two parameters: latitude and shift with solar time. This
parameter is used to account for the differences between solar time and local time.

So, the user can use various types of weather data files. Up to him to adapt the TRNSYS file (chose the right
components, and make the good connections).

To simulate the airflow distribution in building with natural openings (doors, windows, etc.), COMIS (or
TRNFLOW) needs, for each time step:

- Wind speed at meteo station reference height [m/s]

- Wind direction [deg] (0° wind from north, 90° wind from east...)
In order to predict the wind speed at the building site, it also needs the altitude of the building, its location on
earth (defined by its latitude and longitude), the wind speed profile exponents at the reference meteo station as
well as at the building site (where they can be angle dependant). Moreover, the wind pressure coefficients cp are
required. A good estimation of all these data is important in order to be able to correctly predict the ventilation
rate in a naturally ventilated double facade.
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8.4.3 Simulation of a ventilated double facade

8.4.3.1 General methodology

With TRNSYS, buildings with a ventilated double facade like the one seen in Figure 54 can be modelled in
various ways:

Offices Offices
(0]
©
©
@ 2
E Offices s Offices
= £
8 38
Offices Offices

Figure 54: Building with a double facade to model

» With a specific model for the ventilated double facade, linked to the building model

The building is then modelled without the double facade (see Figure 55). That's the way D. Saelens used in
[5]. He developed his own model as no double facade model exists in the available commercial model

libraries.
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Figure 55: Building is modelled with no double facade.

The VDF is modelled by a specific type in TRNSYS. That type is linked to the building model (see Figure 56).

T
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Building model

=
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Outputs

Solar radiations

Double facade

o | o

Figure 56: The double facade model is linked to the building model in lIsiBat.
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» As one or many thermal zones included in the building model

The subdivision of the cavity of the DVF will depend on the shading device position and on the desired level of
detail.

Examples:

If the shading device is against one of the two glass layers, the cavity can be modelled by a single zone (see
Figure 57) or by 3 or more zones for a more detailed model (see Figure 58).

, |
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| S : )
1 '9 ] -9
! 5 - 5
| ) [ )
1
! Offices Offices E Offices Offices
| |
- _’ - _I
Figure 57: The VDF is modelled as one single Figure 58: The VDF is modelled with three distinct
zone zones

If the shading device is between the two glass layers, in the middle of the cavity of the double facade, the cavity
can be modelled by a double zone (see Figure 59) or by 6 or more zones for a more detailed model (see Figure
60).
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1 : i :
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Figure 59: The VDF is modelled with two distinct Figure 60: The VDF is modelled with six distinct
zones between which is the shading device zones

Note: The more the cavity is subdivided, the longer is the TRNSYS simulation.
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Example:

» 1 zone for the cavity of the VDF: simulation time = 12 min 30 sec.

! The air flow chart is quite simple:
Pulsion
DT e pions |

I'air hygiénique
\ dans les locaux O ” O

EXTERNAL Window ;gﬁi NOLDE Duct AUXILIARY  Extraction fan ~ EXTERNAL
NODE 1 N NODE NODE 2
Double skin

» 5 zones for the cavity of the VDF: simulation time = 24 min

Hygienic air pulsed

- mechanically into rooms

>ni>¢;>¢;>%®

=

The air flow chart becomes more complex:

O———O0———0——0 ow:%@w

THERMAL THERMAL THERMAL

EXTERNAL  \yngow  THERMAL Fotve Dot Fictive e s Fictive ~ THERMAL Fictive o0 ey Dust  AUXLARY  Extracton EXTERNAL NODE
NODE 1 ZONEO window _ window _ window ~ ZONE3 window . NODE fan 2
Double skin Double skin Double skin Double skin Double skin

» 10 zones for the cavity of the VDF: simulation time = 5 hours and 24 min
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Hyglenic air puised

- mechanically into rooms

The air flow chart is even more complicated:

‘ ‘ DPEAUO H DPEAU1 ‘ ‘ DPEAU2 H DPEAU3 H DPEAU4 Duct
O ) ) ) )
| T 7T
EXTERNAL Window
NODE 1
AUXLIARY  Extraction fan EXTERNAL NODE
| | | | 2
O ) ) )
N\ N\ N\
DPEAUOb ‘ DPEAU1b ‘ ‘ DPEAU2b ‘ ‘ DPEAU3b ‘ ‘ DPEAU4b Duct

To model the cavity subdivisions:

- Horizontal subdivisions:

In the thermal model the subdivision should be modelled by a window with a solar transmission of 1.
The thermal resistance should ideally be as close to 0 as possible. But with a too small thermal
resistance, TRNSYS program doesn't reach convergence. For example, it is possible in the WINDOW
program (which calculates the ASCII file including the optical glass data used by TRNSYS — see §
8.4.3.2) to model a glass thick of 3mm, with a solar transmission of 1. Its conductance value is 6,77
W/m2.K (see Figure 61).

The longwave radiations are stopped by the window in the thermal model, which does not exactly suit a
fictive subdivision.
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Figure 61: definition in the WINDOW program of a glass

modelling a fictive subdivision in the VDF

For Help, press F1

That "very transparent" window is coupled, in the air flow model, with a permanently open window (see
Figure 62). As long as the cavity is ventilated, the heat transfer associated to the air transport between
cavity zones is important, and the relative importance of conduction heat transfer is low. That reduces
the weight of the heat conductivity value chosen for the window in the thermal model. This is less true
if the cavity is not ventilated.

:."_ Definition of the air low network for detailed calculation with TRNFlow

 off @ on
Air links

Caution: Only OME connected network can be defined |

1ol >]

pe Mame From-Hods

TROU DPEALT

wind velocity profile

To-Hode From-Height direction angle | welocity expon,

From-Node To-Node
DFEALT _3 I DREaL Defirition of Pollutants:
height of link rel. to _ m height of link rel. ta
"From-Mode" "Ta-Mode"
Defirition of add. TRMFlow commatds
own height factor: [T
opening factor of window: |~] IT -

Figure 62: definition of a permanently open window in PREBID

Note: there are actually two models for the fictive subdivision:

one closed window in the thermal model, which is used to calculate radiation and conduction heat
transfers,

and one open window in the air flow model, which is used to calculate heat transfer associated to
air transport.
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There is no incompatibility as the two models are coupled and do not check the geometry of the
elements modelled.

- Vertical subdivisions with sun protection:

The vertical fictive subdivision can be modelled on the similar way. To model the associated sun
protection:

0 in the thermal model: an internal sun shading, which can be controlled on the way the user
wants (see § 8.4.3.2), will be added to the window;

0 in the air flow model: the permanently opened window will now be closed when the sun
shading is pulled down. Indeed, when the shading device is pulled down, there is almost no air
transport between the zones. If there is still air transfer (through the fabric, or between slats), it
can be modelled via the "flow through crack when window is closed" (see Figure 63).

The control values and equations should be the same for the shading device and the closing/opening
fictive window.

In order to minimize to impact of the fictive vertical window on the thermal radiation (infrared)
transfer, an emissivity value of 1 must be set for this fictive window (see section on CAPSOL software
for more information on this topic).

Large Opening Type Manager

9 X
e -
dessription: [

— Category of opening

¢ cazement window/daor or gliding windaw./door

' top ' bottom ' middle " side and for vertical axis

" bottom hinged sash window/door

OPEN

may. width of opening;

man. height of opening:

opening factor 2 |—1 . dizcharge coefficient Cd 2
[completely opened): [completely opened]:

flovs coefficient Cs _ :
DD e e kgsz/m at 1 flow exponent n;
extra crack length: _ m

/
Cancel J_/

Figure 63: definition of air flow between two zones when the window is closed

— For closed opening

opening factar 1 I—D i dizcharge coefficient Cd 1 _ i
[completely clozed): [completely clozed):
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8.4.3.2 Facade layers

Glass layer

The window incorporated into the type 56 component, with up to 6 panes, is considered as a 2-nodes model in
the heat balance calculation. The window is thermally considered as an external wall with no thermal mass (the
heat capacity of the frame, the window panes and the gas fillings are neglected), partially transparent to solar, but
opaque to long-wave internal gains. Long-wave absorption is considered to occur only at the surfaces.

For each glazing of the window, the resulting temperature is calculated considering transmission, absorption and
reflection of incoming direct and diffuse radiation, diffuse short-wave radiation being reflected from the walls of
the zone or an internal shading device, convective, conductive and long-wave radiative heat transfer between the
individual panes and with the inner and outer environment. An edge correction for different glazing spacer types
is considered [16].

Building Ambience
Zone . _ e

| : ation \
Longw.ave | | y / goler Rad‘a"‘o S~
Radiation r / S A
G | (A

- | A §L— AR
7 | Q " =T I
Reflected Al Diom > oy
Diffuse ,_-"L"' R | Ry < Longwaye Radiatio
Radiation , __—| /= il | b s IO

< X! AN A N /7 W

- Y !
Convection | ¥ /.. Convection
/ -3

Figure 64: Glass model in Type 56 of TRNSYS

The window model incorporated into the type 56 component uses output data from the WINDOW 5 program
developed by Lawrence Berkeley Laboratory, USA. Each glazing absorbs and reflects a part of the incoming
solar radiation depending on the glazing material and the incidence angle. In the program WINDOW, the
detailed calculation of reflection between the individual panes is performed hemispherically for diffuse radiation
and in steps of 10° incidence angle for direct solar radiation. Together with the thermal properties of the gas
fillings and the conductivity and emissivity of the glazings, the optical data for the window is written to an
ASCII file by the WINDOW program. This output file has a standard format (see extract here under) which
makes the results available for thermal analysis programs such as DOE 2.1 and TRNSYS. For TRNSYS, a
window library file was created using the WINDOW program to have commonly-used glazing systems available
for the user.

WINDOW 5.0 TRNSYS 15 Data File: Multi Band Calculation

Angle 0 10 20 30 40 50 60 70 80 90 Hemis
Tsol 0.727 0.726 0.723 0.716 0.702 0.669 0.599 0455 0.215 0.000 0.623
Absl 0.080 0.081 0.082 0.085 0.089 0.094 0.101 0.110 0.117 0.000 0.093
Abs2 0.064 0.065 0.066 0.068 0.070 0.071 0.071 0.065 0.049 0.000 0.067
Rfsol 0.129 0.129 0.129 0.131 0.140 0.166 0.230 0.370 0.619 1.000 0.208
Rbsol 0.129 0.129 0.129 0.131 0.140 0.166 0.230 0.370 0.619 1.000 0.208
Tvis 0.817 0.816 0.815 0.811 0.799 0.768 0.695 0.538 0.273 0.000 0.714
Rfvis 0.148 0.148 0.148 0.151 0.162 0.191 0.262 0417 0.682 1.000 0.236
Rbvis 0.148 0.148 0.148 0.151 0.162 0.191 0.262 0417 0.682 1.000 0.236
SHGCO0.777 0.776  0.774 0.769 0.756 0.725 0.656 0.509 0.261 0.000 0.676
SC: 0.86

Figure 65: Extract from a WINDOW 5.0 file used by TRNSYS
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Shading devices

Movable shading devices

In a VDF, the shading device can be placed in various positions:
- against the external glass facade

o

Y

It is modelled as an internal shading device associated to an external window (see
Figure 66).

oreat =10l x|
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™ estemal shad. factor: IU /
_
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Figure 66: Internal shading device defined on an external wall

- against the internal glass facade

WY

It is modelled as an internal shading device associated to an internal window (see
Figure 67).

User tip: It is not possible to associate an external shading device with an internal
wall. So, user has to be careful choosing the front and back face of the internal
glass layer of the double facade. The front face must be in the cavity, the back face
must be in the rooms behind the double facade.
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Figure 67: Internal shading device defined on an internal (and so adjacent) wall

- between the two glass facade, in the middle of the cavity

o It is modelled as an internal shading device associated to a fictive internal window
(see above) (see Figure 68 ).
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Figure 68: Internal shading device defined on an internal (and so adjacent) wall between two zones of
the double facade: DPEAU2 and DPEAU2B

In any case, user can pull down or roll up the blind according to any value: sunshine level, inside temperature,
wind speed, or anything else.
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User must specifiy the shading factor. It is defined as the ratio of non transparent area of the shading device to
the whole glazing area. So, its value is 1 for a perfectly opaque pulled down blind (no transmission at all), and 0
when there the shading device is rolled up. The shading device reduces the incoming solar radiation on the
glazing area of the window by that factor.

It can be a constant value (e.g. if the shading device is always pulled down), or it can be calculated according to
a schedule or an input number (e.g. sunshine level, inside temperature, wind speed) (see Figure 69).

Shading Factor of Internal Device [ -]

" Constant Valus

* Input « [ STCONTROC -+ [

" Schedule

The zhading factor iz defined as the ratio of non-tranzparent area of the shading
device to the whole glazing area;

zero transmission; 1

no shading: 0

Ok, I Cancel |

Figure 69: Various possibilities to define the shading factor of a shading device

That input can come from one or many controllers (Type 2) to insert in TRNSYS (see Figure 70). Completed
with some equations, these controllers can take into account various values (e.g. sunshine level and inside
temperature). Like real controllers, the TRNSYS controller models use operational hysteresis to promote
stability. It avoids shading devices to keep going up and down all the time as soon as the control value varies a
little bit.

Examples:

- A shading device can be pulled down when sun is shining as soon as inside temperature reaches 22°C, but not
rolled up until temperature comes down above 21°C.

- A shading device can be pulled down as soon as the solar radiations reaches 250 W/m?, but not rolled up until
radiations come down above 200 W/m?.
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Figure 70: running of a shading device in TRNSYS with two controllers (type 2)

Note: The shading devices defined in the "Type 56" component model easily a roller blind. But it is not so
appropriate to model venetian blinds. Nevertheless, the user could associate various shading factors for a range
of slats orientations. He should then, in a first step, use a more detailed software (WIS software for example) to
calculate the values.

Permanent shading devices: overhangs and wingwalls

Overhangs and wingwalls shading can be modelled with "type 34" component.
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Figure 71: Overhangs and wingwalls modelled by type 34

That component has to be linked to the building component (Type 56).
User tip: to simplify the IISiBat model and fasten the TRNSYS calculation, you can run a separate
simulation with only 2 components "type 34" (one with the overhang, one with no overhang) and
calculate an hourly fictive shading factor. These various shading factors are stocked in a data file which
will be used, in the building simulation.

Frame
The user defines the surface of the frame (percentage of window surface) and its properties: U-value [KJ/h.m2.K]
and solar absorptance (same value for both sides).

Ventilated double facades




New Window Type

new window type: |1

~ Glazing — Optional Properties of Shading Devices
1D number: 12} I2DU1 - Wialib |
slope of window: 12 ISD deagree —Additional Heat Resistance
u - value: _ Wim"2K  Entered values internal device: B (o b2 KAk
are uzed for —I

q- value: _ =00 dizplay only external device: A | hm™2 K.kl

e @l s i - m GEE - " — Reflection Coefficient of Internal Device

Conv. Heat Transfer Coefficient \owards window: " ID'5 % /100
frant [inside]: 12 I11 kddh m™2 K towards zone: 12 ID.S /100
back [outside] 12 IB4 ke b2 K

e
_— \\ — Fraction of abs. Solar Radiation to Zone Air Node (CCISHADE) —
~ Frame
N\ a [is %100

area frame window:  E ID.15 Z/100
u - value (17 R) 12 I8.1? kdsh ™2 K

e

oK el Save

Figure 72: Window definition in PREBID: glass, frame and shading device

Ventilated double facade

Convective heat transfer in the cavity

The convective heat transfer coefficient h, which is associated to the glass facades (wall or window) is not
necessarily a constant. It can vary according to an input value, e.g. the flow level in the ventilated double facade
(see Figure 73).
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Figure 73: definition of convective heat transfer coefficient in PREBID

ak I Cancel | Save to uzer library |

S{W/Ar:YAl Report on simulations of the energy performances




The thermal model takes into account the heat transfer due to ventilation and infiltration (defined in the thermal
model) as well as the heat transfer due to air flows calculated by the air flow model. These air flows will come
essentially from adjacent zones defined in the cavity. Indeed, the boundaries between adjacent zones in the
cavity are defined as window permanently or temporarily open.

If the internal shading device is against one of the glass layers, the model takes into account an additional
convection due to a chimney effect of warm air heated by the absorption of solar radiation on the shading device.
So the user has to define, together with the window definition, a parameter defining the degree of additional
convection to the air node of the zone [16]. The coefficient CCISHADE defines the part of the absorbed
radiation which goes directly to the air node by convection. If the internal shading device is located very close to
the window pane without any flow in between it should be set to 0. Typical values for that coefficient range
from 0,3 to 0,6.

If the shading device is located in the middle of the ventilated double facade, there is no additional convection
and that CCISHADE coefficient should also be set to 0.

Short wave radiation and long wave radiation : transfer through the cavity
a) Through the first glass layer

The window is partially transparent to solar radiation (the solar transmission is chosen with the glass type),
but opaque to long-wave internal gains. Long-wave absorption is considered to occur only at the surfaces
of the glass.

The direct solar radiation entering a zone is distributed between walls according to absorptance weighted
area ratios. However, if the user wishes it, he can modify that distribution mode and choose the exact part
of solar radiation that will reach each wall. That is by giving a specific value (not default 0) to the
parameter GEOSURF associated to any wall. It represents the fraction of the total entering direct solar
radiation that strikes the surface.

For example, user can decide that all direct solar radiation entering in the double facade are distributed to
the other glass facade, and that none is distributed to the fictive windows separating the various zones in the

cavity (see Figure 74).
1 1 1 1
1 1 1 1
1 1 1 1
1 1 1 1
\ 1 \ 1
\\ // \\ _____________ //
,/— ___________ \\ ,/— ___________ \\
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Figure 74: Distribution of solar radiations between zone surfaces.
Left: GEOSURF=0 for all walls
Right: GEOSURF= 1 for internal glass facade and 0 for fictive subdivisions

Beside transmission and convection heat flux from the ambient, the glass surfaces temperatures are
calculated according to solar and sky radiations, as well as net radiative heat transfer with all surfaces in
view of the surface (see Figure 75).
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Figure 75: Heat fluxes in the external glass facade

S o = radiation heat flux absorbed at the outside surface: solar gains

qr,o = netradiative heat transfer with all surfaces in view of the outside surface
q co =  convection heat flux to the outside surface from the boundary / ambient
Si = radiation heat flux absorbed at the inside surface: reflected solar radiation
qr,i = net radiative heat transfer with all other surfaces within the zone

q ci =  convection heat flux from the inside surface to the zone air

b) Through fictive windows (when cavity is subdivided)

Through the fictive windows which separate the various zones in the cavity, long wave radiations are
stopped (see §8.4.3.2 about glass model) but short wave radiations can be completely transfered as long as
the fictive glass chosen has 1 for solar transmission factor (see §8.4.3.1).

¢) Through the shading device

The shading device reduces the incoming solar radiation entered through the first glass facade by the
shading factor introduced.

For internal shading devices, the model takes into account multiple reflections between the internal shading
device and the window panes. So the user has to define, together with the window definition, a reflection
coefficient for solar radiation for both faces of the shading device [16] (see Figure 76).

Note: it is not the case for external shading devices, but these are never used with double facades as one of
their advantage is precisely to protect the shading device between the two windows.

There is no detailed model for venetian blinds that would take into account inter-reflections between the
slats.

LyJu:YAll Report on simulations of the energy performances




New Window Type

rew window type:  |EEIE

— Glazing ~ Optional Properties of Shading Devices
ID rumher Ao - W4-L\b|
slope of windaw: llﬁﬂ— degree —Additional Heat Resistance
u - value _ Wm™2K  Ertered values intermal device: llﬂ— hm"2 Kkl

are used for

g- value: [ %100 displey only sxtemal device: a o b2 Kk
IFe 1 @eEhEaEe i - i GEE - m Reflection Coefficient of Internal Device 7\

Conv. Heat Transfer Coefficient <\ el ol llDE— % /100 /
front (inside: A fir klthm 2 K \g{dszone: m [os %100 _J/
back [outside]: 3 IB4 kJfhm 2 K
‘action of abs. Solar Radiation to Zone Air Node (CCISHADE) \
- Frame \
H ID 5 /100
area frame/window: IU.‘IS %7100 /

u - value [1/ R]: 2] I8.1T kl#hm 2 K
solor absorptonce: [T -
Ok I Cancel | Save to user library |
Figure 76: Window and shading devices definition in PREBID

User can define the part of the absorbed radiation that goes directly to the air node by
convection (CCISHADE), and the refection coefficient of the shading device surfaces

d) Through the second glass layer
The window is partially transparent to solar radiation (the solar transmission is chosen with the glass type),

but opaque to long-wave internal gains. Long-wave absorption is considered to occur only at the surfaces
of the glass.

8.4.3.3 Ventilation in the cavity of the double facade

Forced convection.

To model forced convection, user does not need the air flow model. The air transfer between zones can be
modelled through VENTILATION and COUPLING functions in the thermal model.

To model air entry in the double facade, the user will use VENTILATION function which can be associated to
any thermal zone (see Figure 77).
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Figure 77: association of a ventilation to a thermal zone

He will define ventilation according to the double facade running (see Figure 78):

- air change rate which can be defined as a constant, an input, or a schedule. It can be controlled
according to various values (e.g. working place temperature, cavity temperature, outside temperature,
sunshine amount, previous day maximal temperature, time of the day...).

- temperature and relative humidity of air flow. User will select "outside" if the VDF is ventilated with
outside air and "other" if the double facade is ventilated with air from other rooms. It can then be
defined (see Figure 79) as a constant (if the air room is constant), a schedule (e.g. a temperature for
working hours and another one for nights and week-ends) or an input (the room temperature calculated
through the thermal model).

¥entilation Type Manager

Temperature of Air Flow [ °C ]

— Airchange of Ventilation ——— v

B I5 1;"h// " Constant Value
/ & |nput - * undefined + -

— Temperature of Air Flow

' outside " Schedule
& other | iC
— Rel. Humidity of Air Flow ————————— Please, enter the temperature of the wentilation air low.
& outside
 ather

QK I Cancel | oK I Cancel |

Figure 78: definition of the ventilation Figure 79: definition of air flow temperature
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To model air transfer between various zones in the subdivided cavity, the user will use COUPLING function
which can be associated to any adjacent wall (common with two thermal zones) (see Figure 80)

=

Regime Data

zone valume: ‘B |nfitration |.fw Heating |L Gainz | % Humidity |
{} Iniitial ¥ alues | = -
capacitance: - 3 Ventilation |% Cooling | 5, Comfart |

Walls AN windows —————
O

| firea |Categary |

Type |&rea | Categom |utalue | g'Value

Add | Delete Add Delte

wall type: IW _3
categary: _3
geosurf: lltl I 143

q coupling air flow: K ID kgfh

e wrore: | 0 ] >

front / back: * Font ¢ Back

S~

Figure 80: Coupling function associated with adjacent walls
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The coupling statement allows the definition an air mass flow a zone receives from another zone, considered as
a heat flow from the air node (see Figure 82). The statement does not automatically define the air flow back.
The user has to introduce another coupling in another (or the same) adjacent zone.

Coupling can be defined (see Figure 81). as a constant value, a schedule

Co (e.g.: a normal ventilation rate during working hours and a reduced one
R during night and week-ends), or an input (e.g.: the air temperature in the
E ( E double facade, or the sunshine amount).
E E Coupling Air Flow [kg/h]
|~ Zone 4
\ ! ™ Constant Yalue
~
L " Input
| =~ Zone 3
U 1
i [
C — & Schedule [ssson .| soccuP . [BERON
U 1
U
\ —E—— Zone 2
! ! Air o ko the zone with the adjacent or boundary lemperature.
i Pleaze check the air balanze.
|~ Zone 1 : - ; :
; a | Mo automatic copying into the adjacent zone iz perfarmed.
U 1

1
j . . Ok, I Cancel |

Ventilation function
Figure 81: definition of coupling air flow
Coupling function
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Figure 82: coupling between zones of a double facade
The convective heat transfer coefficient h, that is associated to the glass facades of the ventilated double facade
can vary according to the air flow. This one becomes an input which controls the h, value.

Natural convection.

To simulate natural convection in the cavity, the user needs the air flow model: COMIS coupled with TRNSYS
or TRNFLOW. They allow the evaluation of air flow through various natural air openings: windows, doors,
cracks, window joints and shafts.

To evaluate the air flows in the building, COMIS / TRNFLOW takes into account two driving forces: wind
pressure and buoyancy.

» Wind pressure

The wind pressure on a facade is defined as the difference between the local pressure on the surface and the
static pressure in the undisturbed wind on the same height. It is calculated according to this equation:

Ap,, =C, g(vof

where:
Ap,, = wind pressure [Pa]

Cp = wind pressure coefficient [-]
Vo  =reference wind velocity at building location and reference height [m/s]
p = air density [kg/m3]

For each external node defined, at least one averaged Cp-values has to be introduced. But a set of Cp-values
for as many wind directions as desired can be defined (see Figure 83). At least one external node per facade
is necessary, but dividing the facade in smaller elements will be more accurate (so far that accurate Cp-values
are available, which is not evident!).

External Node Manager

— External Node Types

+ reference height of Cp-values: _ m Definition of wind direction
.ﬁ g p

wind direction angle wind pressure coefficierts Cp

external nodes

Cancel |

Figure 83 Introduction of Cp values in PREBID for TRNFLOW
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Note: in some software (TAS for example), some default Cp values are available for various building
configurations. That is not the case in TRNFLOW The user has to define all Cp values by himself, using

tables, measurements, ...

The reference wind velocity v, is calculated according to the meteo wind velocity Vv, given in a meteo

data file. Indeed, location and pylon height of the meteo station usually don’t correspond to building location
and building reference height. The calculation takes into account the reference height and the height of the
building, as well as the roughness of the terrain.

The roughness of the terrain is specified through a value QU called "wind velocity profile exponent". It can be
defined for various wind directions (see Figure 84).

Definition of the air flow network for detailed calculation with TRNFlow

Caution; Only OME connected network can be defined |

=101

Add

Frann-Height Ta-Height
0.00

Del

Wind velocity profile

MNa | direction angle | velocity expot.

Add Del

From-Node

height of link. rel. to _m
"From-Mode':

lirk, bex

To-Hode

height of link rel. to _m
"To-Mode™:

fan speed factor:

|2 IS: 1*50CCUR

wind direction angle:

wind velocity exponent of )
building location: -

Definition of Pollutants

Definition of add. TRMFlow commands

Figure 84 Introduction of wind velocity profile in PREBID for TRNFLOW (on the right part of the screen).

» Buoyancy

Not only wind effect, but also buoyancy resulting from temperature and air composition differences, is taken
into account. Therefore the vertical position of the nodes and links must be given. In Figure 85, a link
between an external node and a thermal zone is shown.

PL1

h

External

L1

gy

Zy

Building reference level

Figure 85 Definition of zone and link pressure

The user has to characterise the openings:

- the type of opening,
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- The width and the height of the totally opened window/door,

- The discharge coefficient (C4 -value) of the completely closed and the completely opened opening. It is the
ratio between the actual flow rate through the opening and the theoretical flow rate calculated with the
Bernoulli equation. This value is depending on the shape of the opening edges, the geometry of the
opening, and on the surrounding conditions on both sides of the opening. TRNFLOW is able to calculate
the Cd-value for some window types in certain situations depending on the actual condition during the run.
For the other situations Cq4 values can be found in literature,

- The crack characteristics of the closed opening.

- The "own height factor" (see Figure 86) which allows to define slanted windows. It is the cosine of the
angle between the opening plane and the vertical plane. A value of one means the opening is in a vertical
wall and a value of zero means the opening is in a horizontal ceiling or floor.

Large Opening Type Manager

N

( -] large opening type:  (RREIIAN]

deseiptions [FENETRE ENTRE FEZET DOUBLE FEAL

— Category of opening

& casement window./door or sliding window/door

 top &+ bottam ' middle  side and for vertical axis

" battorn hinged sash windaw/door

mas. width of opening:

max. height of opening:

OPEMN

opening factor 2 I—.I i dizcharge coefficient Cd 2
[completely opened): [completely opened):

~ For closed opening

opening factor 1 I—D i dizcharge cosfficient Cd 1 _ )
[completely closed): [completely closed):

flowe coefficient CS_ _ kgtz/m at 1Pa flows ewponent r:
per m crack length:

extra crack length: _ m

Ok, I Canecel |

Figure 86 Definition of the opening characteristics

User also commands the openings through the "opening factor". It varies between 0 (which means the aperture
is closed) and 1 (which means the door or window is fully opened). A value in between means the opening is
partly opened.

It can be defined (see Figure 87) as a constant value (e.g. for a permanently opened aperture), as a schedule (e.g.
for a window opened during working hours and closed during night and week-ends), or as an input. This allows
the user to control the openings of the cavity according to one or various other values (e.g. building temperature,
cavity temperature, outside temperature, sunshine amount, previous day maximal temperature, time of the
day...).
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Definition of the air flow network for detailed calculation with TRNFlow [ S
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Figure 87 Definition of the opening factor, defining how the opening is managed

The convective heat transfer coefficient h, which is associated to the glass facades of the double facade can vary
according to the air flow. This one becomes an input which controls the h, value.

8.4.4 Simulation of the building and HVAC systems

TRNSYS offers the possibility to model the ventilation, the heating and cooling of the building. With COMIS or
TRNFLOW, the air duct system can also be modelled (air inlets, outlets, ducts and fans).

As the facade, divided or not in various zones, is a part of the building, it can be connected with its HVAC
installations.

Here some examples of interaction between the building and the ventilated double facade:

» The double facade is ventilated with outside air. That air, which is partly heated when sun shines, is
afterwards used to ventilate the rooms (see Figure 88).
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Hygienic air pulsed

f—l_'> - mechanically into rooms

%Q@@@

Figure 88 Hygienic air is preheated in the double facade
and pulsed mechanically into the rooms

» The double facade is ventilated with vitiated air extracted from the rooms. Before being thrown outside that
air passes through a heat exchanger which pre-heats the hygienic air (see Figure 89).

Hygienic air
Hygienic air pulsed

kﬁ =) mechanically into

rooms

Vitiated air '
Offices Offices

1
wOfﬁces Offices
1
1
WOffices
1
wOfﬁces Offices
|
1
VOffices Offices

Figure 89 Vitiated air from rooms extracted through the double facade
preheats the hygienic air via a heat exchanger

Offices

Coflridors

As COMIS/TRNFLOW allows studying natural ventilation in the double facade, it also allows studying natural
ventilation of the entire building. This is a common case as the double facade can ease natural ventilation of the
building, acting as a stack. Indeed, TRNFLOW allows modelling openings between the double facade and the
building.

Example:
» Rooms on one facade are ventilated directly with outside air through windows. The fresh air is transferred
to the rooms opposite and then extracted through the double facade (see Figure 90).
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Figure 90 Natural ventilation of a building

8.4.5 Simulation of control systems and control strategies

Thanks to the modular system of TRNSYS, any control strategy can be modelled. User can control window
openings, mechanical ventilation, fans, sun shadings, or any other building or system component according to
any value: sunshine amount, outside or inside temperature, air flow, wind speed, wind direction,...

Moreover, with the possibility to use any equation, user can also control these components according to various
values (e.g. the sunshine amount AND the air temperature inside the double facade).

Examples:
» The sun protection can be controlled according to the sunshine amount and the temperature inside the
double facade.
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Figure 91 Natural ventilation of a building
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8.4.6 Examples of simulations

8.4.6.1 Comparison of various running modes of a ventilated double facade

The building modelled comprises 5 levels of offices. The two main facades face north and south. The ventilated
double facade faces south and is modelled by a single thermal zone. It has a single pane glass on the outside side
and a low-e double pane glass on the inside side (U=1.7 W/m>.K, g=0.6).

Note that it would be better to divide the whole cavity in several zones (as shown in the next section) but the aim
of the following examples is just to show that it is possible to compare different strategies of ventilation.

Different strategies of ventilation are compared:

» It is not ventilated Hygienic air pulsed

k’ mmm) mechanically into

The double facade is always closed and there is no rooms
interaction between it and the building.

. . . . . jenic air pulsed

» It is ventilated with outside air ﬁ-’ ii'ﬁ;'ﬁ;'ﬁy"iff
The bottom of the double facade is open. The air rooms
extracted at the top is partly preheated when sun is
shining. It is used to ventilate the offices.

» It is ventilated with air from offices Hygienic air
Hygienic air pulsed

The double facade is ventilated with air taken k%- mechanically into

from the adjacent offices. The air extracted rooms
from the double skin facade is going to a heat Vitiated air :
exchanger, which preheats the hygienic air.

Offices Offices

The heat exchanger is not modelled with the | Joffices Offices

&

building in Prebid but in IIsiBat. It is a specific !
module (Type 91) "|.jomces g Offices
Offices Offices
"IJOffices Offices
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Figure 92: building with heat exchanger model in IIsiBat
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These 3 ways of running a double skin facade have been compared to the same building with no double facade.

As showed on
sunshine level.
with offices air

Figure 93, the temperature in the double facade varies with the outside temperature and the
It is usually lower when the cavity is ventilated with outside air instead of closed or ventilated
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Figure 93: Temperature in the double facade according to the way it is running
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8.4.6.2 Comparison of various numbers of zones to
m0d€‘| a dOUb|e facade Hygienic air pulsed

fﬁ\> mmm) mechanically into rooms

The building modelled comprises 5 levels of offices. The two

main facades face north and south. The double facade faces south
and has a single pane glass on the outside side and a low-e double f
pane glass on the inside side (U=1.7 W/m2K, g=0.6). It is
ventilated with outside air when the building is occupied. The i
preheated air is used for hygienic ventilation of offices. o
The cavity is successively modelled by 1, 5 and 10 zones (see I
figure 86). /]
| Offices Offices | Offices Offices " Offices Offices
| i
1 | 1y
| Offices Offices | Offices Offices Bl Offices Offices
| | 1y
| o
1 | 1y
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| Offices Offices | Offices Offices | Offices Offices
| y i
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Figure 86: Cavity modelled successively by 1, 5 and 10 zones.

Different positions of the shading devices (placed in the cavity) (see Figure 94): against the external face,
against the internal face, and in the middle of the cavity (only with the 10 zones model).

© Q o

S
s
s

Figure 94: Various stores modelled: against the external facade,
against the internal facade, and in the middle of the cavity

The position of the shading device (screen) is monitored according to the incident horizontal global solar
radiation (down if Iy,>250 kJ/hm?).

Let’s compare the evolution of the total thermal demand (demand for air preparation and room demand) for a
central office located against the double facade with the blind location when the number of cavity zones varies
(see Figure 95).
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Annual thermal demand for a central office
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Figure 95: comparison of thermal demand for different positions of the shading devices, for various models.

Let’s compare now the total thermal demand between the various models for each blind location.

Annual thermal demand for an office
100
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90 | T |
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50 4

40 {

30 4

Thermal demand [kWh/m2.an]
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Without blind Blind against internal Blind in the middle of the Blind againts external
facade cavity facade

Figure 96: comparison of thermal demand for an office for various models.

When there is no blind, the model answer is quite similar for 5 and ten zones, but differs of around 25% from the
answer with a “1 zone” model.

With an external blind, answers are similar for 1, 5 or 10 zones.

And with an internal blind, answers vary a lot, up to 25% according to the number of thermal zones in the cavity.

These figures show that the number of zones can lead to different results. A more detailed analysis must be
performed to explain the impact of the vertical and horizontal subdivisions (impact of the modelling of the
fictive vertical window, etc.)

Let’s have a look at the temperatures in the double facade and in an office with a blind located against the
external facade.

The air temperature of a central office is consistent between the “1 zone” and the “5 zones” models. It is a little
bit lower with the “10 zones” model (up to 1,5 degree for the first week of September) (see Figure 97). This
shows that a part of the solar radiations that should come into the office is stopped by the fictive vertical
window.
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Air temperatures in a central office for various models - first week of september
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Figure 97: comparison of the air temperature in a central office for various models.
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8.5 ESP-r SOFTWARE

8.5.1 General software information

History

ESP-r is an Open Source program, developed by the Energy Systems Research Unit at the University of
Strathclyde with inputs from many other organisations. It has been developed over a 28 year period, with
funding from the UK’s Engineering and Physical Sciences Research Council and the R&D Framework
Programmes of the European Commission.

It is available by download from ESRU’s website (http://www.esru.strath.ac.uk). Other information (tutorials,
exercises, documentation, upgrade notes etc) can also be found on the website.

Overview
A key design aim of ESP-r is to provide a detailed dynamic integrated simulation of a building and its systems,
as shown in Figure 98.
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occupant comfort
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environmental impact
energy use and efficiency
life cycle analysis
integrated performance views
eport production

Figure 98: ESP-r system

Another important aspect of ESP-r’s design — of importance in the modelling of double facades where
integration of the thermal, lighting and ventilation performance is key — is that it is possible to model at different
levels of resolution. For example, with respect to the airflow, it is possible:

a) to specify scheduled infiltration and ventilation rates into the various thermal zones;

b) to include an airflow network to calculate the inter-zonal bulk airflows (integrated with the thermal

simulation);

¢) to include a CFD domain to study intra-zonal airflow within one or more of the thermal zones.
It is generally recommended that a user starts with a relatively simple model and progressively adds additional
resolution.

Prog ram structure

In use, the user defines the model in the Project Manager. The resulting model is passed to the simulator which
stores results in one or more results databases (depending on which domains are included in the model).
Performance data in tabular or graphical form, as well as summary performance metrics, can then be studied in
the results module.

Theory
ESP-r is a transient energy simulation program based on the finite volume technique. It is capable of modelling
the energy and fluid flows within combined building and plant systems when constrained by control actions and

CITMYAl Report on simulations of the energy performances



http://www.esru.strath.ac.uk/

subject to dynamically varying boundary conditions. By default, the Crank-Nicolson formulation for mixed
explicit/implicit finite differences is used (although the user can change this from fully explicit to fully implicit
solutions). The user can specify simulation timesteps up to a maximum of hourly and there are options for
timestep control to increase resolution where needed. Full details of the underlying theory can be found in Clarke
(2002).

In general use, one or more zones within a building are defined in terms of geometry, construction and usage
profiles. The zones are then interlocked to form a building, in whole or in part. An important feature of ESP-r is
that the zones are defined as a full 3-D representation: this aids visualisation and allows more accurate radiation
processing. Following the building description, the leakage distribution is optionally defined to enable integrated
airflow simulation. The plant network can then be defined by connecting individual components and this
network connected to the building. The complete model is then passed to the Simulator and subject to simulation
processing against user-defined climate, user-defined simulation period and user-defined control. The
development of the model is achieved interactively with the aid of pre-existing databases. The simulation and
results recovery components can be undertaken either interactively or can be automated.

In the thermal, airflow and lighting domains, of interest here, all heat and mass transfer processes are treated and
solved simultaneously at each timestep of the simulation, as indicated in Figure 99.
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Figure 99: Flowpath diagram for dynamic thermal processes in a double-skin facade

The following sets out how the various heat and mass transfer processes and related systems of interest in double
facade modelling are modelled. Some capabilities of ESP-r are therefore not covered (e.g. moisture transfer,
plant systems, power flow). The terms “finite volumes” and “nodes” are synonymous.

Conduction: By default, nodes are assigned to each layer in a construction at the centre and boundary of the
layer, giving (2n+1) nodes per construction, where n is the number of layers. Each layer is attributed with
thickness and the material thermophysical properties of conductivity, density and specific heat. A finite
difference method is used to solve the conductive heat transfer process, including thermal storage. Both opaque
and transparent constructions are modelled in the same way, except that there is the additional possibility of
nodal absorption of solar radiation in the case of transparent constructions. For opaque constructions, the solar
radiation is absorbed at the surface node.

It is also possible to change the nodal distribution and to include 2-D and 3-D conduction paths at selected points
in the model for calculation of thermal bridge effects, but this facility is rarely used in practice.
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Convection: The internal surface convective transfer process is particularly important in double facades and
much attention has been focussed on this in recent research. By default, the Alamdari and Hammond correlations
for buoyancy-driven convection are assigned for each internal surface. However, users can select a large range of
alternative correlations, which are likely to be more appropriate for flow in channels such as occur in double
facades and for forced convection. For example, it is possible to select correlations developed specifically for
channel flow such as Bar-cohen and Rohsenow, and Molina and Maestre equations. It is also possible to control
which correlations are used.

External convection coefficients are calculated by default based on empirical relationship between wind speed,
wind direction and surface orientation. They can also be specified by the user.

Short-wave (solar) radiation: Direct and diffuse radiation, taken from the hourly climate database, are treated
separately. Sub-hour climate data can be used if available via the temporal database facility.

A separate module can be invoked from the Project Manager to undertake a shading and insolation analysis, with
obstructions defined as appropriate (e.g. remote shading due to surrounding buildings or overhangs and fins on
the fagade). A grid is set up on external surfaces and calculations based on ray projections from the sun used to
determine if the grid points are shaded, for each hour of the day for one day of each month. Shading fractions are
then calculated and stored in a shading database for use during the simulation. An optional insolation analysis
can also be undertaken extending the ray projections on unshaded grid points on transparent surfaces to
determine which internal surfaces are insolated (again for each hour of the day for one day of each month) by
direct radiation. The fractions of incoming direct radiation for each internal surface are then stored in the
shading/insolation database for use during the simulation.

An optical database is available containing the transmittance and layer absorptances for different glazing
systems, at incident angles of normal, 40°, 55°, 70° and 80° (linear interpolation is used between these values).
New glazing systems can be added using automatic import from the Window 5 program of LBL, or from WIS
(an automatic import option from WIS is currently being added). A transparent construction in the construction
database (containing the thermophysical properties of the glazing) is associated with the appropriate entry in the
optical database.

During simulation, the solar processor calculates the incident direct and diffuse radiation on all external surfaces
at each time row. An anisotropic diffuse sky model is used, by default the Perez model, but users can select
alternatives. Ground reflection depends on the user-specified ground albedo (by default 0.2). For opaque
surfaces, the construction absorptance is used to determine the absorbed direct plus diffuse solar radiation at the
finite volume representing the surface. For transparent surfaces, the optical data is used to determine the direct
and diffuse solar radiation absorbed in each finite volume representing the transparent construction.

The transmitted radiation is then processed; firstly, the direct radiation which is distributed according to data in
the shading/insolation database (or by user specified fractions if such a database does not exist, with diffuse
distribution by default). The absorbed radiation is then calculated for each directly insolated internal surface
depending on its absorptivity. In the case of transparent surfaces, the solar radiation is processed in the same way
as for radiation entering from the outside (i.e. solar absorbed at each node in the construction with transmitted
radiation either passed as direct radiation to the adjacent zone or lost to the outside of the building). Directional
properties of the direct radiation are lost after the first zone. Radiation reflected is summed and added to the
diffuse reflected component.

Transmitted diffuse radiation is handled in a similar way. The radiation entering the zone is distributed to other
surfaces according to area and absorptivity (except for the surfaces in the same plane as the glazing through
which the radiation entered). The reflected radiation, summed with the direct reflected component is then
distributed in a similar way, according to the area and absorptivity of all surfaces in the zone. This procedure
iterates until all radiation is accounted for.

It is also possible to create a file of bi-directional data. ESP-r can process this, dealing with separate knowledge
of surface-to-solar altitude and surface-to-solar azimuth to calculate by 2-dimensional linear interpolation the
appropriate transmittances and absorptances. This is useful for accurate modelling of non-homogeneous glazing
systems (e.g. Venetian blind systems), but in practice the required input data is rarely available.
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Longwave radiation: By default, for internal longwave exchange, explicit surface-pair linearised radiation
coefficients are used, with viewfactors based on area weighting. The radiation coefficients at each timestep are a
function of temperatures, viewfactors, surface areas and emissivities. Another module can be optionally invoked
which calculates view factors more accurately — either by analytical solution in the case of simple rectangular
zones, or by ray tracing for more complex geometries.

For external longwave radiation, ESP-r considers the external viewfactors to sky, other buildings and ground.
Currently these viewfactors are constant for all external vertical surfaces. They are specified as part of the
“model context” as a function of user-specified site. Sky temperature is based on the Berdahl and Martin
algorithm (although the user can change this to various alternatives) with cloud cover estimated from direct and
diffuse radiation and relative humidity. The temperature of other buildings is considered to be the same
temperature as the external surface being considered. Ground surface temperature is calculated based on a simple
nodal model using one of the existing profiles or a user-specified profile of monthly ground temperatures.

Internal gains: Users can specify a time schedule of casual gains for each zone, split by radiative/convective
fractions, by sensible/latent fractions, and by source (lights, occupants and equipment).

Air flow: It is possible to schedule air change rates to zones with limited control possibilities based on
temperature, but for double fagade modelling it is more appropriate to use ESP-r’s integrated inter-zone airflow
network for bulk airflows through the double facade and associated building. In this scheme, the user specifies a
leakage network consisting of a number of internal and external nodes connected by a variety of airflow
‘components’ such as openings, cracks, fans etc. The full network is solved at each timestep depending on
control conditions of the various openings. Flows are calculated as a function of wind-induced pressure
differences and buoyancy-induced pressure differences.

CFD: One or more zones in a building can be associated with a 3-D CFD domain. The space can be gridded
(limited to cuboidal spaces at present, but with blockages added if necessary). CFD simulation can be done in
conjunction with the remainder of the whole building simulation in order to calculate the detailed zone
temperature and air flow distribution. This is usually done only at predefined points in the simulation, due to
simulation time constraints. There are several possibilities for linking the CFD domain to the rest of the building
simulation. The main linking mechanisms, at each timestep, are
=  Thermal 1: The Simulator establishes surface temperatures and the CFD module invoked. Air-surface
heat transfer is determined from the CFD module flow and temperature fields using wall functions.
Surface-averaged film coefficients are then passed back to the Simulator for solution of air, surface and
inter-constructional temperatures.
= Thermal 2: As above but the CFD module is used to calculate the zone average air-point temperature as
well as the calculated convective fluxes, which are passed to and used by the Simulator. The CFD and
building thermal domains iterate at the same timestep.
= Mass flow: a single airflow network node is replaced by a CFD domain. The network flow model
establishes airflow and temperature boundary conditions which are passed to the CFD module.
Predicted airflows are then passed to the network air flow solver. The CFD, building thermal and
airflow network can all be integrated and solved iteratively at the same timestep.

Other features of ESP-r’s CFD module are:

=  Finite volume, 3-D Cartesian staggered grid.

= Solver: SIMPLEC pressure-correction method.

= Turbulence models: k-e model (fully turbulent flows) and zero-equation model (natural convection with
infiltration, forced convection and mixed convection with displacement ventilation)

®  Wall functions: Log-law; Yuan et al (buoyancy-driven flow over vertical walls) and replacement with
empirical convective heat transfer correlations

= Ability to provide CFD determined convection co-efficient to the building simulator

= Ability to distinguish between natural, forced & mixed flow regimes and select appropriate near wall
treatment, based upon a comparison of the Grashof and Reynolds numbers

= Ability to check when conditions are such that CFD is likely to be incapable of providing accurate
results (e.g. weak turbulence conditions) and switch to using traditional correlations for heat transfer.

Heating and cooling plant: Specification of plant systems is not covered here. For most double fagade studies, it
is sufficient to use ESP-r’s ideal heating/cooling control definition. Here maximum and minimum heating and
cooling fluxes can be specified for each zone, together with sensor locations (air temperature, surface
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temperature or intra-constructional temperature), actuator locations (e.g. heating/cooling injections to the zone
air, zone surface or intra-constructional node), setpoints etc. Several control laws are available relating the
sensed condition to the flux injections (ideal control, proportional control, fixed heat injections etc).

Lighting: The simplest method for modelling daylight/thermal interaction in ESP-r is the definition of casual
gain control. ESP-r calculates illuminance levels at user-specified points based on the split-flux method. The
lighting gains can then be controlled as a function of the illuminance level according to a range of light switching
models (on/off, proportional, etc).

However, a more detailed analysis may be required for daylight-responsive buildings such as those with double
facades. In this case, an accurate prediction of the time varying internal illuminance distribution against temporal
events such as blind movement and sky luminance changes is required. Two modelling approaches have been
developed in ESP-r with links to radiance.

The first approach is based on the direct linkage of the ESP-r and RADIANCE systems, with the former system
providing the overall supervisory control at simulation time as shown in Figure 100. A separate RADIANCE
desktop module is called from the Project Manager which takes ESP-r’s geometry, attributes it with lighting
properties such as surface reflectivities, and sets up the parameters for a lighting simulation.

ESP-r RADIANCE
Climate parameters: sun
position, solar iradiance, ele. P Sky model
Zone parameters: blind position,
glazing transmittance, etc. P\ indow model
Energy simulation interrupted [nternal
illuminance
Energy simualation proceedsof=— distribution

Photocell actuation and
[uminaire control

Power consumption
and internal heat gains

Figure 100: ESP-r-RADIANCE interactions at timestep level

At each simulation time-step, ESP-r’s luminaire control algorithm initiates the daylight simulation, passing
model parameters such as shading device position to RADIANCE. RADIANCE then carries out several tasks as
follows: (1) transfer of data defining current climate and zone state; (2) generation of sky model; (3) calculation
of internal illuminance for defined sensor locations; (4) transfer back of illuminance data to luminaire controller.
The returned data are then used to determine, as a function of the active control algorithm, the luminaire status
and hence the casual gain associated with lights at the current time-step.

A second approach, which reduces the computationally demanding nature of the direct coupling method,
involves the re-use of already calculated data. This method makes use of daylight coefficients. These are
calculated by RADIANCE at the start of the simulation for each sensor point and blind position. Then, at each
simulation timestep, the complex internal illuminance distribution can be determined by simple multiplications
and additions. The method is detailed in Janak and Macdonald (1999).

Control: The following control options are available (all of which can be scheduled, i.e., different controls can be
applied at different times):
Heating and cooling fluxes: see the paragraph on heating and cooling plant above.
Lighting: heat gains from lighting can be controlled on the basis of calculated lux levels at user-
defined locations. See the paragraph on lighting above.
Optical properties: the optical properties can be replaced by an alternative set depending on some
sensed condition (e.g. radiation levels, internal or external air temperature).
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Thermophysical properties: the thermophysical properties of a construction can be replaced by an
alternative set depending on some sensed condition (e.g. radiation levels, internal or external air
temperature). This can be done in conjunction with changing the optical properties to represent, for
example, insulated blinds and shutters opening and closing.

Airflow: Airflow connections can be controlled based on a large range of sensed conditions with
either on/off control, proportional control or range-based control. Complex control strategies are
possible with, for example, windows being closed if winds are above a certain speed and external air
temperature below a certain setpoint and internal temperatures below a certain setpoint.

Convection coefficients: An adaptive convection controller has been implemented in ESP-r that
assigns appropriate correlations depending on the type of flow (buoyancy-driven, mechanically-driven
or mixed). Control is enabled to switch between correlations depending on whether the HVAC plant is
on or off. Details of the methods implemented can be found in Beausoleil-Morrison (2000).

General Procedure for Setting up a Model
The main steps in setting up a model for double facade studies are set out here. Specific details are given in later
sections.

1. Analyse the design problem in hand and decide on the performance features to be appraised by the simulation
program ESP-r. In the case of double facades, these may include zone comfort levels, airflow rates, energy
consumption, condensation risk, the consequences of alternative design options assessed, or testing various
control alternatives. This is an important task since it will influence the time and expense incurred thereafter.

2. Decide on the minimum number of building zones which will yield the performance measures required.
Avoid, in the first instance, any attempt to simulate large, complex building/plant systems. It is, of course,
possible to undertake such an exercise, but only at the expense of significant time increase for data preparation
and analysis. Very often, good design insight can be obtained from simulations directed at portions of the overall
system. In ESP-r terminology, the final system for simulation, irrespective of size or composition, is termed the
system configuration, and the high level model description is held in the configuration file.

3. A basic computer model must now be created via the Project Manager. The underlying procedure is as

follows.

a) Enter contextual information such as building location, year of analysis etc. The user is encouraged to
maintain a log of the building model assumptions and can associate images with the model.

b) Establish the databases. For double facades, the following databases should be checked, with additional
entries added if necessary: climate, material properties, constructions, optical properties and pressure
coefficients.

c) Create the geometry of the thermal zones, either from dimension input or 3-D coordinate input. Input from
CAD packages is possible but not generally recommended.

d) Attribute the thermal zones and the links between them in terms of constructions and boundary conditions.

e) Enter internal gains and design air change rates in the operations section. Each thermal zone has three
mandatory files describing the geometry, the constructions and the operations.

f) Enter the control information for the idealised heating and cooling plant, including definition of the location
of sensors and actuators.

The Project Manager provides an interactive dialogue and validity checking of user inputs. It is also possible to

display a QA report listing the essential features of the model.

4. At this stage, it is suggested that a short period simulation is done in order to check correct functioning of the
model. Interactive simulation should be chosen and a short-period simulation undertaken, driven by the
simulation module, with results (with user-selectable level of detail) stored in a results file. The results module
should then be started to undertake a graphical check on predicted temperatures/fluxes etc.

5. Additional model detail can now be added. The following may be important in the case of double facades:

a) A shading/insolation analysis to determine shading factors on all external surfaces arising from fagade-
mounted and remote shading blocks, and internal solar insolation distribution (taking into account any
shading on the glazing) for each glazing.

b) An internal inter-surface viewfactor calculation for accurate viewfactors for longwave radiation calculations.

¢) An airflow network to describe the leakage distribution for combined thermal/airflow modelling. The
calculated airflows supersede those entered in the operations description. Control information for the airflow
network can be added to allow opening/closing of windows, fan switching etc.
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d) Casual gain control file in the case of controlled lighting systems based on the availability of daylight.

e) A convection coefficients file. By default, ESP-r assumes buoyancy-driven surface convection but many
alternatives are available depending on the flow regime.

f) Blind control can be established in the definition of the construction details. It is possible to switch just
optical properties (e.g. electrochromic glazing) or both thermophysical and optical properties (e.g. an
insulated blind).

g) A CFD domain in which 3-D gridding and related parameters are specified in support of a stand-alone or
combined CFD simulation.

h) Addition of short-timestep measured data can be added through the temporal database module: this could be
climate data, measured temperatures, measured internal gains etc.

i) Addition of new technologies such as phase change materials and photovoltaic modules can be added
through the “special material” definition.

j)  Addition of a plant network, by specifying each component and its connections to other components and to
the building model.

Each of these optional functions can be included via the Project Manager. The key consideration is to avoid

complexity where possible, starting with a simple model and adding to the model resolution incrementally.

6. Simulations can now be run on the created model. It is recommended that the climate dataset is analysed first
(using the climate module accessible from the Project Manager) to identify typical sequences and design days, in
order to provide boundary conditions which best stress the performance attribute to be tested. The Results
Module can then be used to analyse the performance data, either graphically, in tabular form (either internally or
externally by data export) or in summary form. Additional information on energy balances and detailed flux
breakdowns can help to understand cause and effect relationships implied by the energy flowpath magnitudes
and directions.

7. Appropriate design modification can now be implemented via the Project Manager by editing the model. In
this way constructions can be changed, operational schemes modified, shading devices added or removed, and so
on.

8.5.2 Outdoor climate and other context data

The location of the building must be specified. The items required (in the “context” menu of the project
manager) are in the Table 13 :

Latitude Degrees (positive in northern hemisphere, negative
in southern hemisphere)

Degrees (positive if east of meridian, negative if
west)

Longitude difference from local meridian

Choose from menu — the choice will affect
external viewfactors (sky/buildings/ground) for
external longwave exchange calculations

Site exposure

Ground temperature Average monthly temperatures (°C)

Table 13: Building model context data

The climate parameters required are hourly averages. The first data for each day is the data for hour 1 (which
could be a spot value or the hourly average from 00:30 to 01:30). Several climate datasets are provided with the
ESP-r distribution for the UK and elsewhere. It is also possible to import measured data and data from the
extensive climate datasets held on the UsS Department of  Energy website
(http://www.eere.energy.gov/buildings/energyplus/weatherdata.html) held in EPW format. Table 14 indicates the
required data.

Global horizontal or direct normal solar radiation

A flag in the climate file indicates which is provided in
the climate file. Units: W/m®

Diffuse horizontal solar radiation

Units: W/m?

External dry-bulb temperature

Units: °C

Wind speed Units: m/s. Usually measured at 10m above ground
Wind direction Units: degrees clockwise from North
Relative humidity Units: %

Table 14: Climate data requirements
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If climate data is available at sub-hour frequencies (e.g. 5 minutely data), it is possible to import the data into the
“temporal database” accessed in the Project Manager in the model context section.

8.5.3 Simulation of a ventilated double facade

8.5.3.1 General methodology

The modelling of double facades is particularly complex because of the high degree of interaction between the
many heat and mass transfer processes. The following gives some general guidance on modelling the facades,
but it should be remembered that some aspects where there is uncertainty (e.g. selection of appropriate
convection correlations, discharge coefficients, and wind pressure coefficients) may have a significant impact on
the predictions.

There are many possible configurations of double facades, with different widths and heights relative to the rooms
in the building, forced and naturally ventilated, different shading and control options etc. The following shows
how the thermal zones can be defined.

Regarding a single-storey type double-skin facade, a model should consist of at least one repeating section of
the double facade and adjoining internal perimeter zone:

— X1 | with shading
No shading (two cavity zones
required)
”

In a corridor type double-skin facade, the repeating section becomes either a floor of the building or part of it:

-
Z
/ e /
No shading | With shading
(two cavity zones required)

In a multi-storey type facade it is necessary to represent the full-height of the facade and perimeter storeys to
account for the stack effect. Also wind effects become apparent over large heights.

// /, //§,
/ // ; ////
L1 H Z
;/// / L1 { /
/%o shading -~ i With shading
/ P (two cavity zones

required per floor)
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An example of zoning for the case where there is airflow through the double facade over several storeys can be
seen in the Figure 101 (from Hensen et al 2002). The model formed in ESP-r is shown in the bottom right of this
figure.

transmitted
direct solar "
" radiation air flow
J opening
! 3
external
}. A ~~Tonvection ..
| winidaw air node
1Y . internal
i <> conduction :‘\ longwave ? |
] radiation ] lr!tamal
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| ai transmitted node
i ol diffuse solar |
transmitted ey radiation
i diffuse solar
| internal {_radiation extormial
long -, longwave air flow
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adjacent 2 convection
_____________ space adjacent ]
air node S 1 — 0
-~ | convaction | 5 i
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Figure 101: Example of zoning for double fagade (from Hensen et al 2002).

8.5.3.2 Facade layers

Opaque constructions

As described above, the constructional materials (thermophysical properties) and constructions (materials and
thickness) should be specified in the appropriate databases. Then each surface in the model is associated with a

construction and a boundary condition. This is found in the “surface attribute” section of the Project Manager
(see Figure 102).
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* | Project Manager: enquiries to esrud strath.ac.uk

Surfaces in gereral

MName Compozition Facing
a door door manager
b pt_mgrs gup_gyp_pth  manager
c pt_rec_a gup_gup_pth  reception
d fict_rec fict recept ion
e pt_core_a gup_blk_ptn SIMILAR
f fire_door door SIMILAR
g ceiling ceiling ceil_woid
h floor susp_flr_re SIMILAR
i spandral extern_wall EHTERIOR
J went insul_frame EHXTERIOR
k frans insul_frame EXTERIOR
1 glazing dbl gl= EXTERIOR
m part_frame insul_frame manager
n part_glaz dbl_gl= manager
o spandral_a extern_wall EXTERIOR
P ovent_a insul_frame EXTERIOR
q framne_a insul_frame EXKTERIOR
r glazing a dhl gl=z EXTERIOR
= spandral_b extern_wall EXRTERIOR
t vent_b insul_frame ERTERIOR
u frame_b insul_frame EXTERIOR
v glazing b dbl_gl= EHTERIOR
w spandral_c  extern_wall EXHTERIOR
® vent_o insul_frame EXTERIOR
y framne_c insul_frame EXTERIOR
z glazing_ o dbl gl= EXTERIOR
le1eu] [5] [a] [e=i] [4[¢] image of | O page -—- part: 1 of 2

26 5,32 90, 0, glazing_c TRAM YERT chl_gl= |14 external|| * attribute mang

27 2,20 90, 0, spandral_d OPAQ VERT extern_wall 11< external|| * help

28 0,40 90, 0, vent_d OPAL YERT insul_frame |1< external [ - exit

29 0,98 90, 0, frame_d OPAL YVERT insul_frame |1< external

30 5,32 90, 0, glazing_d TRAN YERT dbl_glz 11< external

31 18,60 0, 90, desk_top OPAD CEIL door 1€ adisbatic

32 18,60 0, -80, desk_base OPAL FLOR door 11< adishatic

Select surfaceis) to attribute, @‘
copgright

Figure 102 : Screen shot of surface attribution in ESP-r’s Project Manager

Transparent constructions

The glazing constructions are represented in ESP-r similarly to any other construction, but declared as
transparent with associated optical properties. So, for example, if the inner glazing is double-glazed, the
appropriate double glazing would be defined as a 3-layer system (glass-air-glass) in the construction database
with the thermophysical properties (conductivity, density and specific heat) of glass obtained from the materials
database. The optical properties required by ESP-r are the system transmission and the absorption of the

individual layers. These are held at 5 angles of incidence (0° - normal to glass, 40°, 55°, 70°, and 80°).

The optical data can be obtained from Window5 or WIS or from manufacturer’s catalogues.

Fictitious constructions

These are necessary to represent the fictitious boundaries between stacked zones and, for the case of two cavity
zones where blinds are placed in the centre of the double facade, between these cavity zones when the blinds are
opened. A construction should be created made of a thin “fictitious” material with high conductivity, negligible
thermal mass and high emissivity. It should be associated with optical properties of 100% transmittance and zero
absorptance. The existence of fictitious bounding surfaces will have an impact on the longwave exchange when
the blinds are up, but the errors introduced are small, particularly when accurate viewfactors are calculated.

Shading devices

Fixed shading from fagade overhangs and fins and from surrounding buildings should be modelled as obstruction
blocks (in the section of the Project Manager dealing with geometry specification). Shading from these
obstruction blocks is calculated in the shading/insolation analysis.

For movable shading associated with the double facade, the modelling will depend on the location of the
shading. It is very important to accurately depict the spatial sense of the roller blind in the double-skin facade
cavity. (Venetian blinds are dealt with in a later section.) It may be that the blinds are attached to the internal or
external skins, and this can easily be accounted for with a single zone representing the cavity. Typically
however, the blinds are located in the centre of the cavity. In that case it is necessary to split the cavity into two
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zones, with the vertical division forming the blind surface (Figure 103). Trying to represent mid-blinds by
associating them with either the internal or external glazing can result in large errors (Dickson 2004).

vAg vAg vAg¢
B“nd<]p Ql> <]p Ql> <]p Al>
< position \% \Y \Y
inside outside

Figure 103: One-storey elevation, showing different modelling methods for blind position within cavity space
(placement: inner, outer, midway)

For the case of the blinds associated with either the internal or external glazing, the blinds can be included as part
of the glazing construction, with optical properties defined for the normal state of the blinds (see control section
below for how to control blind operation).

For the case of the blind in the cavity, the blind should be defined as an independent transparent construction
with the appropriate thermophysical and optical properties defined in the database entries.

Frame

If framing losses are likely to be significant, the frames should be included as a separate surface in the model
with the effective conductivity and capacity assigned according to the framing material. It is usual to lump the
framing together as a single surface associated with each zone to avoid complexity, although where visualization
is important the individual framing bars can be included in the model.

Ventilated double facade

Once the basic geometry and constructions of the double fagade have been defined, additional modelling
resolution can be added through optional selections available in ESP-r’s Project Manager: shading and
insolation, convection and viewfactor calculations etc. (Figure 104).

Project Manager: enquiries to esru@ strath.ac.uk

Zones Definition

Project: Office nodel for network flow studies - neﬁgg{bei g'%%ggiéﬁg

Zones ... { 6 included?
a geometry & attribution
b constructions
c operation
Topology ... (106 connections?

d connections & anchors

Options ..
f =hading & insolation
z convection calculations
h  wiew factors & radiant sensors
i casual gains control
J computational fluid dynamics
k  adaptive gridding & moisture
Special components ., .,
[=] [] [ [&] image control m building-integrated renswables
26 5,32 90, 0, glazingc  TRAN VERT dbl glz 1< exter n active materials
27 2,30 90, 0, spandral_d  OPAR VERT extern_wall |1< exter o advanced optics
28 0,40 90, 0, went_d OPAD VERT insul_frame |1<{ exter
29 0,98 590, 0, frame_d OPAL VERT insul_frame |1{ exter * global tasks
30 5,322 90, 0, glazing_d TRAM VERT chl_gl=z 114 exter ? help
31 18,60 0, 90, desk_top OPAL CEIL door 1< adiab - exit this menu
32 18,60 O, -90, desk_base OPAL FLOR coor 1< adiab

Figure 104 : Screen shot of menu choice for increased resolution
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Convective heat transfer in the cavity

In ESP-r, the default internal convective coefficients are based on Alamdari and Hammond. Convective heat
transfer is particularly important in double facades and there are several options available. The options relevant
to double fagade modelling are discussed in Dickson 2004 and Leal et al (2004).

Figure 105: BBRI ventilation classification diagram

(http://www .bbri.be/activefacades/images/schema/ventilation-modes-ADE-001.jpg)

When the cavity is ventilated (as in modes 1 to 4 of Figure 105), the Bar-Cohen & Rohsenow correlation is
recommended to predict the convective heat transfer over the range of cavity aspect ratios, although recent work
in the Solvent project by Leal (2004) suggests this may not always be appropriate. When the cavity is closed (as
in mode 5 of Figure 105), the standard Alamdari and Hammond correlations are recommended as a worst case
estimate until suitable correlations are made available. Note that further work in this area is currently underway.

When the cavity is mechanically ventilated, the convection regime will be better represented by a forced
convection correlation.

Short wave radiation : transfer through the cavity

By default, all short-wave radiation entering a thermal zone is spread diffusely according to an area/absorptivity
weighting. Because solar radiation is a key energy flowpath to consider in double facades, it is strongly
recommended that the insolation distribution is calculated via the ESP-r solar tracking facility prior to
simulation, in order more accurately calculate the distribution of the direct radiation. (If there is any fixed
shading, this should be preceded by a shading analysis.) At present, the solar radiation distribution can only be
calculated for solar radiation entering through a glazing from the outside. For onward transmission to other
zones, the solar distribution can be assumed to be entirely diffuse (or the direct component can be assigned to
prescribed surfaces, such as the floor).

Long wave radiation : transfer through the cavity

As the cavity is treated as a thermal zone, the radiative heat transfer between all surfaces is calculated. By
default, the viewfactors are based on an area weighting and this is normally sufficient where surface
temperatures do not vary markedly. However, in a cavity, there may be significant surface temperature variations
and therefore it is recommended that ESP-r’s viewfactor calculations are invoked before simulation.

8.5.3.3 Ventilation in the cavity of the double facade

For cases of forced ventilation when flow rates are constant (possibly scheduled), the simplest way of specifying
the airflow is through the operations file by inputting a known air change rate. However, the options for control
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are then limited to time scheduling and to range based temperature control. In most cases an airflow network
would be more appropriate. This is specified as detailed below for natural ventilation. For mechanical
ventilation, the fan can be represented by a constant volume flow component in the airflow network (or, for
detailed studies, as a polynomial function of pressure drop against mass flow rate).

In ESP-r, an airflow network consists of a number of internal and external nodes connected by flow components.
Airflow modelling is fully integrated with the thermal side to permit the study of the combined effect of air flow
and heat transfer. The internal nodes can be linked to building zones: temperatures are then passed from the
thermal zone solver to the mass flow network, and flow rates are passed from the mass flow solver to the thermal
zones, but more nodes can be added and linked to internal or external surfaces.

Within the Project Manager, the airflow network option can be selected. The user then has to describe the model
in terms of network nodes, flow components and connections which link one node to another node by a specified
component.

To illustrate the specification of the network, the following simple example is given in Figure 106.

[] External Airflow Node

[l Iniernal Airflow Node

~A~ Airflow component
(possibly bi-directional)
~vav~ Airflow connection

(for fictitious surfaces)

~v~v~ Airflow connection
{opening — natural or

fan - mechanical)
——— Zone / Building boundan

————————————— Fictitious zone boundary

Double facade

Figure 106: Airflow network for a three storey building with double facade

Wind pressure coefficients

The surface pressure distribution is wind-induced. As usual for airflow network modelling, the boundary
conditions are specified in terms of dimensionless pressure coefficients. In the case of ESP-r, the pressure
coefficients database contains sets of these coefficients, each set comprising 16 compass values at 22.5°
intervals. Positive coefficients represent windward exposure, negative coefficients represent leeward exposure.
Available pressure coefficients are from the AIVC database. It is possible to add further sets if available from
wind tunnel tests. Pressure coefficients can also be calculated using the relationships developed in the program
CPCALC (Grosso 1992), based on wind tunnel tests, which have been integrated into ESP-r. These coefficients
require the user to specify building dimensions, plan area density, a position of the opening on the facade,
surrounding building heights and other parameters. It must be noted that there are significant uncertainties in
defining appropriate pressure coefficients as they are influenced by many factors, notably the local obstructions
and terrain.

Wind speed profile

The wind speed in the climate file is usually at a reference height of 10m. To be able to determine wind-induced
boundary pressures, it is necessary to map this wind velocity onto the surface as a function of the height and
local terrain roughness. The user can select various wind profiles within ESP-r, with the logarithmic wind profile
the most widely used. Given the uncertainty, it is advised that a cautious approach be adopted. For example, in
the case of an energy consumption and infiltration problem it is safer to use a factor giving higher wind speeds;
in the case of an air quality or overheating and ventilation problem, a factor giving a low estimate of wind
speeds should be selected.

Nodes
There are four node types available in ESP-r, but only the following two are of relevance to double fagade
modelling:
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. Internal; unknown pressure.
. Boundary; wind pressure.

Internal nodes corresponding to the thermal zones can be generated automatically. Additional internal nodes and
external nodes must then be individually specified. In the case of external nodes, a pointer to the appropriate
wind pressure coefficient set is required, as well as surface orientation (this can be obtained automatically when
associating the external node with a particular surface).

Node heights are also required for buoyancy calculations. Figure 107 indicates the height data required for nodes
and connections.

AP

reference datum

Figure 107: Height data for nodes and connections

Components

Flow components are essentially relationships for the mass flow rate as a function of pressure drop. Available
components are representative of doors, ducts, fans, windows, cracks etc. All of these are for uni-directional
flow (at a particular time in the simulation), except for a door component for which bi-directional flow is
possible. In the case of double fagade modelling the most common components are openings (to represent
windows and fictitious boundaries between zones), doors (for large vertical openings), cracks (for infiltration),
constant volume flow rate components (to represent fans). On-line help is available regarding the defining
parameters required for each component (e.g. for dimensions, discharge coefficients etc).

Connections

The connections are then specified to represent the various flow paths. For each connection, the user is prompted
for the positive and negative flow nodes and the component by which these are linked. The assignment of which
side of the connection is positive and which negative is arbitrary, but in the results analysis positive flow is taken
to be from the node representing the positive side of the connection to the node representing the negative side of
the connection. A single component can be used more than once in different flow connections

If the automatic node generation facility is not invoked for generating internal nodes then nodes representing
internal zones must be defined manually and linked with each zone. This is done via the 'Link nodes and zones'
menu option.

Results analysis

Within ESP-r there are extensive results analysis facilities ranging from graphical and tabular presentation of
flow rates, node temperatures, pressures at nodes, connections and components. Numerical results are also
available with frequency bins, values above/below some datum etc.

Airflow network for the case of a blind in the cavity
The airflow network can be represented in two ways, which give close agreement. Figure 108 shows a segment
of the overall network.
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Figure 108: Single storey facade elevations: airflow network representations for cavity ventilation

Although airflow network 1 is a closer representation of reality, the flow of air is prone to rapid fluctuations,
linked to its ability to represent back-flow, and the fact that pressure differences can sometimes be very small.
The simplified model, however, is free of such fluctuations, although it cannot account for back flow. A study
(Dickson 2004) showed that the results of the two options are similar, so the simplified network is generally
preferred. Note that it is possible to have connections representing cracks or openings through the blind, if
appropriate.

8.5.4 Simulation of the building, HVAC systems, and lighting

The thermal zones representing the double fagade can be linked with the other zones representing other parts of
the building, and with the building ventilation systems and plant. It is usual, at least in initial simulations, to
represent the plant through an idealised control system which calculates the heating and cooling requirements
according to defined sensors (type and location) and actuators (type and location) through a number of control
laws which specify maximum and minimum plant sizes, control setpoint temperatures, control type (on/off,
proportional etc). For detailed studies of the plant systems, it is possible to define a plant network comprising
component models of heating coils, cooling coils, fans, ducts, humidifiers, heat exchangers etc.

The airflow network used in the double fagade model can be connected through other connections to study, for
example, the flow of air through adjacent offices, atria etc, taking into account the integrated wind and
buoyancy-induced airflow.

8.5.5 Simulation of control systems and control strategies

The operation of the double facade may require several control options. The following relevant control options
are possible in ESP-r.

=  Control of ventilation: e.g. opening/closing vents according to zone temperature

= Control of blinds: e.g. changing optical and/or thermophysical properties according to solar
radiation levels

= Control of convection regime: e.g changing connection correlations according to whether fans are
on or off

= Control of heating/cooling and plant systems: e.g. switching heaters on/off according to setpoint
temperatures

= Control of lighting: e.g. switching artificial lighting according to daylight levels at defined
locations.
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In the following, a brief description of the options for each of these controls is given, followed by an example.
Control of the building zones, for the airflow network and plant networks is selected from the Model Definition
menu of the Project Manager; other, more specialised, control options are specified as described below.

Control of airflow network

Within an ESP-r flow network, control can be imposed either on individual connections or on a component (with
all the connections using this component). Several control loops can be specified, each one for a named
connection or component. The user can specify a week as weekday/ Saturday/ Sunday to specify different types
of control on each of these day types; alternatively the specification can be one day type for all days of the week.
For each control loop, the user must specify details of the sensor, the actuator and the control law. The following
list shows the current sensor options. In all cases, the actuated property is the flow rate.

= temperature/temperature difference
= enthalpy

= additional plant output

= relative humidity

= pressure/pressure difference

= mass flow rate

=  wind speed/direction

=  diffuse horizontal solar radiation

= direct normal solar radiation

=  ambient relative humidity

The user must then specify the control laws that pertain to different periods of the day. The options for network
airflow control are:
= On/off law: simply operates to switch on/off the connection/component based on the sensed property.
=  Proportional with hysteresis: this is a linear controller - it requires a signal lower and upper limit with
relative valve positions here along with required stimulus to overcome hysteresis.
= Range based controller: the flow or the area of flow can be controlled to be a fraction of the defined
value with four ranges depending upon the sensed property.
= Multi-sensor on/off; this works similarly to the on/off control law but with more than one sensor.

Control of heating/cooling plant

Only a brief description is given here, because these controls are not particular relevant to the double facade
operation. Sensors and actuators can be placed at the airpoint or at a surface, or be responsive to a weighted
surface/air temperature, or within a construction (for underfloor heating, for example). A number of control laws
can be specified for different times of the year and day. Examples are idealised control, PID control, and fixed
heating/cooling.

Control of blinds

It is possible to control blinds by specifying a sensor type, an associated setpoint and then a pointer to a
replacement set of optical properties in the optical database. Currently it is only possible to switch between two
states. Options for sensors are the zonal temperature, the external temperature and the incident solar radiation.
This control option is available in the construction definition menu of the Project Manager.

A new feature allows the user to change both thermophysical (e.g. conductivity, emissivity) and optical
properties concurrently (as might be required for an insulated blind, for example), based on some sensed
condition. In this case replacement constructions (with associated transparent properties can be selected. A
limitation is that the constructions and the replacement constructions must have the same number of layers. At
present, this feature is not available through the Project Manager — until the user interface is updated to allow
this, details of how to effect this control can be obtained from ESRU.

Control of convective correlations

Switching between two convection regimes is currently possible, based on the binary condition of the operation
of heating/cooling. The BBRI classification of double facades found that most frequently either natural or
mechanical ventilation, but not both, are employed in the double-skin facade. This means that convection will
typically only require to switch between natural/closed or mechanical/closed regimes. In natural ventilation in
multi-storey type facades, when wind effects become prominent, a forced flow condition similar to that of
mechanical ventilation will occur. The specification of convection control is included in the section of the
Project Manager dealing with convection correlations (see previous section).
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Control of lighting
Artificial light switching is specified in the casual gain control option. Lighting gains can be controlled as a
function of the illuminance level according to a range of light switching models.

Control Example 1: Airflow window

The desired system control of the three different operational regimes:
= facade closed
=  outer facade open (ventilated cavity)
= inner & outer fagade open (full-ventilation)

is shown in the Figure 109.

| Control system |

—> CLOSE
Yes Airflow-window

Is internal
zone temp
<19°C?

Is internal
zone temp
20<T<23°

OPEN Airflow-
window

Figure 109: Airflow-window desired control characteristics

Yes Outer facade
opened

To achieve this requires control of both air flow and convection, as shown in Figure 110.
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Airflow network connection
controller
(internal temp 20<T<23)

NO  air-flow
connections

Convection
controller

Is cavity
heat on/off?

Is internal
zone temp.

Set  Alamdari
Hammond

correlations for
closed cavity

&

Is internal zone
temp 20<T<23
e}

OPEN outer facade inlet
and outlet connections

Set Bar-Cohen & Rohsenow
correlation for open cavity

OPEN inner + outer facade
i.e . initiate direct internal->
external connections.

Figure 110: Airflow-window convection control and airflow control diagrams

Note: For the adaptive convection control to work, it is also currently necessary to set up a heating control for the
cavity with a negligible dummy heat injection of, say, 0.1W into the cavity. This is because convection control is
presently based upon the sensed condition of whether or not zone heating/cooling is in operation.

As an example output for this control, the Figure 111 shows the temperatures for a spring day. As the external
climate warms, the complete opening of the window becomes apparent — control of the internal zone to 23°C
setpoint. The outer facade opens slightly before this. The internal zone temperature is rapidly fluctuating because
of the strict airflow setpoint. In reality, users would adjust windows to a suitable position to maintain steady
conditions. The external ventilation in this case (between 4-10 ac/h) means that no cooling energy is required.

Period: Mon 17 Apr EOOMSS tod Mon 17 Apr BZ23HES Year:2000 * sim@ Im, outputl  1m
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Figure 111: Temperatures in airflow-window model
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Control Example 2: Naturally ventilated facade with shading
In this example, the cavity is ventilated during high solar and cavity temperature conditions. In this example, the
fictitious division between the outer and inner facade thermal zones is replaced by a fabric roller blind of 0.2mm
thickness and visible transmittance of 0.1. The roller blind is activated when a direct normal solar radiation
setpoint of 400W/m’ is exceeded.
= Cavity ventilation is initiated when cavity air temperature is greater than 15°C.
= Convection control swap from Alamdari & Hammond correlations to Bar-cohen & Rohsenow
correlations when cavity is opened.
= Internal lighting control (12W/m®) — ideal dimming, set-point 500lux, (daylight sensor at 5Sm room
depth).
= The internal zone is assigned 1000W of cooling capacity, set to cool the zone to 20°C.

Figure 112 shows the effect of the shading control.
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% of internal lighting ON % of internal lighting ON

Figure 112 : Shading control

It is clear that the blind switching considerably reduces the solar absorbed in the room in line with the low blind
transmissivity. On the other hand, the internal lighting load is increased when the blind is drawn. It is observed
that the blind is open at the start and end of the lighting day when the solar radiation is low. As well as blind

switching control based on direct solar radiation, it can also be controlled with an external air temperature or an
internal temperature sensor.

The blind switching also has a significant effect on internal cavity convection, because significant quantities of
solar radiation are being absorbed by the blind and consequently released to the cavity air. In Figure 113, it is
clear that when the blind is down, surface convection is 2 to 3 times higher than when it is up. Also, the overall
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effect on internal cooling requirements is significant, with the cavity utilising shading control requiring no room

cooling in this case.
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Figure 113: Impact of shading on surface convection and cooling load

8.5.6  Other modelling considerations
Link with CFD

One or more zones in the model can be designated as a CFD domain and linked thermally with the mass flow
network to enable a combined building/airflow-network/CFD simulation.

As an example of its use, an airflow window was modelled (Dickson 2004) with all openings closed. Details of

CFD model are:

Beausoleil-Morrison 2000 for details)

apparent.

CFD domain included in cavity only — conflated with building solver with two-way conflation (see
K-¢ turbulence model solver employed with Yuan wall functions when buoyancy governed flow is

Rectangular gridding of 30 cells x 30 cells x Scells (width x height x depth)
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= Velocity & temperature solved

=  Boussinesq approximation for buoyancy (Reference temperature of 20°C)

= 15th March simulation - 5 time steps per hour and 1 start-up day owing to the long CFD simulation time
at each time step

A comparison of results using the Alamdari and Hammond correlations with the CFD results is shown in Table
15:

Model convection regime Maximum total | Minimum total Heating in Number of
convection in convection in internal heating
cavity (W) cavity (W) perimeter hours
zone (kwh) required
Alamdari & Hammond 54.01 17.00 2.07 15
correlations (ESP-r Defaults)
CFD results (k-e turbulence 53.29 1591 2.17 15.2
model with Yuan wall
functions)

Table 15: Comparison of convection in closed cavity using Alamdari and Hammond correlations and using CFD
(no blind)

It is apparent that the maximum convection values are very similar (within 2% of each other). However the
degree of correspondence varies over the day, as the minimum convection values illustrate. The overall effect
this variation has is around a 5% difference in the energy required to maintain the zone at 20°C. CFD
simulations for deeper cavities were also investigated. Differences in the convection flowpath in the order of 5%
to 15% were found over a range of cavity aspect ratios.

Figure 114 shows the flow fields predicted by the CFD simulations in the different cavities.
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Figure 114: CFD predicted flow field (velocity vectors) for different cavity aspect ratios

Although the differences between empirically derived and CFD-predicted convective fluxes were relatively
small in this case, they may be larger in other configurations. The use of CFD does have benefits in indicating
the nature of the flow in the cavity. The drawback is the simulation time — in the order of 14 hours for a one-day
simulation for the larger cavity width, compared to about 2 minutes using an airflow network.

Blind properties

It is important that correct emissivity and absorptivity is assigned to the blind as these properties significantly
affect the performance of the double fagade. There is a large variation of cooling load for the adjacent office
depending on the solar absorptivity of the opaque roller blind material as shown in the results in Figure 115.
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Figure 115: Variation of internal cooling load with solar absorptivity of the roller blind material

Additional absorbed solar manifests itself in higher surface and cavity temperatures via convection and
longwave radiation flowpaths. Consequently, cavity flow rates increase (5%) due to greater buoyancy forces
helping dissipate heat. Even so, the system that directly reflects more solar provides the greatest protection
against overheating.

The emissivity of the roller blind material has similarly significant effects in terms of the internal cooling energy
required. By holding the blind material’s absorptivity at 0.6, the effect of the variation in surface emissivity was
determined — the results are highlighted in the Table 16.

Internal Cooling Energy

(kWh)
€ =0.9 / £,=0.9 4.34
€ =0.6 / £,=0.6 3.68
€ =0.3/¢e,=0.3 2.39
£ =0.9/¢,=0.6 4.65
£=0.9/¢,=0.3 5.11
€i =0.6 / £,=0.9 3.39
€ =0.3/¢,=0.9 1.81

gi= internal surface emissivity
€,= internal surface emissivity

Table 16: The effect of blind surface emissivity on internal cooling energy

It is clear that a reduction in surface emissivity at the inside facing surface of the blind most positively effects the
cooling requirements (over a 50% reduction). This highlights the significance of the longwave flowpath from the
warm blind to the inside. Reducing the emissivity of the outside facing surface on the other hand increases the
cooling requirements, because longwave radiation is less readily rejected to the cooler outside. This does not
have such a significant effect, however.

Discharge coefficients
Discharge coefficients are an important factor in air-flow openings, describing pressure loss characteristics.
However, little guidance can be found regarding their selection, particularly for natural ventilation studies.

A study of a multi-storey double facade was undertaken, with the inlet and outlet discharge coefficients varied
about the standard value of 0.65, from 0.5 to 0.8. Results of the study show that mass flow through the cavity is
significantly affected by a change in discharge co-efficient.

Figure 116 shows the variation in mass flow and cooling energy requirement for the adjacent offices for different
discharge coefficients. It indicates that a lower coefficient will result in lower mass flows (by over 15%) because
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of the increased flow resistance, and vice-versa. However the cooling energy required by the internal zones is
much less sensitive to the mass flow.

Discharge co-efficient sensitivity (8-15Jul)

Cd =0.8
Cd =0.7 ) )
ifferences relative to
Cd =0.65 base model with
Cd=0.65
Cd =0.6
Cd =0.5

-20.00% -15.00% -10.00% -5.00% 0.00% 5.00% 10.00% 15.00% 20.00%
[0 cooling energy differences

B mass flow differences
Figure 116: Discharge coefficient sensitivity (cooling & mass flow differences)

Modelling of Venetian Blinds
Modelling Venetian blinds is complex. A detailed study was carried out in Dickson (2004) modelling the blinds
in a number of ways as shown in the Figure 117.

A A A
VY VY
<10|> <( > <?C>d|>
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\ Fictitious /
/P p— transparent L >

Figure 117: Actual cavity geometry using (1) floating surfaces, (2) saw-tooth type model, (3) simplified model

The first option, with the cavity modelled as a single zone with additional “floating” surfaces representing the
blinds has the disadvantage that the whole zone would be represented by a single air temperature. The second
option divides the cavity into two zones, separated by a series of sawtooth surfaces representing the blind and
connecting surfaces as a fictitious boundary. The difficulty here is that there are many possible orientations, slat
widths etc, so an automatic geometry builder would need to be developed to model this method routinely. Note
that it would be possible to model airflow through the slats with this model, with some control of opening area
according to slat orientation (again this would need some code development).

To test current capabilities a model was formed as shown in Figure 118. In this model, Venetian blind slats are
7cm wide and angled at 45° with a spacing of 14cm between the slats axis of pivot, which ensures the blocking
of direct radiation at a solar altitude above 45°. Studies showed that the shortwave and longwave radiation
transfers were approximated in a reasonable manner in this model. Although sensible results were achieved, the
time taken to form the model is prohibitive at present. It may be possible to model the blinds in a simpler way by
combining the individual slats into a small number of slats in a coarser sawtooth shape — this has not yet been
studied.

A simpler representation may be to model the Venetian blinds as a flat roller blind with alternate solid and
fictitious surfaces. However, the spacing would also need to be adjusted according to the slat angle.
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Figure 118: Venetian blind saw-tooth model

Another factor is that the correct optical transmission, reflection and absorption characteristics of Venetian
blinds requires bi-directional data so that these parameters can be calculated as a function of both solar altitude
and solar azimuth (rather than incidence angle as appropriate for homogeneous glazings/blind systems). ESP-r
has the capability of using bi-directional data in this way, but the practical problem at present is the lack of bi-
directional data.

8.5.7 Examples of simulations

There are some given in the above sections to demonstrate some aspects of double fagade modelling, such as
shading and airflow control.

The paper by Hensen et al (2002) shows how ESP-r was used to model a double fagade on a multi-storey office
building in Prague, Czech Republic. The main features of the model are shown in Figure 99. The objective of the
study was to determine the environmental conditions in the double fagade and the cooling loads in adjacent
perimeter offices under extreme summer conditions. The results showed that the double facade contributed a
cooling load reduction varying between 7% and 15%, depending on the storey (due to the increasing temperature
in the facade over the height of the building). Figure 119 shows some of the results obtained. Upper lines
represent outlet temperatures. Middle lines represent inlet temperatures (ambient). Lower lines represent the
temperature rise in the fagade. The left graph corresponds to the final design of the double-skin fagade. The right
graph represents the situation where the outlet damper was closed due to malfunctioning or control error. The
temperature scales are approximately equally spaced in the two graphs.
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Figure 119: Predicted air temperatures in the double-skin fagade during one of the warmest summer days in
Prague.

Another example has been provided by Miiller-BBM where ESP-r was used to predict zonal and double fagade
temperatures for the Museuminsel Berlin — Neues Eingangsgebdude. The predicted temperatures at several
heights within the fagade were used as boundary conditions for CFD simulations of the inner museum room,
where thermal stratification and distribution of humidity was important. Figure 120 shows some of the result of
this study.
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Figure 120: ESP-r and CFD simulations of a museum building with a double facade.
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6: TAS SOFTWARE
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8.6 TAS SOFTWARE

8.6.1 GQGeneral software information.

TAS is a suite of software products, which simulate the dynamic thermal performance of buildings and their
systems.

- The main module is Tas Building Designer (A-Tas), which performs dynamic building simulation with
integrated natural and forced airflow. It has 3D graphics based geometry input that includes a CAD
link.

- Tas Systems is a HVAC systems/controls simulator, which may be directly coupled with the building
simulator. It performs automatic airflow and plant sizing and total energy demand.

- The third module, Tas Ambiens, is a robust and simple to use 2D CFD package which produces a cross
section of micro climate variation in a space.

A-Tas is a software tool which simulates the thermal performance of buildings. The main applications of the
program are in assessment of environmental performance, natural ventilation analysis, prediction of energy
consumption, plant sizing, analysis of energy conservation options and energy targeting.

The fundamental approach adopted by Tas is dynamic simulation. This technique traces the thermal state of the
building through a series of hourly snapshots, providing the user with a detailed picture of the way the building

will perform, not only under extreme Schematic Representation of
desi diti but th hout Heat Transfer Mechanisms Sky radiation
€si1gn  conditions, u rougnout a in a Building Solar

radiation

typical year. This approach allows the
influences of the numerous thermal
processes occurring in the building, their
timing, location and interaction, to be
properly accounted for.

These  processes  are illustrated
schematically in this figure, which shows
the movement of heat in various forms as
it is conveyed into, out of and around the
building by a variety of heat transfer Infitration \I

, Shadi

mechanisms. Ry e

. B radiation

coupants

‘E'. l‘& Ground heat loss
Key:
. . . o1 qe ED Conduction

Conduction in the fabric of the building

is treated dynamically using a method Short wave raclstion

derived from the ASHRAE response
factor technique. This efficient
computational ~ procedure  calculates
conductive heat flows at the surfaces of
walls and other building elements as functions of the temperature histories at those surfaces. Constructions of up
to 12 layers may be treated, where each layer may be composed of an opaque material (e.g.. brick), a transparent
material (e.g.. glass) or a gas (e.g.. air). Databases of materials and constructions are available.

Long wave radistion

Convection

Latent addition or
remaval

"

Convection at building surfaces is treated using a combination of empirical and theoretical relationships relating
convective heat flow to temperature difference, surface orientation, and, in the case of external convection, wind
speed.

Long-wave radiation exchange is modelled using the Stefan-Boltzmann law, using surface emissivities from
the materials database. Long-wave radiation from the sky and the ground is treated using empirical
relationships.
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Solar radiation absorbed, reflected and transmitted by each element of the building is computed from solar data
on the weather file. The calculation entails resolving the radiation into direct and diffuse components and
calculating the incident fluxes using knowledge of sun position and empirical models of sky radiation.
Absorption, reflection and transmission are then computed from the thermophysical properties of the building
elements. External shading and the tracking of sun patches around room surfaces may be included at the user's
option. Solar radiation entering a zone through transparent building components falls on internal surfaces, where
it may be absorbed, reflected or transmitted depending on the surfaces' properties. Distribution of reflected and
transmitted solar radiation continues until all the radiation has been accounted for.

Internal conditions, which include room gains from lights, equipment and occupants as well as infiltration rates
and plant operation specifications, are grouped together in profiles which are applied to the various zones of the
building. Internal Conditions profiles may be stored in a database for later retrieval. Gains are modelled by
resolving them into radiant and convective portions. The convective portion is injected into the zone air, whilst
the radiant gains are distributed amongst the zone's surfaces.

Infiltration, ventilation and air movement between the various zones of the building causes a transfer of heat
between the appropriate air masses which is represented by terms involving the mass flow, the temperature
difference and the heat capacity of air. TAs offers the capability to calculate natural ventilation air flows arising
from wind and stack pressures.

Heating and cooling plant is represented by plant capacities, setpoints and control bands. Like gains, plant
inputs may have both radiant and convective portions.

TAS solves the sensible heat balance for a zone by setting up equations representing the individual energy
balances for the air and each of the surrounding surfaces. These equations are then combined with further
equations representing the energy balances at the external surfaces, and the whole equation set is solved
simultaneously to generate air temperatures, surface temperatures and room loads. This procedure is repeated
for each hour of the simulation.

A latent balance is also performed for each zone which takes account of latent gains, moisture transfer by air
movement and the operation of humidification and dehumidification plant.
8.6.2 Building up a model

In this paragraph, we will present the building up of a model, step by step.

8.6.2.1 Step 1: choice of the weather data

When creating a new model the first thing you need to do is to select the weather data for the location. TAS has
a climate database. This one stores files containing hourly weather data. The weather files supplied with Tas

cover different regions of the world and each represents a typical year's weather for the region in question. But
the user can create a specific weather file.

8.6.2.2 Step 2: generation of the 3D model

After the introduction of general information and building floor to floor heights, the user can draw floor plans.
When all the walls are placed, windows and doors are defined and easily placed in the walls. Various types of
walls are automatically defined but new building elements can be defined.

The next floors are drawn on the base of the previous floor.
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8.6.2.3 Step 3: viewing the model in 3D

You can control the model with perspective, elevations.... - Toct, 31 | 30 Model: bidem. 34.01 |

8.6.2.4 Step 4: definition of zones

The zones are also defined by drawing.
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8.6.2.5 Step 5: definition of construction details, internal conditions, plant and controls, air
movement.

For each zone, the software automatically defines the area, the orientation, the position (external, internal or
neighbour of another zone) of all the walls. The user is invited to define building elements, internal conditions,
plant characteristics, aperture type, feature shading, schedules and the air movement (for mechanical ventilation).
The user is helped with database and the zones can be grouped; so the data for zones with identical characteristic
are introduced only once.

A-Tas: c:\tas_data',DPetesoleil 10l x|
Page |Building Mame Building Data File version [Time Date Consultant Progran
1| a2hlsinmpli bidon.bdf.01 47 | 09:20:35 | 29:Jul:-04 A-Tas 8.31
Viewing Internal Conditions
IC-Code Description Zone Day Type
Office. Open 0800 - 1800, Lights LSW/m2,
T occupants 10WM/m2, equiprent 20W/m2 1. BUR1S WEEKDAY
Temperature | Temperature | Proportional| On-off Humidity Humidity Plant Max. Plant OFf
Upper Limit | Lower Limit | Control control Upper Limit | Lower Limit | Outside Outside
(deg ©) tdeg C) (deg ©) tdeg ©) 53] 53] Temp tdeg C3| Temp (deg C)
24.0 21.0 0.0 0.0 60. 40. 0.0 0.0
Operating Time Plant Time Plant Maximun Maximum
Ferind an nfe Heating Conling Radiant Uiew Include solar
kU [437D] Froportion Coefficient in MRT C(y/naz
1 7 18 SIZE ﬂ SIZE Heating | 0000 0.248 Yes
. Cooling 0.000 0.519
Lighting | 0.280 0.490
3
Occupants | 0,500 0.227
4 Equipment | @.000 0.372
Occupation Occupation Infiltration| Mentilation | Lighting Occupancy Occupancy Equipment. Equipment move up
Feriod Duration Air Air Gains Sensible Latent Sensible Latent
Chrsa (ach) (achl Wemzy Gains (W/m2)| Gains cW/n2)| Gains (W/m2)| Gaing C(W/m2d
1 8 0.226 0.000 0.000 0.000 0.000 0.000 0.000
2 10 0.226 1.000 10.920 7.110 0.000 11.340 0.000
3 6 0.226 0.000 0.000 0.000 0.000 0.000 0.000
4
5
6 Internal
7 Conditions
b4 Database

8.6.2.6 Step 6: simulations

The user can realise interactive simulations (to study one day) or batch simulations (to study long period)

8.6.3 Outdoor climate and other context data

The Climate Database stores files containing hourly weather data. The weather files supplied with Tas cover
different regions of the world and each represents a typical year's weather for the region in question. For
Belgium, Test Reference Years compiled by the Commission of the European Communities are used.

A weather file consists of a group of parameters relating to the weather site and hourly values of seven weather
variables.
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Site Parameters:

Parameters

Latitude (degrees North)
Longitude (degrees E)

Time Zone (hours ahead of GMT)

Ground Temperature (deg. C)

Hourly weather variables:

Hourly weather variables
Global Radiation

Diffuse Radiation

Cloud Cover

Dry-bulb Temperature
Relative Humidity
Wind Speed

Wind Direction

Solar radiation:

Details
The latitude of the weather site.
The longitude of the weather site.

The time zone of the weather site (in the range —13 hours to +13
hours).Note: the Longitude and Time Zone parameters indicate the
location of the solar radiation measurements and the time convention
used to record them; editing these parameters is NOT a valid way to
allow for seasonal time adjustments such as British Summer Time.

The ground temperature at the weather site (degrees Celsius)

Details
Total solar radiation intensity on a horizontal plane.
Diffuse sky radiation intensity on a horizontal plane.

A number varying from 0 for a clear sky to 1 for overcast conditions.
This quantity is used to estimate long-wave sky radiation during
simulation.

The dry-bulb temperature as measured in a Stephenson screen.
The relative humidity as measured in a Stephenson screen.
The wind speed measured at a height of 10 meters above the ground

The direction from which the wind blows (degrees east of north).

In appropriate cases the direct incident radiation is reduced by a shading factor read from a shading file or by
calculations of the effects shading features (overhangs, side-fins or recesses). These shading calculations may be
applied to both transparent and opaque elements. For transparent elements the cosine of the angle of incidence is
used in the calculation of transmission and absorption in the element. Tas does not account for diffuse radiation
shading.

Ground Solar Reflectance
The proportion of incident solar radiation reflected by the ground in the vicinity of the building.

Aperture air flow:

The following parameters are taken into account to calculate aperture air flow.

Building Height (non-editable)

This parameter and the four which follow relate to the aperture air flow analysis facility, where they are used in
the calculation of wind pressure on the external surfaces of the building. Building Height is set by 3D-Tas to the
height of the highest part of any zoned space in the 3D model.

Building Height Adjustment Factor

This parameter allows you to adjust the building height used in the wind pressure calculations if the Building
Height provided by 3D-Tas is judged to be inappropriate. The height used in the wind pressure calculations is
the Building Height multiplied by the Building Height Adjustment Factor.

Mean Height of Surroundings

This parameter lets you make allowance for the wind-shading of the building by nearby buildings or other local
obstructions. If a Wind Pressure Coefficient File is specified, this parameter is ignored.

Terrain Type (Open, Rural, Town, City) The type of terrain in the vicinity of the building. This parameter
determines the type of wind profile used for the wind pressure calculations.

Wind Pressure Coefficient File (for imported wind pressure coefficients)
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The name of a file containing wind pressure coefficients to be used in aperture flow calculations. This file name
is optional. If it is specified, the wind pressure coefficients on the file override TAS's algorithms for estimating
wind pressures on the building facade.

8.6.4 Simulation of a ventilated double facade

8.6.4.1 General methodology

Tas is a dynamic multizone model and VDF is simply simulated as an independent zone.

In Tas, only one temperature per zone is calculated. To try to take into account the stratification of the air in the
VDF, we subdivided this one in several zones. Separations are factitious walls that can be completely open. The
factitious walls have a very small thermal resistance and a solar transmission of 1. Vertically and horizontally
subdivisions are possible.

The horizontal subdivisions are tracked floors. The Track label has a special function that allows the floor to
be modelled as an air flow aperture. The solar radiation that strikes the tracked floor is not stopped by the floor
and enters in the adjacent zone.

The vertical subdivisions are modelled by permanently open window.

If one studies only the double facade, this one can be divided in a maximum number of 60 zones. If the building
is studied in its entirety, the number of subdivisions will be reduced since the software can allocate 60 zones
max.

Examples of results:

The simulation was realized for a sunny spring day. The outside temperature evolves between 2 and 12.5°C. We
fix a null wind speed to examine only the stack effect. The up and down double-skin windows are opened by a
slit of 25cm.  So, the aperture area is 0.25m X 54m = 13.5m2. The figure shows the VDF temperature at 13h
(outside temperature: 12.3°C) when the VDF is considered only as one zone or when it is divided in several
zones. It also shows the aperture air flow in kg/s through the up and down double-skin windows (13.5m?).

2.0kgs | ] 19.1 kes 19.9kels |meegznie
N — sl T —

1 21.4° % 22.4°‘;Q§.
R - odo0 % 20.7“2@2.20—

-
=
-

I 2

-
i

187l 9.3°
1 18.3° ‘Q?
— A - t—
16.6 emnl 7:2
T 16.4° :
[ ..1.. -E— t_.,i..’ —
— — 14.0P {1512°>—
22.0 kg/s -J 9.1 kgs | 34 % 19.9kgs | Q%
Mean temp.= 19.7° Mean temp.= 18.7° Mean temp.= 19.5°

Zone divides

Another method to define the factitious subdivisions is the use of “zone divides”.

A zone divide is a special surface used in Tas to represent the boundary between two zones where there is no
physical barrier. A zone divide is indicated by a building element for which the construction code is set to '/'.
The Zone Divide is modelled as highly conducting, non-convecting surfaces which are perfectly transparent to
solar radiation and which are assigned an emissivity of one. This wall does not exchange any heat with the
neighbouring air masses by convection. As this method does not take account of the exchanges of air between
the zones, to take account of it, it is enough to place in this wall an opening whose “construction code” is also
N/H.
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8.6.4.2 Facade layers

Glass layer

Transparent constructions may contain Transparent Layers and Gas Layers. Transparent constructions are
assumed to have negligible thermal mass.

This is the list of parameters for transparent layers:

Solar Transmittance |The fraction of solar radiation at normal incidence which is transmitted by the layer.

External Solar The fraction of external solar radiation at normal incidence which is reflected by the layer.
Reflectance

Internal Solar The fraction of internal solar radiation at normal incidence which is reflected by the layer.
Reflectance This will differ from the External Solar Reflectance if the layer is unsymmetrical (for

instance a glass pane with a metallic coating on one side).

External Emissitvity |The fraction of external long-wave radiation which is absorbed by the layer.

Internal Emissitvity | The fraction of internal long-wave radiation which is absorbed by the layer. This will differ

from the External Emissivity if the layer is unsymmetrical.
Width The width of the layer.

Conductivity The thermal conductivity of the material.

The specific moisture diffusion resistance of the material (the ratio of the permeability of air

(1.92e-10 kg/Ns ) to the permeability of the material).

Optical properties are angular dependent.

Transmission and absorption characteristics of transparent constructions at non-normal incidence are calculated
from the Fresnel equations. The user specifies if the transparent layer is a blind because, in that case, the
convection coefficient for gas layer adjacent to blind is automatically increased by a factor 4/3 to allow for the
effects of convection currents in the larger gas space enclosing the blind.

The thermal properties are not function of the temperature.

The parameters for gas layers are width and convection coefficient

Shading devices

Movable shading devices

Shading devices (roller blind, venetian blind with orientable slats, etc.) are modelled only as transparent layers;
so optical properties are only angular dependent. There is thus no difference between roller blind and venetian
blind if the solar transmittance and the external and internal reflectance are the same. The convection coefficient
for gas layer adjacent to blind is automatically increased by a factor 4/3 to allow for the effects of convection
currents in the larger gas space enclosing the blind.

In a ventilated double facade, the shading device can be placed in various positions:

Shading device against a facade

If the shading device is against a facade it is modelled as a device associated to an external window. Tas allows
having substitute building element. The construction and feature shading properties of the building element are
replaced by those of a Substitute Building Element at certain times. These times are specified by the
Substitution Schedule. In the most common application of this feature, the main building element represents a
window and the substitute building element the same window with a blind. The substitution process then
represents the drawing of the blind.

Shading device far from the facade

If the shading device is far from the facade, the double facade can be divided into several zones and air
movement can be studied. The impact of the size, the colour and the localization of those can be studied.
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Examples of results:
Study of a sunny summer day, the VDF is closed.

Temperature in the
VDF zones.

Air flow between
zones (kg/s). VDF
length 54m.

Surface temperatures.

Blinds placed against the internal glass facade.

The heat transfer in the offices due to the heating of the window sills and the
glazings close to the blinds is significant. The temperature of the interior
facade being higher than that of the external facade, a movement of
thermocirculation is established.

Blinds placed against the external glass facade.

The temperature in the VDF is higher because the air cannot cool any more
naturally by licking the simple external glass, the movement of
thermocirculation is reversed. The temperature of the window sills and the
glazings of the interior facade is lower than in the previous case. Indeed the
totality of the interior facade is protected from the solar radiation and the
internal glass is less affected by the hot radiation from the screens as in case
1.

Blinds placed between the two glass facades, in the middle of the cavity.
4 The blinds transmit less heat by radiation to the interior facade. The air of
8.4 the VDF can cool partially by licking the simple external glazing. The
oC 38 temperature of the interior facade (side offices) is lower than in both other
cases.

8.6

LN 4 L4 N

Permanent shading devices

Overhangs and side-fins can also be modelled.

Feature Shading allows you to define simple Shading Types in terms of side-fins and overhangs. A shading type
may be assigned to any building element, and will apply to all exposed surfaces of that building element type.
The shading effect will be combined with any Shadow Calculations that are performed when exiting from the 3D
Modeller. This type of shading affects only to direct solar radiation (not the diffuse component).

Frame
Frames can be modelled as an opaque material and aperture in these can be envisaged. The software calculates
then the heat transmission through the frames and the air flowing through the apertures.

Ventilated double facade

Convective heat transfer in the cavity

For the two glass facades

With the exception of “zone divides”, the calculation of internal convection coefficients in Tas follows the
procedures set out by Alamdari and Hammond for the calculation of free convection heat transfer in rooms.

For windows, hc varies with
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- the window height as defined in 3D-Tas,
- the absolute temperature difference (K) between the room air and the window surface temperature;
- the slope of the window

For walls, hc varies with

- the zone height as defined in 3D-Tas,

- the absolute temperature difference (K) between the room air and the wall surface temperature;

- the slope of the wall
The dependence of “hc” on the temperature difference means that the internal convection varies from hour to
hour.

The user may override these convection formulae by setting the parameter a Fixed Convection Coefficient for
one or more zones. If this is done, “hc” is fixed for all internal surfaces of the zone and for all times.

For shading device

The convection formulae are modified when the surface has an internal blind for its construction. In such cases,
to make allowance for the fact that convection occurs at the surfaces of both the construction and the blind, “hc”
is increased by a factor 4/3.

For fictive subdivisions
No convection for the “zone divides”.

Exterior convection heat transfer

The convection coefficient at external building surfaces is calculated from hourly values of the wind speed
provided on the weather file. Tas uses an expression provided by CIBSE (The Chartered Institution of Building
Services Engineers).

Long wave radiation : transfer through the cavity

For the two glass facades and the shading device
Radiant exchange between room surfaces is modelled in Tas using Carroll's MRT method. This is one of a class
of methods which simplify the complex radiant exchanges between the surfaces of a room by coupling each
surface to a fictitious MRT (mean radiant temperature) node. This vastly reduces the amount of computation
involved with little loss of accuracy.
There are three approximations in the method:

- Radiant exchange is linearised.

- Shape factors are calculated solely on the basis of surface area, and are therefore approximations to the

true shape factors.
- The emissivity of the room air is neglected.

For fictive subdivisions
The “zone divides” are assigned an emissivity of one.

Exterior radiation heat transfer
Long-wave radiation exchange is modelled using the Stefan-Boltzmann law, using surface emissivities from the
materials database. Long-wave radiation from the sky and the ground is treated using empirical relationships.

Short wave radiation : transfer through the cavity

For the two facades and the shading device

The final destination of solar radiation entering the building through transparent surfaces is determined in a
series of radiation distributions. Each distribution is carried out in turn for each of the building's zones. Its
purpose is to distribute the admitted radiation among the zone's surfaces by modelling the repeated bouncing of
radiation around the zone. If, in this process, radiation falls on a transparent surface, transmission occurs.
Radiation transmitted in this way to other zones is dealt with in the next distribution.

Inter-reflections between the slats of the venetian blind are not considered.

For fictive subdivisions
Zone divides are assumed to be perfectly transparent to solar radiation at all angles of incidence.
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8.6.4.3 Ventilation in the cavity of the double facade

Forced convection

It is possible to model a fixed air flowrate in the cavity.

Air movement between zones and from the outside can be specified for each day type (WEEKDAY,
SATURDAY, SUNDAY, etc.) for up to eight periods in the day. The movement of air is specified in terms of
air movement into each zone from other zones and the outside. The air flow is specified in units of mass flow
per unit time.

You should ensure that all air flows are correctly accounted for. Any air flow imbalance will be reported as an
error when you attempt to simulate.

Natural convection

A-Tas allows the user to specify apertures in the building fabric through which air may flow. Each aperture,
which may be a window, a door or a portion of a floor, has an area, a mean altitude, an orientation and a plan
hydraulic diameter derived from the 3D-Tas geometric model. It also has a time-varying aperture factor which is
specified in A-Tas. In addition, there is an option to indicate that the aperture is sheltered from the wind.

The aperture factor is a number, usually in the range (0,1), specifying the area of the aperture as a fraction of the
area of the surface it is associated with.

Aperture air flows are calculated by Tas using a model which takes account of the pressure-flow characteristics
of the apertures, wind and stack pressures, and any prescribed air flows.

Wind effect
The wind pressure on a building facade depends in a complicated way on the speed and direction of the wind, the
geometry of the building and any nearby obstructions, and the nature of the terrain in the building's vicinity.
Possible approaches to the problem of estimating wind pressures include:

- 3-dimensional computational fluid dynamics (CFD) modelling,

- use of specific experimental data (from the building itself or a wind tunnel model of it),

- use of generic correlations based on wind tunnel measurements.
The first two approaches are catered for in Tas by the option of specifying, on a Wind Pressure Coefficient File,
calculated or measured wind pressure coefficients for each aperture.
In the absence of such data, Tas also offers the third approach, using correlations based on wind pressure
coefficients derived from wind tunnel experiments carried out at the National Research Council Canada.
Since the wind pressure correlations are expressed in terms of the wind speed at the building reference height,
Tas requires a method for estimating this from the wind speed on the weather file, which is measured at an
altitude of 10m. The wind speed as a function of altitude is assumed to follow a power law function and depends
on the terrain type (open, rural, town or city).

Stack effect

The stack effect - pressure differences arising from gravity forces - is modelled on the assumption that within
each Tas zone, and outside, the air temperature is uniform. The air density is assumed to be inversely
proportional to absolute temperature.

Airflow modelling

The flow equations are solved iteratively. At each time step, wind pressures and wind pressure gradients are
calculated for all exposed apertures. Then at each iteration step, air densities in all zones are calculated from the
zone temperatures, and these are used (together with the wind pressures if appropriate) to calculate stack
pressures and stack pressure gradients for both sides of each aperture. A set of equations is then set up
describing the balance of mass flow into and out of each zone. This balance takes into account any forced air
flows. These flows are then fed back to the Tas thermal analysis where they are used to generate updated zone
temperatures. The iterative process continues until zone temperatures (both air and mean radiant) converge to an
accuracy of 0.01K and flow rates converge to an accuracy of 0.0005 kg/s.

To define the apertures, an aperture schedude and the openable proportion must be indicate.
Aperture Schedule
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This schedule is used to specify times at which apertures of the given type are open. Schedule is a time-series of
0's and 1's, one value for each hour of the year. These values may be specified either as 24 hourly values for
each day type or as 8760 values for the whole year (in which case the values are read in from a file).

Openable Proportion

The area of the opening is expressed as a proportion of the surface area appearing. If the Openable Proportion is
set to 0, no apertures will be created for the building element.

The aperture discharge coefficient used by Tas is 0.62 (we note in passing that for a narrower space, such as a
double facade, it might be necessary to consider the resistance offered by friction with the walls).

8.6.5 Simulation of the building and HVAC systems

8.6.5.1 General methodology

As the double facade is one or many zones, it is an incorporated part of the building and so can be connected
with its installations.

TAS has a module named “Tas-Systems”. It is a HVAC systems/controls simulator, which may be directly
coupled with the building simulator. It performs automatic airflow and plant sizing and total energy demand.

“Tas-Systems” is a software tool which simulates the thermal performance of heating and air conditioning
systems. It is a software allowing systems to be assembled graphically from their basic components. The
following are some of the components from which systems can be assembled: fan coils, induction system,
heating coils, cooling coils, fans, ducts, spray and steam humidifiers, heat recovery devices, mixing boxes,
collector boxes, duct networks, temperature and enthalpy optimisers, proportional controllers, with compensation
option, boilers, chillers ......

The combined simulation of building and plant automatically determines component sizes, air flow requirements
and energy consumption at component level and primary plant. Part load characteristics for fans, chillers, boilers
etc may be described.

8.6.5.2 Connection between facade and building.

It is possible to model a fixed air flowrate between the cavity and the building. The airflow can also be natural
by windows opening.

Aperture air flows are calculated by A-Tas using a model which takes account of the pressure-flow
characteristics of the apertures, wind and stack pressures, and any prescribed air flows.

Examples of simulation results

The simulations were realized for a sunny summer day. The outside temperature evolves between 11.4°C and
23.3°C. The global solar radiation is high. For this study, we impose a constant wind speed. We will also
change the wind direction during the study.

In a building with a southern double-skin, when the sun is shining, it is sometimes difficult to apply the strategy
of day natural ventilation. Indeed, cross day ventilation by extraction through the double-skin is delicate and is
a function of the wind orientation and of the building wind protection. The double-skin down opening has also
an impact on the direction of air flow.

Case 1
For example, if the double-skin facade is oriented to the South and if wind orientation is North and only the top
window of the double-skin is opened the following results are obtained:
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The figure gives zone air change rate and the opening area in each office for the various floors. On the right,

the graphs represent the air change rate during the day for a north office at the ground floor and at the fifth

stage. We also see that the air comes from outside to the north offices.

To obtain a ventilation rate of 4 Ach, the openings in the upper floors must be more significant due to the stack

effect decreasing with the height in the building but also due to the wind pressure coefficients which are smaller

on the level of the last stage. The stack effect is less significant than the wind effect but it is perceptible the day if

we compare the evolution of the ventilation rate of the lower and higher stages. At the ground floor the zone air

change rate follows the radiation and so the temperature evolution in the double-skin. Contrary, at the higher

floor, the curve is horizontal; the stack effect is null due to the low AH whereas the temperature in the double-
skin reached 35°C.

o

Case 2
Contrary, if wind orientation is South and only the top window of the double-skin is opened, these other results

are obtained:
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In the lower stages, when the temperature in the double-skin is not very high (from 8 a.m. to 10 a.m. and from 5
p.m. to 6 p.m.) and so the stack effect is low, air flow is done in opposite direction. The figure gives the
evolution (morning, midday, afternoon) of the zone air change rate during the day in each office for the various
floors. When the air change rate is negative, the air flow is done in opposite direction.

Contrary, from 11 a.m. to 4 p.m., the air flow passes from offices to the double-skin. The temperature in the
double-skin remains high because there is only one up opening and because the double-skin is ventilated by the
air providing from offices.

In the upper stages, air flow is always done in opposite direction.

In that case, the upper stages are partially contaminated by the air providing from the lower stages and the

cooling loads are important.
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Case 3
If wind orientation is South and top and down windows of the double-skin are opened, these other results are

obtained:

APERTURE AIR FLOW

s N

- .

In all the stages, air flow is always done in opposite direction.

The double-skin being more ventilated, the temperature is less high, which implies cooling loads less
unfavourable than in the preceding case.

The left graphs of the figure show the air flows through the up and down opening of the double-skin. In the
double-skin, the air movement is ascending during the day, thanks to the sunning. Contrary, during the night,
the movement is reversed due to the wind pressure which is more significant at the top of the building.

In that case, the air stages is not contaminated by the air providing from other offices but the ventilation air
temperature is higher than the outside air temperature.

8.6.6 Simulation of control systems and control strategies

Currently ‘tips’ are needed to control shading device up or down, airflow regimes, opening of aperture....

The timing of building element substitution (shading devices) and the timing of aperture opening can be
controlled by schedules. A schedule is a time-series of 0's and 1's, one value for each hour of the year. These
values may be specified either as 24 hourly values for each day type or as 8760 values for the whole year (in
which case the values are read in from a file).

Control of shading devices: only by schedules defined by the user before the simulations.

Control of apertures: by schedules defined by the user before the simulations and by the area of the opening
expressed as a proportion of the surface area and determined by the user before the simulation.

Control of air movement (mechanical ventilation): the specification of air movement between zones and into a
zone from the outside are specified in advance of a simulation as time-varying mass flow rates. They are
specified for each day type (WEEKDAY, SATURDAY, SUNDAY, etc.) for up to eight periods in the day.

Control of infiltration air, ventilation air and internal gains are specified in advance of a simulation for each day
type (WEEKDAY, SATURDAY, SUNDAY, etc.) for up to eight periods in the day.

Control of heating and cooling systems are specified in advance of a simulation for each day type (WEEKDAY,
SATURDAY, SUNDAY, etc.) for up to four periods in the day.
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New Generation of Tas.

A new generation of Tas has been developed and will be soon available. One of the modifications is about
natural ventilation.

Automatic Aperture Control Functions (AACFs) are introduced. With Tas AACFs an opening can be controlled
by simulation parameters as the calculations proceed. Occupant control of windows and mixed mode systems
can be analyzed. The software calculates the balance between temperature, airflow and the Control Function
ensuring conservation of thermal energy and mass for all the airflow paths and zones within the entire building.
For example, to overcome high temperatures an AACF can be introduce into the model to simulate the occupant
control of window opening for natural ventilation. In this case the window will start to open when the room
temperature goes above 220C and gradually open until it is fully open at 250C. With a particular AACF, there is
also a wind speed cut-off that means the window will gradually start to close as the external wind speed goes
above 10 my/s.

Control of heating and cooling systems, shading devices, infiltration air, ventilation air and internal gains will be
also modified. Indeed, there is a general Function Profile Type that allows an input value to be prescribed from
simulation values, e.g. control of aperture opening from simulated temperatures, or variation in lighting gain
based on external solar values. This system of Profile Types and Schedules that is used in the Internal Condition
database is also used within the building simulation software. In the simulation software the Profile Types allow
the same mechanisms to be used to control Inter Zone Air Movement (IZAM), Substitute Building Elements and
Aperture Opening.
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8.6.7 Tas Ambiens

8.6.7.1 General software information.

A natural extension to the A-Tas Building Designer module, Tas-Ambiens allows to generate a view of the
micro-climate across a 2D section of an internal space.

One can create graphical displays for spacial variations in radiant, air and resultant temperatures. Plots of air
velocity, humidity and PPD comfort levels are also included.

Ambiens is the only CFD software to be specifically developed for building services engineers. It has automatic
mesh generation, no instability problems and always provides a solution to the specified boundary conditions.
When you use Ambiens in conjunction with the Tas Building Designer module, you can quickly and reliably
convey the operational effectiveness of micro-climate control strategies. It's particularly useful in visualising
and demonstrating the impact of natural ventilation regimes.

Ambiens enables you to easily evaluate the operation of systems such as displacement ventilation, chilled beams
and chilled ceilings.

For atria, solar protection, summer ventilation and avoiding cold down-draughts are just some of the issues
Ambiens can help to resolve.

Tas-Ambians calculates the movements of air and the distribution of the temperatures at a given moment.
Before running the calculations you must set the conditions for the model:
- temperatures for all solid surfaces,
- temperature, humidity and velocity of air entering the design through inlets,
- initial temperature inside the design,
- metabolic value and clothing value for inside the model. This is used for assessing comfort,
- heat gains (sensible and latent) and radiant proportion for the regions.
Temperatures for all solid surfaces, temperature, humidity and velocity of air entering the design through inlets
and initial temperature inside the design must be calculated before by another software as A-Tas

8.6.7.2 Example of simulation of a ventilated double facade with Tas-Ambians

One difficulty of the use of the software is the drawing of the section because there are some important rules
when inseting points:

- Start from the bottom left corner because the absolute co-ordinates start there.

- The section should always be input in a clockwise direction.

- No line segments may cross ( i.e. intersect each other)
So it is difficult to add internal walls, blinds in cavity....

Case 1
The result below shows air movement and air temperature in a ventilated double facade. The data provide from
results of simulations realized with A-Tas. The study is realized on March 14 at 3 p. m.
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Case 2

The result below shows air movement and air temperature in a ventilated double facade when there is extraction
of air from the offices to the double-skin. The data provide from results of simulations realized with A-Tas.
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	The air gap can be naturally or mechanically ventilated (see
	All layers are supposed to be parallel between them.
	Figure 6: transparent system
	Façade layers

	Glass layer
	WIS offers the full spectral data for glass panes in an exte
	Figure 7: Glass selection screen
	The user can furthermore import his or her own spectral data
	Figure 8: Angular properties of selected glass
	Figure 9: Spectral properties of selected glass
	In order to model a double glazing unit, each glass pane and
	WIS includes a database with the physical properties of a nu
	Figure 10: ‘Gas mix’ screen
	Shading device
	The shading device is considered as a scattering layer. Scat
	1.     Slat type blinds (such as venetian blinds)
	2. Pleated blinds
	3. Roller blinds and screens
	4. Other scattering devices such as diffusing glass
	The database contains the measured spectral properties of va
	For venetian blinds and pleated blinds WIS calculates the bl
	The properties of pleated blinds are always calculated with 
	Another new feature (only with the ray-tracing method) is to
	Figure 11: Geometrical definition of curved slat type blinds
	Frame
	WIS contains a database of frames with their width and U-val
	For a detailed analysis of frames, WIS provides the link to 
	Figure 12 :‘frames’ screen
	Spacers properties of some typical spacers are also stored i
	Transparent system
	The panes, gas filling and shading devices of a window syste
	With these special features, the WIS tool is particularly su
	Ventilated double façade
	The heat transfer in the cavity is governed by the equations
	Convective heat transfer in the cavity
	For a ventilated cavity, the equations related to the convec
	hcv,i = 2hcdv,i + 4Vi
	where
	hcv,i  is the surface-to-air heat transfer coefficient by co
	hcdv,i  is the surface-to-surface heat transfer coefficient 
	Vi  is the mean air velocity in the gap [m/s]
	Figure 13 : ISO 15099 - Model of mean air- and outlet temper
	The convective heat transfer coefficient hcdv,i  is given by
	Short wave radiation : transfer through the cavity
	The transmitted (or reflected) part of the incident solar ra
	Figure 14 : Energy balance on layer i
	In case of a shading device, the incident solar radiation ma
	a undisturbed part (specular transmission and reflection);
	a disturbed part, which is approximated as anisotropic diffu
	Figure 15: Direct and diffuse transmittance for a shading de
	Diffuse radiation transmitted or reflected by the solar shad
	WIS gives the calculation of the transfer of the short wave 
	Long wave radiation : transfer through the cavity
	The long wave radiation transfer is calculated (detailed equ
	Due to its porous structure (open weave, slats), the shading
	Ventilation in the cavity of the double facade

	WIS offers two possibilities for the ventilation of the air 
	geometry of the air cavity : width (m) and height (m)
	origin and destination of the air that is flowing through th
	Figure 16: Ventilation models in WIS
	Forced convection
	In this case, the air flow rate (and thus the mean velocity 
	Figure 17 : air flow in the cavity of a facade
	The temperature profile depends on the air velocity in the c
	the temperature of the incoming air in the cavity
	the temperature of the layers adjacent to the cavity
	the characteristic height of the temperature profile (depend
	The thermal equivalent (average) temperature of the air in t
	Natural convection
	WIS offers the possibility to model natural convection cause
	The velocity of the air in the space caused by the stack eff
	resistance to the airflow of the openings and the space itse
	The air velocity in the cavity of the façade is calculated b
	The calculation of the pressure loss in the inlet and outlet
	Figure 18 : schematic representation of openings
	In order to determine these openings, the user must specify 
	Simulation of control systems and control strategies

	The WIS software is not able to simulate any control strateg
	2: BISCO/TRISCO/VOLTRA SOFTWARE
	BISCO/TRISCO/VOLTRA SOFTWARE
	General software information


	Physibel has developed a series of software aimed at modelin
	Where all other simulation programs calculate the ventilated
	Bisco

	BISCO allows to calculate two-dimensional steady state heat 
	BISCO allows to calculate important thermal quantities as de
	Trisco

	TRISCO allows the very same kind of calculations as BISCO bu
	Voltra

	VOLTRA is an extension for time-dependent boundary condition
	All those programs can be used with the RADCON module. The R
	Since VOLTRA is the most complete software of the series and
	Theory

	This paragraph describes how the program takes different the
	Convective heat exchange in the cavity

	The user is free to use any convective heat transfer between
	Short-wave (solar) radiation

	The user can define a radiation [W/m²] between a boundary an
	Opaque and transparent materials are treated the same way, w
	In order to simulate the effect of short-wave solar radiatio
	Longwave radiation

	Thanks to the RADCON module, radiation flux can be treated s
	For external longwave radiation, the user can specify a sky 
	Air flow in the double facade

	Air flow between different zones can be defined as a functio
	VOLTRA considers each zone with a uniform temperature. The c
	Control

	VOLTRA is not aimed at simulating control strategy of a DVF.
	Procedure for setting up a model

	In this paragraph, we will present the building up of a mode
	The input in VOLTRA is organized in several windows. Normall
	The Image window, with a graphical representation of the mod
	The Grid window, with the distances between the successive g
	The Blocks window, with a list of all building blocks of the
	The Colours window, with the thermal data of all materials a
	These are the main windows but others will be introduced whe
	Grid

	The default model consists of a three-dimensional cube of 1m
	Enter the number of meshes for the three dimensions. Each di
	Figure 19 gives an example of grid definition that will be u
	Figure 19: Definition of the grid
	All coordinates in the Blocks window, which will be discusse
	While or after entering the geometry of the object, grid mes
	Geometry

	Both the object geometry and the boundary condition location
	The blocks are ordered in a sequential list. You can insert 
	Each block has a colour number (between 0 and 255), which is
	Figure 20 : Encoding the geometry with Blocks
	Only rectangular blocks can be defined. The order of success
	Complex shape
	This way of encoding the geometry of the model is convenient
	An alternative way of entering the geometry has been used fo
	Generate a 256 colours bitmap file representing a two-dimens
	Use BISCO program to create a first two-dimensional model, s
	Import the BISCO model in TRISCO.
	Import the TRISCO model in VOLTRA and alter it to take the t
	Figure 21 : Zoom on a complex frame detail
	Material properties

	The definition of a block requires an index to a colour (i.e
	Figure 22 : The colours window
	The type MATERIAL means that all blocks with the referenced 
	Thermal conductivity (λ) and thermal capacity (C) can be fun
	Glazing
	As mentioned in section 8.2.2.2 (short wave radiation) glazi
	Shading device
	The shading device is modeled as a material. Note that it ca
	Frame
	As mentioned in the introduction, one of the main interestin
	Boundary condition and air cavities

	The blocks that are not material can be defined as one of th
	- BC_SIMPL To simulate simplified combined convection and ra
	In our example, the climate inside the building is of the ty
	- BC_FREE To consider enclosures (i.e. normally fully surrou
	The cavity of the double façade is modeled as a set of BC_FR
	- BC_SKY To consider environments with a known air temperatu
	This type is the most accurate to model outside conditions.
	Ventilation in cavity

	Ventilation flow paths can be defined by entering one or mor
	Per input line a ventilation source and ventilation destinat
	As mentioned in section 8.2.2.4, VOLTRA considers each zone 
	Figure 23 shows an example of ventilation flow definition in
	Figure 23 : Encoding ventilation flows
	The ventilation flow refers to a function in the Functions w
	Function

	All parameters that are not constant refer to a function in 
	Boundary conditions and ventilations flow can be time depend
	VOLTRA propose basic build-in functions as sinusoidal or ste
	Output

	When transient conditions are used, VOLTRA calculates temper
	The user must define, in the output node window, the particu
	It is also possible to make a movie in avi format by saving 
	Figure 24 : cross section of a double facade showing tempera
	Conclusion

	BISCO, TRISCO and VOLTRA have the potential to calculate for
	But those software’s are not aimed at simulating control str
	3: CAPSOL SOFTWARE
	CAPSOL SOFTWARE
	General software information


	CAPSOL� is a programme that calculates multi-zone transient 
	In CAPSOL, the building and its environment are considered a
	During the dynamic calculation, a system of energy balance e
	For more information about CAPSOL: http://www.physibel.be/
	Outdoor climate

	The outdoor climate is defined by:
	one temperature function (type "T"),
	two horizontal radiation functions, to be selected out of th
	an infrared sky radiation function ("I"), if necessary.
	Other climate characteristics as humidity, wind speed and wi
	Simulation of a ventilated double facade
	General methodology


	The general methodology is to consider the VDF as a set of z
	Figure 25: Simulation of a VDF �without shading device (left
	The control strategy of a VDF may act on the ventilation (by
	CAPSOL offers possibilities to simulate control strategies.
	Shading device may be simulated by the controls integrated i
	Ventilation related aspects might be more difficult to imple
	Facade layers

	Glass layer
	For the double glazing and the single glazing that compose t
	Example of definition of a single glazing
	Table 4 gives an example of data usually given by the glazin
	Single glazing "XY"
	Width
	4 mm
	Solar direct transmittance
	83 %
	Solar reflectance external side
	8 %
	Solar reflectance internal side
	8 %
	Solar absorption
	9 %
	Solar factor
	0.85
	U-value
	5.8 W/m².K
	Table 4: Example of single glazing characteristics�provided 
	This set of data does not cover all the needs of CAPSOL.  Mi
	the thermal conductivity, which can be found in NBN B 62-002: ( = 1 W/m.K,
	the density, which can be found in NBN B �
	the specific heat, which can be found in NBN B 62-002: c = 7
	the infrared emission factor of both side�
	the angular dependence of the solar reflection factor on the
	Figure 26: Definition of a single glazing in CAPSOL v4.0w
	Figure 27: Definition of angular reflection in CAPSOL v4.0w
	Example of definition of a double glazing
	Table 5 gives an example of data usually given by the glazin
	Double glazing "YZ"
	Width
	6-12-6 mm
	Coating position
	2
	Solar direct transmittance
	14 %
	Solar reflectance external side
	22 %
	Solar absorption external pane
	62 %
	Solar absorption internal pane
	2 %
	Solar factor
	0.22
	U-value
	2.6 W/m².K
	Table 5: Example of double glazing characteristics �provided
	This is too less information compared to what CAPSOL or othe
	The first step is to consider a standard double glazing with
	Figure 28: First step – considering a standard double glazin
	The second step is to use the equation given in EN 410� in o
	, , ,,,
	where ( is the direct solar transmission of the double glazing,
	(1 and (2 are the direct solar transmission of the external and internal panes (noted (s in CAPSOL),
	( is the solar reflectance of the double glazing
	(1 is the solar reflectance from outdoor of the external pane (noted (1s in CAPSOL),
	('1 is the solar reflectance from indoor of the external pane (noted (2s in CAPSOL),
	(2 is the solar reflectance from outdoor of the internal pane (noted (1s in CAPSOL),
	('2 is the solar reflectance from indoor of the internal pane (noted (2s in CAPSOL),
	(e is the direct solar absorption of the external pane of the double glazing,
	('e is the direct solar absorption of the internal pane of the double glazing,
	(1 is the solar absorption from outdoor of the external pane (noted (1s in CAPSOL),
	('1 is the solar absorption from indoor of the external pane (noted (2s in CAPSOL),
	(2 is the solar absorption from outdoor of the internal pane (noted (1s in CAPSOL),
	g the solar factor,
	U the U-value,
	he and hi are the external and internal global heat transfer
	By introducing the known value of the internal pane in these
	Figure 29: Step 2 –Using EN 410 to find missing solar charac
	The third step is to use WIS in order to find the data that are still missing ((1, Nu, hrb).
	where hrb is the black radiation heat transfer coefficient r
	hr is the radiation heat transfer coefficient between the pa
	('1 is the emissivity of the internal surface of the external pane,
	(2 is the emissivity of the external surface of the internal pane,
	Nu is the Nusselt number of the cavity.
	Figure 30: Step 3 – Using WIS to find \(�
	Shading devices
	An example of a shading device composed by a screen (or roll
	Screen "WX"
	Width
	4 mm
	Solar direct transmittance
	7.5 %
	Solar reflectance external side
	26.0 %
	Solar reflectance internal side
	34.8 %
	Solar absorption  ext ( int
	66.5 %
	Solar absorption  int ( ext
	57.7 %
	Table 6: Example of screen characteristics�provided by the m
	The thermal resistance of such as screen �
	Figure 31: Definition of a shading device in CAPSOL w4.0w
	However, the shading devices usually applied in climatic fac
	Figure 32: Specular panes (left) versus scattering layer (ri
	This will be illustrated by comparing CAPSOL simulations wit
	Analysed VDF
	Element
	Double glazing
	Shading device
	Single glazing
	Pane 1
	Pane 2
	Width
	6 mm
	6 mm
	1 mm
	8 mm
	Solar direct transmittance
	79 %
	58 %
	10 %
	75 %
	Solar reflectance, side 1 / 2
	7 % / 7 %
	24 % / 7 %
	51 % / 51 %
	7 % / 7 %
	Emissivity, side 1 / 2
	0.84 / 0.84
	0.04 / 0.84
	0.85 / 0.85
	0.84 / 0.84
	U-value (cavity: 12 mm air)
	1.6 W/m².K
	Solar factor g
	0.6
	Table 7: Characteristics of the analysed VDF
	Six sets of boundary conditions were simulated; the heat los
	Case
	\(T°
	Sun
	Ventilation
	WIS�scattering
	WIS�specular
	CAPSOL
	1
	0°C
	0 W
	0 m³/h
	0 W
	0 W
	0 W
	2
	0°C
	200 W
	0 m³/h
	1173 W
	948 W
	896 W
	3
	20°C
	0 W
	0 m³/h
	-57 W
	-57 W
	-62 W
	4
	20°C
	200 W
	0 m³/h
	1074 W
	858 W
	837 W
	5
	20°C
	0 W
	50 m³/h
	-25 W
	-25 W
	-25 W
	6
	20°C
	200 W
	50 m³/h
	638 W
	506 W
	495 W
	Table 8: Boundary conditions and heat los�
	The remaining difference is due to the fact that the black r
	Evaluation of the impact of the dummy shading device

	As said previously, in order to simulate the situation when 
	Figure 33: Dummy shading device
	Figure 34: DVF simulated with 1 series of zones (without dum
	Figure 34 shows the differences between the cavity simulated
	The directly transmitted solar radiation is not influenced by the dummy shading device, as its solar transmission factor (e is set to 1.
	The dummy shading device is opaque to IR; it is not possible
	In CAPSOL, the convective heat transfer coefficients of the 
	In order to evaluate the impact of the dummy shading device,
	The heat losses/gains through the VDF are given in Table 9 f
	Case
	T°out / T°in
	Sun
	Ventilation
	VDF 1
	VDF 2
	1
	20°C / 20°C
	0 W
	0 m³/h
	0 W
	0 W
	2
	20°C / 20°C
	200 W
	0 m³/h
	+310 W
	+302 W
	3
	0°C / 20°C
	0 W
	0 m³/h
	-71 W
	-59 W
	4
	0°C / 20°C
	200 W
	0 m³/h
	+239 W
	+242 W
	5
	0°C / 20°C
	0 W
	50 m³/h
	-47 W
	-30 W
	6
	0°C / 20°C
	200 W
	50 m³/h
	+237 W
	+240 W
	Table 9: Boundary conditions and heat losses (–) / gains (+)
	As can be seen in Table 9, in cases 3 and 5, the losses are 
	Case
	T°out / T°in
	Sun
	Ventilation
	VDF 1
	VDF 2
	1
	19.99°C / 20°C
	0 W
	0 m³/h
	0 W
	0 W
	2
	19.99°C / 20°C
	200 W
	0 m³/h
	+314 W
	+307 W
	3
	0°C / 20°C
	0 W
	0 m³/h
	–72 W
	–60W
	4
	0°C / 20°C
	200 W
	0 m³/h
	+242W
	+246W
	5
	0°C / 20°C
	0 W
	50 m³/h
	–42W
	–28W
	6
	0°C / 20°C
	200 W
	50 m³/h
	+238W
	+239W
	Table 10: Boundary conditions and heat losses/gains  - WIS, ( = 1
	As we have said previously, it is not possible in CAPSOL to 
	Case
	T°out / T°in
	Sun
	Ventilation
	VDF 1
	VDF 2
	1
	19.99°C / 20°C
	0 W
	0 m³/h
	0 W
	0 W
	2
	19.99°C / 20°C
	200 W
	0 m³/h
	+314 W
	+315 W
	3
	0°C / 20°C
	0 W
	0 m³/h
	–72 W
	–69W
	4
	0°C / 20°C
	200 W
	0 m³/h
	+242W
	+245W
	5
	0°C / 20°C
	0 W
	50 m³/h
	–42W
	–44W
	6
	0°C / 20°C
	200 W
	50 m³/h
	+238W
	+238W
	Table 11: Boundary conditions and heat losses/gains  - WIS, (IR = 1
	As we have seen in Table 9, when there is no sun and no vent
	Case
	T°out / T°in
	Sun
	Ventilation
	VDF 1
	VDF 2
	1
	20°C / 20°C
	0 W
	0 m³/h
	0 W
	0 W
	2
	20°C / 20°C
	200 W
	0 m³/h
	+313 W
	+296 W
	3
	0°C / 20°C
	0 W
	0 m³/h
	–72 W
	–68 W
	4
	0°C / 20°C
	200 W
	0 m³/h
	+242 W
	+227 W
	5
	0°C / 20°C
	0 W
	50 m³/h
	–45 W
	–36 W
	6
	0°C / 20°C
	200 W
	50 m³/h
	+238 W
	+232 W
	Table 12: Modified double glazing
	In order to verify that the proposed procedure to simulate t
	Figure 35: Simulation of the VDF with and without a shading 
	Frame
	This aspect has not been analysed here.  The frame could be 
	Double facade
	As said previously, the VDF will be simulated as a set of zo
	Convective heat transfer in the cavity.
	The convective heat transfer coefficients inside the cavity 
	Short and long wave radiation: transfer through the cavity.
	The short wave radiation (sun) transfer through the cavity is illustrated in Figure 36. The solar radiation striking the external glazing is partially reflected ((e), directly tran
	Figure 36: Short and long wave radiations transfer through t
	Reflection ((e). The reflection characteristics of the external surface can be defined depending on the angle of incidence (as shown in Figure 27).
	Transmission ((e). The part of the solar radiation that is directly transmitted through a wall is distributed to the walls adjacent to the next zone according to their respective "
	Absorption ((e). In case of zones of type IV, the part of the absorbed radiation that is remitted is distributed to the walls adjacent to the next zone according to their respectiv
	Ventilation in the cavity of the double facade

	How is ventilation introduced in CAPSOL?
	In CAPSOL, the ventilation path is fixed in advanced by fill
	In this example, the air that enters into the cavity of the 
	If the flow path changes during the simulation, it will be n
	Figure 37: Definition of ventilation in CAPSOL v4.0w
	Forced convection.
	As we will see in § 8.3.5.2, forced ventilation can be model
	Natural convection.
	As we will see in § 8.3.5.2, natural ventilation will probab
	Simulation of the building and HVAC systems

	The building can be simulated by a set of zones, walls, inte
	The heating system and the air conditioning system can be si
	A heat recovery can be simulated with a series of zones and 
	Simulation of control systems and control strategies
	Modeling the control strategy of the shading device


	The control of the shading device will be implemented with the help of the standard CAPSOL control procedure.  However, every control in CAPSOL is related to a temperature sensor w
	In § 8.3.3.2, it was proposed to change the characteristics 
	Figure 38: Implementing the control of the shading device in
	Modeling the control strategy of the ventilation

	General considerations about coupling thermal and ventilatio
	In order to correctly simulate the ventilation, a thermal mo
	The full integration approach: both ventilation model equati
	Figure 39: Onions, ping-pong and global onion approaches
	The onions approach: airflow rates are passed from the venti
	The ping-pong approach: airflow rates calculated in the vent
	The global onion approach: the thermal model is run for the 
	Coupling CAPSOL with a ventilation model

	As said previously, CAPSOL is a thermal mode and should be c
	A multilateral ventilation control has been integrated in th
	Consequently, if someone wants to simulate a VDF with CAPSOL
	For instance, in the case of climatic facades, the air flow 
	These conditions are not met in the case of double-skin faca
	Remarks:
	The CAPSOL Pilot Book – Case J also describes how to couple 
	Even if the multilateral ventilation controls are used, it m
	It seems not possible to combine the wind-effect with the st
	Other aspects
	Number of zones that compose the VDF


	According to the problem analysed, it might be desirable to 
	Figure 40: Example of the impact of the number of zones that
	In the case of the VDF analysed in Figure 40, it can be seen
	Adding dummy walls between the zones that compose the caviti

	As can be seen on Figure 36, there are no walls simulated be
	Figure 41: Solar processing trough zones of a VDF – option 2
	A case has been run with such a configuration, for a narrow 
	Building up a model

	In this paragraph, we will present the building up of a simp
	Step 1: definition of functions

	Seven types of "functions" can be used to define the outdoor
	T: Temperatures,
	I: Infrared radiation,
	P: Power,
	G: Global horizontal radiation,
	D: Diffuse horizontal radiation,
	B: Direct beam horizontal radiation,
	V: Ventilation air changes.
	These functions can be values in a file, but 5 types of "bui
	Outdoor climate
	As said previously, the outdoor climate is usually defined b
	Internal gains
	Internal gains are simulated by power functions.  These powe
	Step 2: definition of zones

	The outdoor environment is represented by a zone of type ES 
	Figure 42: Definition of zones in CAPSOL v4.0w
	Step 3: definition of ventilation

	This point has been discussed in § 8.3.3.3.
	Step 4: definition of walls

	Figure 43 presents the definition of the walls that compose 
	For the wall surfaces in contact with an external zone, ther
	Similarly, the convective heat transfer coefficients inside 
	In conformity with what was said in § 8.3.3.2, 100% of the i
	Figure 43: Definition of walls in CAPSOL w4.0w
	Step 5: definition of wall types

	This point has been already discussed in § 8.3.3.2.
	Step 6: definition of points

	Points must be defined for each controls (see next paragraph
	Step 7: definition of controls

	Three types of controls are available in CAPSOL: a power rel
	The shading device control has been discussed in § 8.3.5.1 a
	Step 8: definition of surface view factors

	As the cavity is divided in zone of type IV, the surface vie
	In the zone "ROOM", the surface view factors of the glazing 
	Figure 44: Definition of surface view factors� in CAPSOL w4.
	Step 9: definition of sun obstacles

	CAPSOL allows to define sun obstacles which apply to the who
	Figure 45: Definition of building sun obstacles� in CAPSOL w
	Step 10: modifying calculation parameters

	As said in § 8.3.3.2, the black radiation heat transfer coef
	Figure 46: Definition of calculation parameters� in CAPSOL w
	Step 11: Running!

	There is nothing specific to VDF to specify into the other i
	Conclusions

	The aspects analysed in this study have shown that CAPSOL is
	The global philosophy is to consider the VDF as a set of zon
	The introduction of a dummy shading device to simulate the s
	CAPSOL does only consider an angular dependence for the sola
	As CAPSOL is a thermal model, the ventilation related should
	The simulation of complex situation (as e.g. naturally venti
	A serious advantage of CAPSOL is that it is quite easy to us
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	TRNSYS (TRaNsient SYstem Simulation Program), commercially a
	TRNSYS has a modular system approach, which makes it very fl
	That core software can be completed by other software to mak
	- a user friendly software to define the building to simulat
	- a model to calculate air flows in the building or the HVAC
	- a graphical interface: IISiBat.
	The version of the software, which has been used in this stu
	The core software: TRNSYS
	TRNSYS relies on a modular approach to solve large systems o
	Each component has inputs and outputs that represent the act
	Example: the inlet flow rates and temperatures for the air a
	TRNSYS allows users to completely describe and monitor all i
	The user has to create an input file.  It tells TRNSYS which
	A software to define the building: PREBID
	To simulate the thermal behaviour of a building, TRNSYS, and
	Figure 47: part of a ".bui" file defining a building
	Although this file can be written by hand, a software called
	To create a building with PREBID, the user specifies the the
	 
	Figure 48: zone definition in PREBID
	A model to calculate air flows in the building: COMIS
	When simulating the thermal behaviour of a building, TRNSYS 
	The software COMIS, which can be coupled with TRNSYS, models
	COMIS allows the user to define schedules describing changes
	The COMIS air flow calculation is based on the assumption th
	To allow user friendly simulations of natural ventilation sy
	An air flow model input file (".cif") is generated with the 
	User tip: be careful with the order of the thermal zones.
	Both the air flow and the thermal models number the air zone
	Example:
	One wants to calculate the temperature in three zones: an of
	1st case:
	The zones are introduced in PREBID in that order
	1.  Basement
	2.  office
	3.  corridor
	The thermal model numbers them in that order, but the air fl
	1.  Office
	2.  corridor
	because it doesn't use the basement.
	There will be a recognition problem between the air flow inp
	2nd case:
	The zones are introduced in PREBID in that order
	1.  Office
	2.  corridor
	3.  basement
	The thermal model numbers them in that order, but the air fl
	1.  Office
	2.  corridor
	There will be no recognition problem between the air flow an
	The Figure 49 shows the links between the thermal and the ai
	In the solution process, the air flow model starts with the 
	Figure 49: coupling between the airflow model and the therma
	The air flow model in COMIS / TRNFLOW is a multizone model. 
	Figure 50: COMIS model used in TRNFLOW
	A graphical interface to make the TRNSYS use easier: IISiBat
	An example of the input file needed by TRNSYS is represented
	Figure 51: TRNSYS input file
	Figure 52 shows the IISiBat Assembly Window.  This main wind
	Figure 52: The IISiBat Assembly Window
	The user creates links between the components that share inf
	Figure 53: Connections between the outputs of one model and 
	Outdoor climate and other context data

	To run a simulation, TRNSYS needs the following parameters, 
	outdoor temperature
	relative ambient humidity level
	If the user doesn't have that value at his disposal, a compo
	fictive sky temperature
	That value is calculated by a component (type 69b) from beam
	for each orientation, total solar radiation, incident beam r
	Those values can be calculated by a component (type 16) from
	Since the calculations made in transforming solar radiation 
	So, the user can use various types of weather data files.  U
	To simulate the airflow distribution in building with natura
	Wind speed at meteo station reference height [m/s]
	Wind direction [deg] (0° wind from north, 90° wind from east
	In order to predict the wind speed at the building site, it 
	Simulation of a ventilated double facade
	General methodology


	With TRNSYS, buildings with a ventilated double facade like 
	Figure 54: Building with a double facade to model
	With a specific model for the ventilated double facade, link
	The building is then modelled without the double facade (see
	Figure 55: Building is modelled with no double facade.
	The VDF is modelled by a specific type in TRNSYS.  That type
	Figure 56: The double facade model is linked to the building
	As one or many thermal zones included in the building model
	The subdivision of the cavity of the DVF will depend on the 
	Examples:
	If the shading device is against one of the two glass layers
	Figure 57: The VDF  is modelled as one single zone
	Figure 58: The VDF is modelled with three distinct zones
	If the shading device is between the two glass layers, in th
	Figure 59: The VDF is modelled with two distinct zones betwe
	Figure 60: The VDF is modelled with six distinct zones
	Note: The more the cavity is subdivided, the longer is the T
	Example:
	1 zone for the cavity of the VDF: simulation time = 12 min 3
	The air flow chart is quite simple:
	5 zones for the cavity of the VDF: simulation time = 24 min
	The air flow chart becomes more complex:
	10 zones for the cavity of the VDF: simulation time = 5 hour
	The air flow chart is even more complicated:
	To model the cavity subdivisions:
	Horizontal subdivisions:
	In the thermal model the subdivision should be modelled by a
	The longwave radiations are stopped by the window in the the
	Figure 61: definition in the WINDOW program of a glass �mode
	That "very transparent" window is coupled, in the air flow m
	Figure 62: definition of a permanently open window in PREBID
	Note: there are actually two models for the fictive subdivis
	one closed window in the thermal model, which is used to cal
	and one open window in the air flow model, which is used to 
	There is no incompatibility as the two models are coupled an
	Vertical subdivisions with sun protection:
	The vertical fictive subdivision can be modelled on the simi
	in the thermal model: an internal sun shading, which can be 
	in the air flow model: the permanently opened window will no
	The control values and equations should be the same for the 
	In order to minimize to impact of the fictive vertical windo
	Figure 63: definition of air flow between two zones when the
	Facade layers

	Glass layer
	The window incorporated into the type 56 component, with up 
	For each glazing of the window, the resulting temperature is
	Figure 64: Glass model in Type 56 of TRNSYS
	The window model incorporated into the type 56 component use
	WINDOW 5.0  TRNSYS 15 Data File: Multi Band Calculation
	Angle 0 10 20 30 40 50 60 70 80 90 Hemis
	Tsol 0.727 0.726 0.723 0.716 0.702 0.669 0.599 0.455 0.215 0
	Abs1 0.080 0.081 0.082 0.085 0.089 0.094 0.101 0.110 0.117 0
	Abs2 0.064 0.065 0.066 0.068 0.070 0.071 0.071 0.065 0.049 0
	Rfsol 0.129 0.129 0.129 0.131 0.140 0.166 0.230 0.370 0.619 
	Rbsol 0.129 0.129 0.129 0.131 0.140 0.166 0.230 0.370 0.619 
	Tvis 0.817 0.816 0.815 0.811 0.799 0.768  0.695 0.538 0.273 
	Rfvis 0.148 0.148 0.148 0.151 0.162 0.191 0.262 0.417 0.682 
	Rbvis 0.148 0.148 0.148 0.151 0.162 0.191 0.262 0.417 0.682 
	SHGC 0.777  0.776 0.774 0.769 0.756 0.725 0.656  0.509 0.261
	SC: 0.86
	Figure 65: Extract from a WINDOW 5.0 file used by TRNSYS
	Shading devices
	Movable shading devices
	In a VDF, the shading device can be placed in various positi
	against the external glass facade
	It is modelled as an internal shading device associated to a
	Figure 66: Internal shading device defined on an external wa
	against the internal glass facade
	It is modelled as an internal shading device associated to a
	User tip: It is not possible to associate an external shadin
	Figure 67: Internal shading device defined on an internal (a
	between the two glass facade, in the middle of the cavity
	It is modelled as an internal shading device associated to a
	Figure 68: Internal shading device defined on an internal (a
	In any case, user can pull down or roll up the blind accordi
	User must specifiy the shading factor.  It is defined as the
	It can be a constant value (e.g. if the shading device is al
	Figure 69: Various possibilities to define the shading facto
	That input can come from one or many controllers (Type 2) to
	Examples:
	- A shading device can be pulled down when sun is shining as
	- A shading device can be pulled down as soon as the solar r
	Figure 70: running of a shading device in TRNSYS with two co
	Note: The shading devices defined in the "Type 56" component
	Permanent shading devices: overhangs and wingwalls
	Overhangs and wingwalls shading can be modelled with "type 3
	Figure 71: Overhangs and wingwalls modelled by type 34
	That component has to be linked to the building component (T
	User tip: to simplify the IISiBat model and fasten the TRNSY
	Frame
	The user defines the surface of the frame (percentage of win
	Figure 72: Window definition in PREBID: glass, frame and sha
	Ventilated double facade
	Convective heat transfer in the cavity
	The convective heat transfer coefficient hc which is associa
	Figure 73: definition of convective heat transfer coefficien
	The thermal model takes into account the heat transfer due t
	If the internal shading device is against one of the glass l
	If the shading device is located in the middle of the ventil
	Short wave radiation and long wave radiation : transfer thro
	a)  Through the first glass layer
	The window is partially transparent to solar radiation (the 
	The direct solar radiation entering a zone is distributed be
	For example, user can decide that all direct solar radiation
	Figure 74: Distribution of solar radiations between zone sur
	Beside transmission and convection heat flux from the ambien
	Figure 75: Heat fluxes in the external glass facade
	=  radiation heat flux absorbed at the outside surface: sola
	=  net radiative heat transfer with all surfaces in view of 
	=  convection heat flux to the outside surface from the boun
	=  radiation heat flux absorbed at the inside surface: refle
	=  net radiative heat transfer with all other surfaces withi
	=  convection heat flux from the inside surface to the zone 
	b)  Through fictive windows (when cavity is subdivided)
	Through the fictive windows which separate the various zones
	c)  Through the shading device
	The shading device reduces the incoming solar radiation ente
	For internal shading devices, the model takes into account m
	Note: it is not the case for external shading devices, but t
	There is no detailed model for venetian blinds that would ta
	Figure 76: Window and shading devices definition in PREBID
	User can define the part of the absorbed radiation that goes
	d)  Through the second glass layer
	The window is partially transparent to solar radiation (the 
	Ventilation in the cavity of the double facade

	Forced convection.
	To model forced convection, user does not need the air flow 
	To model air entry in the double facade, the user will use V
	Figure 77: association of a ventilation to a thermal zone
	He will define ventilation according to the double facade ru
	air change rate which can be defined as a constant, an input
	temperature and relative humidity of air flow.  User will se
	Figure 78: definition of the ventilation
	Figure 79: definition of air flow temperature
	To model air transfer between various zones in the subdivide
	Figure 80: Coupling function associated with adjacent walls
	The coupling statement allows the definition an air mass flo
	Coupling can be defined (see Figure 81).  as a constant valu
	Figure 81: definition of coupling air flow
	Figure 82: coupling between zones of a double facade
	The convective heat transfer coefficient hc that is associat
	Natural convection.
	To simulate natural convection in the cavity, the user needs
	To evaluate the air flows in the building, COMIS / TRNFLOW t
	Wind pressure
	The wind pressure on a facade is defined as the difference b
	where:
	= wind pressure [Pa]
	= wind pressure coefficient [-]
	= reference wind velocity at building location and reference
	= air density [kg/m3]
	For each external node defined, at least one averaged Cp-val
	Figure 83 Introduction of Cp values in PREBID for TRNFLOW
	Note: in some software (TAS for example), some default Cp va
	The reference wind velocity  is calculated according to the 
	The roughness of the terrain is specified through a value  c
	Figure 84 Introduction of wind velocity profile in PREBID fo
	Buoyancy
	Not only wind effect, but also buoyancy resulting from tempe
	Figure 85 Definition of zone and link pressure
	The user has to characterise the openings:
	the type of opening,
	The width and the height of the totally opened window/door,
	The discharge coefficient (Cd -value) of the completely clos
	The crack characteristics of the closed opening.
	The "own height factor" (see Figure 86) which allows to defi
	Figure 86 Definition of the opening characteristics
	User also commands the openings through the "opening factor"
	It can be defined (see Figure 87) as a constant value (e.g. 
	Figure 87 Definition of the opening factor, defining how the
	The convective heat transfer coefficient hc which is associa
	Simulation of the building and HVAC systems

	TRNSYS offers the possibility to model the ventilation, the 
	As the facade, divided or not in various zones, is a part of
	Here some examples of interaction between the building and t
	The double facade is ventilated with outside air.  That air,
	Figure 88 Hygienic air is preheated in the double facade �an
	The double facade is ventilated with vitiated air extracted 
	Figure 89 Vitiated air from rooms extracted through the doub
	As COMIS/TRNFLOW allows studying natural ventilation in the 
	Example:
	Rooms on one facade are ventilated directly with outside air
	Figure 90 Natural ventilation of a building
	Simulation of control systems and control strategies

	Thanks to the modular system of TRNSYS, any control strategy
	Moreover, with the possibility to use any equation, user can
	Examples:
	The sun protection can be controlled according to the sunshi
	Figure 91 Natural ventilation of a building
	Examples of simulations
	Comparison of various running modes of a ventilated double f


	The building modelled comprises 5 levels of offices.  The tw
	Note that it would be better to divide the whole cavity in s
	Different strategies of ventilation are compared:
	It is not ventilated
	The double facade is always closed and there is no interacti
	It is ventilated with outside air
	The bottom of the double facade is open.  The air extracted 
	It is ventilated with air from offices
	The double facade is ventilated with air taken from the adja
	The heat exchanger is not modelled with the building in Preb
	Figure 92: building with heat exchanger model in IIsiBat
	These 3 ways of running a double skin facade have been compa
	As showed on Figure 93, the temperature in the double facade
	Figure 93: Temperature in the double facade according to the
	Comparison of various numbers of zones to model a double fac

	The building modelled comprises 5 levels of offices.  The tw
	The cavity is successively modelled by 1, 5 and 10 zones (se
	Figure 86: Cavity modelled successively by 1, 5 and 10 zones
	Different positions of the shading devices (placed in the ca
	Figure 94: Various stores modelled: against the external fac
	The position of the shading device (screen) is monitored acc
	Let’s compare the evolution of the total thermal demand (dem
	Figure 95: comparison of thermal demand for different positi
	Let’s compare now the total thermal demand between the vario
	Figure 96: comparison of thermal demand for an office for va
	When there is no blind, the model answer is quite similar fo
	With an external blind, answers are similar for 1, 5 or 10 z
	And with an internal blind, answers vary a lot, up to 25% ac
	These figures show that the number of zones can lead to diff
	Let’s have a look at the temperatures in the double facade a
	The air temperature of a central office is consistent betwee
	Figure 97: comparison of the air temperature in a central of
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	General software information


	History
	ESP-r is an Open Source program, developed by the Energy Sys
	It is available by download from ESRU’s website (http://www.
	Overview
	A key design aim of ESP-r is to provide a detailed dynamic i
	Figure 98: ESP-r system
	Another important aspect of ESP-r’s design – of importance i
	a) to specify scheduled infiltration and ventilation rates into the various thermal zones;
	b) to include an airflow network to calculate the inter-zonal bulk airflows (integrated with the thermal simulation);
	c) to include a CFD domain to study intra-zonal airflow within one or more of the thermal zones.
	It is generally recommended that a user starts with a relati
	Program structure
	In use, the user defines the model in the Project Manager. T
	Theory
	ESP-r is a transient energy simulation program based on the 
	In general use, one or more zones within a building are defi
	In the thermal, airflow and lighting domains, of interest he
	Figure 99: Flowpath diagram for dynamic thermal processes in
	The following sets out how the various heat and mass transfe
	Conduction: By default, nodes are assigned to each layer in 
	It is also possible to change the nodal distribution and to 
	Convection: The internal surface convective transfer process
	External convection coefficients are calculated by default b
	Short-wave (solar) radiation: Direct and diffuse radiation, 
	A separate module can be invoked from the Project Manager to
	An optical database is available containing the transmittanc
	During simulation, the solar processor calculates the incide
	The transmitted radiation is then processed; firstly, the di
	Transmitted diffuse radiation is handled in a similar way. T
	It is also possible to create a file of bi-directional data.
	Longwave radiation: By default, for internal longwave exchan
	For external longwave radiation, ESP-r considers the externa
	Internal gains: Users can specify a time schedule of casual 
	Air flow: It is possible to schedule air change rates to zon
	CFD: One or more zones in a building can be associated with 
	Thermal 1: The Simulator establishes surface temperatures an
	Thermal 2: As above but the CFD module is used to calculate 
	Mass flow: a single airflow network node is replaced by a CF
	Other features of ESP-r’s CFD module are:
	Finite volume, 3-D Cartesian staggered grid.
	Solver: SIMPLEC pressure-correction method.
	Turbulence models: k-( model (fully turbulent flows) and zero-equation model (natural convection with infiltration, forced convection and mixed convection with displacement ventila
	Wall functions: Log-law; Yuan et al (buoyancy-driven flow ov
	Ability to provide CFD determined convection co-efficient to
	Ability to distinguish between natural, forced & mixed flow 
	Ability to check when conditions are such that CFD is likely
	Heating and cooling plant: Specification of plant systems is
	Lighting: The simplest method for modelling daylight/thermal
	However, a more detailed analysis may be required for daylig
	The first approach is based on the direct linkage of the ESP
	Figure 100: ESP-r-RADIANCE interactions at timestep level
	At each simulation time-step, ESP-r’s luminaire control algo
	A second approach, which reduces the computationally demandi
	Control: The following control options are available (all of
	Heating and cooling fluxes: see the paragraph on heating and
	Lighting: heat gains from lighting can be controlled on the 
	Optical properties: the optical properties can be replaced b
	Thermophysical properties: the thermophysical properties of 
	Airflow: Airflow connections can be controlled based on a la
	Convection coefficients: An adaptive convection controller h
	General Procedure for Setting up a Model
	The main steps in setting up a model for double façade studi
	1. Analyse the design problem in hand and decide on the perf
	2. Decide on the minimum number of building zones which will
	3. A basic computer model must now be created via the Projec
	Enter contextual information such as building location, year
	Establish the databases. For double facades, the following d
	Create the geometry of the thermal zones, either from dimens
	Attribute the thermal zones and the links between them in te
	Enter internal gains and design air change rates in the oper
	Enter the control information for the idealised heating and 
	The Project Manager provides an interactive dialogue and val
	4. At this stage, it is suggested that a short period simula
	5. Additional model detail can now be added. The following m
	A shading/insolation analysis to determine shading factors o
	An internal inter-surface viewfactor calculation for accurat
	An airflow network to describe the leakage distribution for 
	Casual gain control file in the case of controlled lighting 
	A convection coefficients file. By default, ESP-r assumes bu
	Blind control can be established in the definition of the co
	A CFD domain in which 3-D gridding and related parameters ar
	Addition of short-timestep measured data can be added throug
	Addition of new technologies such as phase change materials 
	Addition of a plant network, by specifying each component an
	Each of these optional functions can be included via the Pro
	6. Simulations can now be run on the created model. It is re
	7. Appropriate design modification can now be implemented vi
	Outdoor climate and other context data

	The location of the building must be specified. The items re
	Latitude
	Degrees (positive in northern hemisphere, negative in southe
	Longitude difference from local meridian
	Degrees (positive if east of meridian, negative if west)
	Site exposure
	Choose from menu – the choice will affect external viewfacto
	Ground temperature
	Average monthly temperatures (ºC)
	Table 13: Building model context data
	The climate parameters required are hourly averages. The fir
	Global horizontal or direct normal solar radiation
	A flag in the climate file indicates which is provided in th
	Diffuse horizontal solar radiation
	Units: W/m2
	External dry-bulb temperature
	Units:  ºC
	Wind speed
	Units: m/s. Usually measured at 10m above ground
	Wind direction
	Units: degrees clockwise from North
	Relative humidity
	Units: %
	Table 14: Climate data requirements
	If climate data is available at sub-hour frequencies (e.g. 5
	Simulation of a ventilated double facade
	General methodology


	The modelling of double facades is particularly complex beca
	There are many possible configurations of double facades, wi
	Regarding a single-storey type double-skin facade, a model s
	In a corridor type double-skin facade, the repeating section
	In a multi-storey type facade it is necessary to represent t
	An example of zoning for the case where there is airflow thr
	Figure 101: Example of zoning for double façade (from Hensen
	Facade layers

	Opaque constructions
	As described above, the constructional materials (thermophys
	Figure 102 : Screen shot of surface attribution in ESP-r’s P
	Transparent constructions
	The glazing constructions are represented in ESP-r similarly
	The optical data can be obtained from Window5 or WIS or from
	Fictitious constructions
	These are necessary to represent the fictitious boundaries b
	Shading devices
	Fixed shading from façade overhangs and fins and from surrou
	For movable shading associated with the double façade, the m
	Figure 103: One-storey elevation, showing different modellin
	For the case of the blinds associated with either the intern
	For the case of the blind in the cavity, the blind should be
	Frame
	If framing losses are likely to be significant, the frames s
	Ventilated double façade
	Once the basic geometry and constructions of the double faça
	Figure 104 : Screen shot of menu choice for increased resolu
	Convective heat transfer in the cavity
	In ESP-r, the default internal convective coefficients are b
	Figure 105:  BBRI ventilation classification diagram
	(http://www.bbri.be/activefacades/images/schema/ventilation-
	When the cavity is ventilated (as in modes 1 to 4 of Figure 
	When the cavity is mechanically ventilated, the convection r
	Short wave radiation :  transfer through the cavity
	By default, all short-wave radiation entering a thermal zone
	Long wave radiation :  transfer through the cavity
	As the cavity is treated as a thermal zone, the radiative he
	Ventilation in the cavity of the double facade

	For cases of forced ventilation when flow rates are constant
	In ESP-r, an airflow network consists of a number of interna
	Within the Project Manager, the airflow network option can b
	To illustrate the specification of the network, the followin
	Figure 106: Airflow network for a three storey building with
	Wind pressure coefficients
	The surface pressure distribution is wind-induced. As usual 
	Wind speed profile
	The wind speed in the climate file is usually at a reference
	Nodes
	There are four node types available in ESP-r, but only the f
	Internal; unknown pressure.
	Boundary; wind pressure.
	Internal nodes corresponding to the thermal zones can be gen
	Node heights are also required for buoyancy calculations. Fi
	Figure 107: Height data for nodes and connections
	Components
	Flow components are essentially relationships for the mass f
	Connections
	The connections are then specified to represent the various 
	If the automatic node generation facility is not invoked for
	Results analysis
	Within ESP-r there are extensive results analysis facilities
	Airflow network for the case of a blind in the cavity
	The airflow network can be represented in two ways, which gi
	Airflow network 1
	Airflow network 2 (simplified)
	(2x inlet & outlets at ½ area of originals)
	Figure 108: Single storey facade elevations: airflow network
	Although airflow network 1 is a closer representation of rea
	Simulation of the building, HVAC systems, and lighting

	The thermal zones representing the double façade can be link
	The airflow network used in the double façade model can be c
	Simulation of control systems and control strategies

	The operation of the double façade may require several contr
	Control of ventilation: e.g. opening/closing vents according
	Control of blinds: e.g. changing optical and/or thermophysic
	Control of convection regime: e.g changing connection correl
	Control of heating/cooling and plant systems: e.g. switching
	Control of lighting: e.g. switching artificial lighting acco
	In the following, a brief description of the options for eac
	Control of airflow network
	Within an ESP-r flow network, control can be imposed either 
	temperature/temperature difference
	enthalpy
	additional plant output
	relative humidity
	pressure/pressure difference
	mass flow rate
	wind speed/direction
	diffuse horizontal solar radiation
	direct normal solar radiation
	ambient relative humidity
	The user must then specify the control laws that pertain to 
	On/off law: simply operates to switch on/off the connection/
	Proportional with hysteresis: this is a linear controller - 
	Range based controller: the flow or the area of flow can be 
	Multi-sensor on/off; this works similarly to the on/off cont
	Control of heating/cooling plant
	Only a brief description is given here, because these contro
	Control of blinds
	It is possible to control blinds by specifying a sensor type
	A new feature allows the user to change both thermophysical (e.g. conductivity, emissivity) and optical properties concurrently (as might be required for an insulated blind, for ex
	Control of convective correlations
	Switching between two convection regimes is currently possib
	Control of lighting
	Artificial light switching is specified in the casual gain c
	Control Example 1: Airflow window
	The desired system control of the three different operationa
	facade closed
	outer facade open (ventilated cavity)
	inner & outer façade open (full-ventilation)
	is shown in the Figure 109.
	Figure 109: Airflow-window desired control characteristics
	To achieve this requires control of both air flow and convec
	Figure 110: Airflow-window convection control and airflow co
	Note: For the adaptive convection control to work, it is als
	As an example output for this control, the Figure 111 shows 
	Figure 111: Temperatures in airflow-window model
	Control Example 2: Naturally ventilated facade with shading
	In this example, the cavity is ventilated during high solar 
	Cavity ventilation is initiated when cavity air temperature 
	Convection control swap from Alamdari & Hammond correlations
	Internal lighting control (12W/m2) – ideal dimming, set-poin
	The internal zone is assigned 1000W of cooling capacity, set
	Figure 112 shows the effect of the shading control.
	NO shading in cavity
	Blind control
	Solar radiation absorbed in internal room
	Solar radiation absorbed in internal room
	% of internal lighting ON
	% of internal lighting ON
	Figure 112 : Shading control
	It is clear that the blind switching considerably reduces th
	The blind switching also has a significant effect on interna
	Figure 113: Impact of shading on surface convection and cool
	NO shading in cavity
	Blind control
	Total surface convection in outer cavity division
	Total surface convection in outer cavity division
	Internal room cooling load
	Internal room cooling load
	Other modelling considerations

	Link with CFD
	One or more zones in the model can be designated as a CFD do
	As an example of its use, an airflow window was modelled (Di
	CFD domain included in cavity only – conflated with building
	K-ε turbulence model solver employed with Yuan wall function
	Rectangular gridding of 30 cells x 30 cells x 5cells (width 
	Velocity & temperature solved
	Boussinesq approximation for buoyancy (Reference temperature
	15th March simulation - 5 time steps per hour and 1 start-up
	A comparison of results using the Alamdari and Hammond corre
	Model convection regime
	Maximum total convection in cavity (W)
	Minimum total convection in cavity (W)
	Heating in internal perimeter zone (kWh)
	Number of heating hours required
	Alamdari & Hammond  correlations (ESP-r Defaults)
	54.01
	17.00
	2.07
	15
	CFD results (k-e turbulence model with Yuan wall functions)
	53.29
	15.91
	2.17
	15.2
	Table 15: Comparison of convection in closed cavity using Al
	It is apparent that the maximum convection values are very s
	Figure 114 shows the flow fields predicted by the CFD simula
	0.2m deep cavity
	(aspect ratio = 15)
	0.6m deep cavity
	(aspect ratio = 5)
	1.2m deep cavity
	(aspect ratio = 2.5)
	Figure 114: CFD predicted flow field (velocity vectors) for 
	Although the differences between empirically derived and CFD
	Blind properties
	It is important that correct emissivity and absorptivity is 
	Figure 115: Variation of internal cooling load with solar ab
	Additional absorbed solar manifests itself in higher surface
	The emissivity of the roller blind material has similarly si
	) Internal Cooling Energy (kWh)
	i o
	4.34
	i o
	3.68
	i o
	2.39
	i o
	4.65
	i o
	5.11
	i o
	3.39
	i o
	1.81
	i= internal surface emissivity
	o= internal surface emissivity
	Table 16: The effect of blind surface emissivity on internal
	It is clear that a reduction in surface emissivity at the in
	Discharge coefficients
	Discharge coefficients are an important factor in air-flow o
	A study of a multi-storey double façade was undertaken, with
	Figure 116 shows the variation in mass flow and cooling ener
	Figure 116: Discharge coefficient sensitivity (cooling & mas
	Modelling of Venetian Blinds
	Modelling Venetian blinds is complex.  A detailed study was 
	Figure 117: Actual cavity geometry using (1) floating surfac
	The first option, with the cavity modelled as a single zone 
	To test current capabilities a model was formed as shown in 
	A simpler representation may be to model the Venetian blinds
	(1) Saw-tooth model consisting of inner/outer cavities & int
	(2) Outer zone highlighting saw-tooth surface
	Figure 118: Venetian blind saw-tooth model
	Another factor is that the correct optical transmission, ref
	Examples of simulations

	There are some given in the above sections to demonstrate so
	The paper by Hensen et al (2002) shows how ESP-r was used to
	Figure 119: Predicted air temperatures in the double-skin fa
	Another example has been provided by Müller-BBM where ESP-r 
	Figure 120: ESP-r and CFD simulations of a museum building w
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	TAS is a suite of software products, which simulate the dyna
	The main module is Tas Building Designer (A-Tas), which perf
	Tas Systems is a HVAC systems/controls simulator, which may 
	The third module, Tas Ambiens, is a robust and simple to use
	A-Tas is a software tool which simulates the thermal perform
	The fundamental approach adopted by Tas is dynamic simulatio
	These processes are illustrated schematically in this figure
	Conduction in the fabric of the building is treated dynamica
	Convection at building surfaces is treated using a combinati
	Long-wave radiation exchange is modelled using the Stefan-Bo
	Solar radiation absorbed, reflected and transmitted by each 
	Internal conditions, which include room gains from lights, e
	Infiltration, ventilation and air movement between the vario
	Heating and cooling plant is represented by plant capacities
	TAS solves the sensible heat balance for a zone by setting u
	A latent balance is also performed for each zone which takes
	Building up a model

	In this paragraph, we will present the building up of a mode
	Step 1: choice of the weather data

	When creating a new model the first thing you need to do is 
	Step 2: generation of the 3D model

	After the introduction of general information and building f
	The next floors are drawn on the base of the previous floor.
	Step 3: viewing the model in 3D

	You can control the model with perspective, elevations….
	Step 4: definition of zones

	The zones are also defined by drawing.
	Step 5: definition of construction details, internal conditi

	For each zone, the software automatically defines the area, 
	Step 6: simulations

	The user can realise interactive simulations (to study one d
	Outdoor climate and other context data

	The Climate Database stores files containing hourly weather 
	A weather file consists of a group of parameters relating to
	Site Parameters:
	Parameters
	Details
	Latitude (degrees North)
	The latitude of the weather site.
	Longitude (degrees E)
	The longitude of the weather site.
	Time Zone (hours ahead of GMT)
	The time zone of the weather site (in the range –13 hours to
	Ground Temperature (deg.  C)
	The ground temperature at the weather site (degrees Celsius)
	Hourly weather variables:
	Hourly weather variables
	Details
	Global Radiation
	Total solar radiation intensity on a horizontal plane.
	Diffuse Radiation
	Diffuse sky radiation intensity on a horizontal plane.
	Cloud Cover
	A number varying from 0 for a clear sky to 1 for overcast co
	Dry-bulb Temperature
	The dry-bulb temperature as measured in a Stephenson screen.
	Relative Humidity
	The relative humidity as measured in a Stephenson screen.
	Wind Speed
	The wind speed measured at a height of 10 meters above the g
	Wind Direction
	The direction from which the wind blows (degrees east of nor
	Solar radiation:
	In appropriate cases the direct incident radiation is reduce
	Ground Solar Reflectance
	The proportion of incident solar radiation reflected by the 
	Aperture air flow:
	The following parameters are taken into account to calculate
	Building Height (non-editable)
	This parameter and the four which follow relate to the apert
	Building Height Adjustment Factor
	This parameter allows you to adjust the building height used
	Mean Height of Surroundings
	This parameter lets you make allowance for the wind-shading 
	Terrain Type (Open, Rural, Town, City) The type of terrain i
	Wind Pressure Coefficient File (for imported wind pressure c
	The name of a file containing wind pressure coefficients to 
	Simulation of a ventilated double facade
	General methodology


	Tas is a dynamic multizone model and VDF is simply simulated
	In Tas, only one temperature per zone is calculated.  To try
	The horizontal subdivisions are tracked floors.  The Track l
	The vertical subdivisions are modelled by permanently open w
	If one studies only the double facade, this one can be divid
	Examples of results:
	The simulation was realized for a sunny spring day.  The out
	Zone divides
	Another method to define the factitious subdivisions is the 
	A zone divide is a special surface used in Tas to represent 
	Facade layers

	Glass layer
	Transparent constructions may contain Transparent Layers and
	This is the list of parameters for transparent layers:
	Solar Transmittance
	The fraction of solar radiation at normal incidence which is
	External Solar Reflectance
	The fraction of external solar radiation at normal incidence
	Internal Solar Reflectance
	The fraction of internal solar radiation at normal incidence
	External Emissitvity
	The fraction of external long-wave radiation which is absorb
	Internal Emissitvity
	The fraction of internal long-wave radiation which is absorb
	Width
	The width of the layer.
	Conductivity
	The thermal conductivity of the material.
	The specific moisture diffusion resistance of the material (
	Optical properties are angular dependent.
	Transmission and absorption characteristics of transparent c
	The thermal properties are not function of the temperature.
	The parameters for gas layers are width and convection coeff
	Shading devices
	Movable shading devices
	Shading devices (roller blind, venetian blind with orientabl
	In a ventilated double facade, the shading device can be pla
	Shading device against a facade
	If the shading device is against a facade it is modelled as 
	Shading device far from the facade
	If the shading device is far from the facade, the double fac
	Examples of results:
	Study of a sunny summer day, the VDF is closed.
	Temperature in the VDF zones.
	Air flow between zones (kg/s).  VDF length 54m.
	Surface temperatures.
	Blinds placed against the internal glass facade.
	The heat transfer in the offices due to the heating of the w
	Blinds placed against the external glass facade.
	The temperature in the VDF is higher because the air cannot 
	Blinds placed between the two glass facades, in the middle o
	The blinds transmit less heat by radiation to the interior f
	Permanent shading devices
	Overhangs and side-fins can also be modelled.
	Feature Shading allows you to define simple Shading Types in
	Frame
	Frames can be modelled as an opaque material and aperture in
	Ventilated double facade
	Convective heat transfer in the cavity
	For the two glass facades
	With the exception of “zone divides”, the calculation of int
	For windows, hc varies with
	the window height as defined in 3D-Tas,
	the absolute temperature difference (K) between the room air
	the slope of the window
	For walls, hc varies with
	the zone height as defined in 3D-Tas,
	the absolute temperature difference (K) between the room air
	the slope of the wall
	The dependence of “hc” on the temperature difference means t
	The user may override these convection formulae by setting t
	For shading device
	The convection formulae are modified when the surface has an
	For fictive subdivisions
	No convection for the “zone divides”.
	Exterior convection heat transfer
	The convection coefficient at external building surfaces is 
	Long wave radiation : transfer through the cavity
	For the two glass facades and the shading device
	Radiant exchange between room surfaces is modelled in Tas us
	There are three approximations in the method:
	Radiant exchange is linearised.
	Shape factors are calculated solely on the basis of surface 
	The emissivity of the room air is neglected.
	For fictive subdivisions
	The “zone divides” are assigned an emissivity of one.
	Exterior radiation heat transfer
	Long-wave radiation exchange is modelled using the Stefan-Bo
	Short wave radiation : transfer through the cavity
	For the two facades and the shading device
	The final destination of solar radiation entering the buildi
	Inter-reflections between the slats of the venetian blind ar
	For fictive subdivisions
	Zone divides are assumed to be perfectly transparent to sola
	Ventilation in the cavity of the double facade

	Forced convection
	It is possible to model a fixed air flowrate in the cavity.
	Air movement between zones and from the outside can be speci
	You should ensure that all air flows are correctly accounted
	Natural convection
	A-Tas allows the user to specify apertures in the building f
	The aperture factor is a number, usually in the range (0,1),
	Aperture air flows are calculated by Tas using a model which
	Wind effect
	The wind pressure on a building facade depends in a complica
	Possible approaches to the problem of estimating wind pressu
	3-dimensional computational fluid dynamics (CFD) modelling,
	use of specific experimental data (from the building itself 
	use of generic correlations based on wind tunnel measurement
	The first two approaches are catered for in Tas by the optio
	In the absence of such data, Tas also offers the third appro
	Since the wind pressure correlations are expressed in terms 
	Stack effect
	The stack effect - pressure differences arising from gravity
	Airflow modelling
	The flow equations are solved iteratively.  At each time ste
	To define the apertures, an aperture schedude and the openab
	Aperture Schedule
	This schedule is used to specify times at which apertures of
	Openable Proportion
	The area of the opening is expressed as a proportion of the 
	The aperture discharge coefficient used by Tas is 0.62 (we n
	Simulation of the building and HVAC systems
	General methodology


	As the double facade is one or many zones, it is an incorpor
	TAS has a module named “Tas-Systems”.  It is a HVAC systems/
	“Tas-Systems” is a software tool which simulates the thermal
	The combined simulation of building and plant automatically 
	Connection between facade and building.

	It is possible to model a fixed air flowrate between the cav
	Aperture air flows are calculated by A-Tas using a model whi
	Examples of simulation results
	The simulations were realized for a sunny summer day.  The o
	In a building with a southern double-skin, when the sun is s
	Case 1
	For example, if the double-skin facade is oriented to the So
	The figure gives zone air change rate and the opening area i
	To obtain a ventilation rate of 4 Ach, the openings in the upper floors must be more significant due to the stack effect decreasing with the height in the building but also due to
	Case 2
	Contrary, if wind orientation is South and only the top wind
	In the lower stages, when the temperature in the double-skin
	Contrary, from 11 a.m.  to 4 p.m., the air flow passes from 
	In the upper stages, air flow is always done in opposite dir
	In that case, the upper stages are partially contaminated by
	Case 3
	If wind orientation is South and top and down windows of the
	In all the stages, air flow is always done in opposite direc
	The double-skin being more ventilated, the temperature is le
	The left graphs of the figure show the air flows through the
	In that case, the air stages is not contaminated by the air 
	Simulation of control systems and control strategies

	Currently ‘tips’ are needed to control shading device up or 
	The timing of building element substitution (shading devices
	Control of shading devices: only by schedules defined by the
	Control of apertures: by schedules defined by the user befor
	Control of air movement (mechanical ventilation): the specif
	Control of infiltration air, ventilation air and internal ga
	Control of heating and cooling systems are specified in adva
	New Generation of Tas.
	A new generation of Tas has been developed and will be soon 
	Automatic Aperture Control Functions (AACFs) are introduced.
	For example, to overcome high temperatures an AACF can be in
	Control of heating and cooling systems, shading devices, inf
	Tas Ambiens
	General software information.


	A natural extension to the A-Tas Building Designer module, T
	One can create graphical displays for spacial variations in 
	Ambiens is the only CFD software to be specifically develope
	When you use Ambiens in conjunction with the Tas Building De
	Ambiens enables you to easily evaluate the operation of syst
	For atria, solar protection, summer ventilation and avoiding
	Tas-Ambians calculates the movements of air and the distribu
	Before running the calculations you must set the conditions 
	temperatures for all solid surfaces,
	temperature, humidity and velocity of air entering the desig
	initial temperature inside the design,
	metabolic value and clothing value for inside the model.  Th
	heat gains (sensible and latent) and radiant proportion for 
	Temperatures for all solid surfaces, temperature, humidity a
	Example of simulation of a ventilated double facade with Tas

	One difficulty of the use of the software is the drawing of 
	Start from the bottom left corner because the absolute co-or
	The section should always be input in a clockwise direction.
	No line segments may cross ( i.e.  intersect each other)
	So it is difficult to add internal walls, blinds in cavity….
	Case 1
	The result below shows air movement and air temperature in a
	Data
	Results
	Air temperature
	Mean radiant temperature
	Resultant temperature
	Case 2
	The result below shows air movement and air temperature in a
	Data:
	Results:
	Air temperature
	Mean radiant temperature
	Resultant temperature

