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President’s message

Three important items spring to mind since the last issue of IBPSA News.

Firstly, Building Simulation 97, IBPSA’s 5th international conference,
took place in Prague from 8-10 September. Iam certain that the 169 delegates
will agree with me when I say that the event was an unqualified success both
technically, with some 121 papers covering a range of topics, and culturally:
who will forget the majestic architecture of Prague and the moving pre-
dinner entertainment in Melnic castle. Itis with genuine pleasure that I take
this opportunity to extend IBPSA’s thanks to Professor Drkal and his
colleagues for a job well done. The report on page 1 summarises the
conference and explains how to obtain the proceedings in book or CD format;
there is a complete list of papers on page 22 and an order form on page 15.
I am also pleased to announce that Building Simulation 99 will take place in
the Far East, with bids from Hong Kong, Kyoto (Japan) and Singapore
currently being considered by the Board.

Secondly, the regionalisation of IBPSA is gathering momentum, with 7
regional affiliates now operational (Australasia, Canada, Czech Republic,
France, Greece, UK and USA) and several more in the process of applying.
This issue of IBPSA News is evidence of the first tangible benefit from IBPSA-
Net, with articles gathered from different regions, production undertaken
by IBPSA UK and printing/ distribution handled by IBPSA Czech.

Thirdly, the IBPSA Board is in the process of changing its composition
in order to better reflect the growing regional focus and nurture relationships
with other international groups. In future, the Board will comprise a small
executive (President, Vice President, Secretary and Treasurer) to attend to
IBPSA’s day-to-day business and evolve a relevant development strategy, an
individual nominated from each affiliate to ensure that the regional viewpoints
are well represented, and several “members at large” to liaise with groups
undertaking complementary work (e.g. on application interoperability) or
undertaking projects on IBPSA’s behalf (e.g. conference organisation).

And finally, my warm congratulations to Jean Lebrun and Veronica
Soebarto, the recipients of this year’s IBPSA awards for Distinguished Service
to Building Simulation and Outstanding Young Contributor respectively.
Now that their cheques have been despatched, I have high hopes that they
will be first in line to pay their 1998 dues.

Joe Clarke, President, IBPSA
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Innovation and success

Building Simulation ’97 was the 5th of

IBPSA’s biennial international conferences,

following successful events in Vancouver,

Canada (’89), Nice, France ('91), Adelaide,

Australia ("93) and Madison, USA ('95).

With growing interest in building
simulation from practitioners, researchers
and academics in eastern and central Europe,

BS’97 was held in Prague, Czech

Republic on 8 - 10 September

1997, hosted by the Faculties

of Mechanical and Civil

Engineering at the Czech

Technical University.

The conference included:

*  paper presentations on all aspects of
building simulation state-of-the-art;

*  poster sessions to allow extended
discussions;

e software sessions to enable
demonstrations of latest
developments;

e apermanent exhibition to promote
available products and services

e and panel sessions to debate current
issues.

BS'97 attracted 169 delegates from North

America (26), Australasia (13), the

European Union (94), central and eastern

Europe (30) and elsewhere (6). Everyone

agreed that the event was an unqualified

success both technically and culturally.
The conference exhibition was well
attended. The largest contingent of
exhibitors came from the UK, with stands
in a ‘trade pavilion’ organised by IBPSA’s UK
affiliate, the Building Environmental

Performance Analysis Club (BEPAC).

BEPAC also organised a successful

commercial event at which Czech

practitioners were briefed on the building
performance assessment services and
products available from the UK.

BS’97 introduced several innovations,

including:
e clectronic communications for paper

submittal and review

Web site advertisments and
communications

e proceedings on CD-ROM

* avariety of presentation formats
e multple software sessions

*  panel sessions, and

® public access to the exhibitions.
All proved successful.

The wide

demonstrations were a particular highlight,

range of software
with twenty one developers presenting their
programs.

The plenary panel sessions were also
very well received. They addressed two
important questions: “How good is our
state-of-the-art and how can we improve
it” and “Where should IBPSA be leading
the building simulation field”.

169 delegates ...

121 papers ...

“an unqualified

»
Success

Technical themes

Building Simulation *97 had several tech-

nical themes:

e Fundamentals and approaches for
building related phenomena, such as
heat, moisture, air, fluid and power
flow, artificial and natural lighting,
acoustics, indoor air quality and
environmental impact.

e Implementation, integration, and
quality assurance of modelling and
simulation tools.

e Application of modelling and
simulation in the design of new and
refurbished buildings and HVAC
systems.

e Integration of modelling and

simulation in higher education.

Some outcomes
Several conclusions stand out.

In terms of software development, we
seem to be in a transition period between
the established, relatively monolithic
simulation tools and a more modular new
generation.

Various developments of established
software were presented, some concerned
with the merger of existing programs to give
more all-encompassing capability, and
others with new additions. New and
improved user interfaces were demonstrated
for a number of programs.

New, more modular simulation tools
were also prominent. These allow flexibility
in describing buildings and systems. In
most cases, implementations were within
customised simulation environment, while
afew implementations were based on general
environments such as Matlab and Simulink.

Interoperability was a recurring theme
in BS’97. Emerging standards (such as
STEP and those being promulgated by the
International Association for
Interoperability) allow building simulation
programs to communicate with each other
and with CAD programs. A direct inter-
face between a building simulation program
and one of the major CAD programs was
demonstrated.

Various papers dealt with the issue of
quality control, in terms of validation and
uncertainty analysis. Several

authors stressed the need to
educate and better support
users: this is the aim of the
CIBSE Application Manual for
Building Energy and Environmental
Modelling which was introduced at the
conference.

Some papers stressed the need to
undertake more work on appropriate
interfaces to complement the developments
at the theoretical level.

The world-wide-web is emerging as
an apt medium. A pilot study with simula-
tion software running remotely using the
Web was presented. Another application
involved delivering teaching classes in mod-
elling and simulation classes over the Web.

Fundamental scientific developments
were reported in the model reduction, air
flow and moisture transport simulation
areas.

One issue gaining more prominence
is how to decrease the gap between the
software and its effective use in practice.
This was addressed in various papers
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covering, for example, aggregate space-time
the

communication of performance assessments

performance indicators and
of intermediate building design states.

The presented papers were not limited
to energy in buildings but include a variety
of issues such as daylighting, indoor air
quality, acoustics, mould growth and large-
scale renewable energy exploitation.

Two prizes were awarded. The IBPSA
prize for most promising newcomer went
to Veronica Soebarto of Texas A&M

University, while the IBPSA distinguished
service award went to Professor Jean Lebrun
of the University of Liege.

We believe the 121 papers at BS’97
will be a valuable reference for future
research. The proceedings are available in
three-volume printed form and on CD-
ROM. The CD incorporates colour images
and comes complete with a pdf browser (in
versions for PC, Mac and UNIX machines)
and a full-text text search facility. The full

reference is Proceedings of Building

Simulation 97, 5th International IBPSA
Conference, Prague, Volumes 1, II and III,
eds J D Spiter and ] L M Hensen, ISBN
80-01-01646-3.

This issue of ipsaNEWS only has space
to include three BS’97 papers, but they well
illustrate the width and depth of the
conference in implementation, technology
transfer, practice and application. A complete
list of BS'97 papers is also included (page

22) and there is an order form for the

proceedings, in both formats, on page 15.

IBPSA Prizewinners

Distinguished Service Award:
Jean Lebrun, University of Liege

IBPSA’s Distinguished Service Award recognises individuals who have ‘a distinguished
record of contributions to the field of building simulation over a long time period.’

Jean Lebrun, Director of the Laboratoire de Physique du Batiment at the University
of Liege, was an early pioneer in building simulation research and has been a famil-
far face in the energy-in-building community since the late 1970s. He coordinated the Belgian national ‘Energy’ R&D programme from
1978 to 1982, and has represented Belgium on the executive committee of the IEAs Building and Community Systems programme for
nearly 20 years. He has been Operating Agent for three IEA-BCS projects, Annexes 10 (System Simulation), 17 (Evaluation and Emu-
lation of BEMS) and 30 (Bringing Simulation to Application). He chairs one of ASHRAE’s Technical Committees, and is a member of
two others and of the ASHRAE Journal’s Editorial Committee. He was a progenitor of the Systems Simulation conference series, and
chaired the technical committee for this year’s CLIMA 2000. He has been principal investigator in many European and ASHRAE
research projects, and published over scientific 200 papers.

Somehow, Jean manages to combine all this with family life and four children!

Most Promisz'ng Newcomer:

Veronica Soebarto, Texas Ac-M University

Veronica Soebarto graduated in Architecture from the University of Indonesia in Jakarta in
1987. After three years teaching and practising architecture she moved to Texas A&M
University to study for her Master of Architecture and then her PhD, under Larry Degelman.
An accomplished programmer, Veronica wrote the new Visual Basic interface for ENER-
WIN before going on to use ENER-WIN as the basis for a teaching course package on

building performance prediction, and later in studies of energy efficiency strategies for

buildings in Texas.

Veronica has published over a dozen papers, and made her first contribution to IBPSA conferences with two papers at BS’95, in Madison.
This year, at BS’97, she has drawn on her PhD work for her impressive paper ‘Calibration of hourly energy simulations using hourly
monitored data and monthly utility records for two case study buildings’. Larry says this ‘takes the art of calibration to new levels’ — and
adds that Veronica is a ‘super person’. Truly a promising newcomer.

e ibpsaNEWS



The Implementation of
Industry Foundation Glasses in
Simulation Tools for the
Building Industry

Vladimir Bazjanac * and Drury B Crawley 2

Industry Foundation Classes (IFC) provide an environment of inter-
operability among IFC-compliant software applications in the architecture,
engineering, construction, and facilities management (AEC/FM) industry.
They allow building simulation software to automatically acquire building
geometry and other building data from project models created with IFC-
compliant CAD software. They also facilitate direct exchange of input and
output data with other simulation software.

This paper discusses how simulation software can be made compliant with
version 1.5 of the IFC. It also describes the immediate plans for expansion of
IFC and the process of definition and addition of new classes to the model.

INTRODUCTION

n a fundamental sense, the building in-
I dustry still operates the same way it has

for many decades. It utilizes contem-
porary computer and information
technologies — the backbone of many other
industries today — only in the most rudi-
mentary way. Though enormous amounts
of information are generated for each
project, exchanging that information among
participants is inconsistent, usually reduced
to a very small subset and only a few of the
many participants in the project at a time.
Most information is eventually lost. Some
is generated in contradiction to other or is
unnecessarily duplicated. Computer-based
buildings tools are used in a stand-alone
manner and cannot exchange data directly,
even when they are used by the same party.
This often results in omission, repetition,
confusion, misunderstanding, error, delay,
and, eventually, in litigation. Because of
that, buildings take longer to design and
build and cost more to construct and oper-
ate than necessary.

The potential for the use of contempo-
rary information technology in the industry
is enormous, and so are the potential cost
savings. In his July 1994 report on the UK
construction industry, Sir Michael Latham
challenged the industry to use contemporary
technology and save up to 30% of the cost of
building projects by the year 2000. (Latham
1994) The use of information technology is

clearly implied in the report.

THE INTERNATIONAL ALLIANCE
FOR INTEROPERABILITY

In the spring of 1993, some of the major
companies in the building industry of the
United States started discussing ways of
bringing modern information technology
to the industry. This group formed the In-
dustry Alliance for Interoperability in the
early summer of 1994 and demonstrated
interoperability among a group of CAD and
simulation tools at the AEC Systems Show
in Atlanta, Georgia in June 1995. The Alli-
ance became a public organization, open
to any member of the industry, in Septem-

! Lawrence Berkeley National Laboratory, Berkeley, California CA 94720, USA.
2 U.S. Department of Energy, Washington, DC 20585, USA.

ber 1995 and formally became a global or-
ganization in May 1996. At that point the
name was changed to the International Al-
liance for Interoperability (IAI).

The IAI is an action oriented, not-for-
profit organization. Its mission is to define,
publish and promote specifications for In-
dustry Foundation Classes (IFC) as a basis
for world-wide AEC/FM project informa-
tion sharing throughout the project life
cycle, and across all disciplines and techni-
cal applications. IFC define a single, object
oriented data model of buildings shared by
all IFC-compliant applications. IFC project
models define individual buildings for
which compliant applications can exchange
information accurately and error-free.

IFC are public and “open” for imple-
mentation and use by any member, are
defined by the industry, are extensible and
will evolve over time. Software implemen-
tation of IFC is proprietary to protect the
data and technologies of member compa-
nies that compete in the market. AT member
companies hope that IFC may eventually
become a de facto industry standard.

By June 1997, the IAT had seven chap-
ters in North America, Europe and Asia
(with three more organizing in Australasia
and Europe) and a total of almost 500 mem-
ber organizations and companies. The
organization is governed by the IAI Inter-
national Council. Each chapter has its own
Board of Directors, Coordination Commit-
tee and various “domain” committees. Two
technical committees — Research/ Advisory,
and Software Implementation — are inter-
national and report to the International
Technical Management Committee. Most
committee interaction takes place through
teleconferences and over the Internet. Indi-
vidual chapters hold joint face-to-face
meetings as often as once a month. Interna-
tional technical meetings take place quarterly.

IFC 1.0

The IAI announced the release of Version
1.0 of the IFC (IFC 1.0) in June 1996 and
published the End User Guide (IA1 1996a)
and a “pre-release” IFC 1.0 Specifications.
(IAI 1996b) The complete documentation,
available to IAI members through their re-
spective chapters or the Internet, contains
four additional volumes which describe:
e Domain processes enabled with the
model
e The complete IFC 1.0 model
specification
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e Static file exchange

e Runtime interfaces

IFC 1.0 consist of an object oriented core
model, four independent resources models,
and four initial domain extensions (architec-
ture, building services, construction
management, and facilities management).
The core model defines objects, attributes and
relationships common to domain extensions.
Resource models document the definition of
geometry, units and common utilites. Ex-
tension models define objects, attributes and
relationships specific to domains.

Volume 1, AEC/FM Processes Sup-
ported by IFC, documents AEC/FM domain
processes supported by Release 1.0. It ef-
fectively defines the scope of this release
from the users’ point of view.

Volume 2, IFC Project Model Specifi-
cations, defines the IFC project model —
all information required by AEC/FM proc-
esses described in Volume 1, structured as
object classes, data types and standard in-
terfaces. This volume also discusses several
key IFC design concepts, such as design
intent, sharing of semantic relationships,
model extension by application developers,
static file exchange and runtime interfaces.

Volume 3, IFC Model Exchange Speci-
fications, documents the data model view
of the IFC project model. It contains the
complete EXPRESS (ISO 1994a) and EX-
PRESS-G definitions of the core model, the
four independent resources models (at-
tribute-driven and explicit geometry, meas-
ures and utilities), the four domain models,
and the description of file-based exchange
(early vs. late bound toolbox implementa-
tion). Exchanged information can contain
the entire project model or only a part of
it. This volume also includes sections devoted
to conformance testing. It provides sufficient
information for application developers to use
existing CASE tools (that automate the proc-
ess of software implementation) directly with
the EXPRESS definition.

Volume 4, IFC Model Software Inter-
Jaces contains a discussion and reviews of
object models and languages and the docu-
mentation of Microsoft Interface Definition
Language (MIDL) files for the core, resources
and domain models in IFC. (Microsoft 1996)

The geometry resource models allow
multiple representations of objects:

*  Reference geometry

*  Bounding box

e Attribute-driven geometry
representation

*  Explicit geometry representation

o ibpsaNEWS

Reference geometry (oriented vertex)
defines the object’s origin point and orienta-
tion in three-dimensional space. The
bounding box defines the rectangular enve-
lope in which the physical object fits
completely. (The shape representation of all
HVAC equipment is limited to bounding box
inIFC 1.0.) Attribute-driven representations
define location, orientation and dimensions
of building elements that have shape (such
as walls, windows, etc.). Explicit geometry
representations define building elements that
have shape as solids; they are based on a sub-
set of STEP Application Protocol 225,
known as AP225. (Haas 1996)

PILOT IMPLEMENTATION

With the publication of IFC 1.0, 26 com-
panies in the U.S., Canada and Europe
announced their intent to make their soft-
ware IFC-compliant. These companies
include the major international CAD ven-
dors Autodesk, Bentley, Nemetschek, and
1IEZ.

A smaller group, the IAI Pilot Imple-
menters, showed proof of concept for IFC
1.0 at the ACS Show in Frankfurt in No-
vember 1996. Four CAD companies
(Autodesk and Bentley from the U.S., and
Nemetschek and Softech, German subsidi-
ary of Softdesk, from Europe) exchanged
files that contained geometry data. The ex-
change took place among special
IFC-compliant versions of their commer-
cial CAD software. These were “live”
exchanges of fairly complex building rep-
resentations, displayed as two-or
three-dimensional drawings.

The three-dimensional model of an
existing historical building that is a cel-
ebrated example of De Stijl architecture

(03T87 8] was displayed by one CAD pro-

gram and slightly modified. The modified,
IFC-compliant CAD file was then sent to
another CAD program that subsequently
redisplayed the building showing the modi-
fication exactly as it was displayed by the
previous CAD program. Separately, build-
ing elements (such as walls) were drawn
“from scratch” and “passed” to the next
CAD program, modified (e.g., by the ad-
dition of a window), “passed on,” modified
again and redisplayed with no loss of accu-
racy.

In addition, Autodesk showed “live”
file exchange among four applications by
their third-party developers (architecture,
structural, HVAC and FM), running on top
of an IFC-compliant version of AutoCAD
13 (Release 13c4a with special ARX exten-
sions). The Autodesk demonstration
followed a script in which a portion of a
fairly large office building situated in Inns-
bruckm is remodeled. It showed
how designers, engineers and facilities man-
agers can work in an interoperable
environment and effectively exchange in-
formation on the ensuing problems and
solutions. Once again, the building and
information exchange were non-trivial.

The November 1996 demonstration
of interoperability in Frankfurt showed
without any doubt that IFC project model
data can be exchanged effectively and with-
out loss of information. It showed that
building geometry data can be automati-
cally exchanged among applications and
platforms now without any loss of accuracy.

The demonstration was repeated at the
AEC Systems Show in Philadelphia, Penn-
sylvania in June 1997. The same
implementers that participated in the dem-
onstrations by the IAI and Autodesk in
Frankfurt in November 1996 joined forces

and demonstrated “live” exchange among a

Three-dimensional model of Rietveld’s Schroder House©
(courtesy of the Foundation Gerrit Th. Rietveld c/o Beeldrecht, the Netherlands)




m Three-dimensional model of the office building situated in Innsbruck

(courtesy of Acad-Graph)

larger group of applications. The exchange
followed a revised and more complex script
of interoperability.

IFC TOOLBOX

To aid implementation, the IAI sponsored
the development of a toolbox that facili-
tates writing IFC objects/ attributes (defined
in EXPRESS in the IFC model) in C++
applications. The toolbox function and
properties are perhaps best understood if
one thinks of the toolbox as a layer above
the file format that makes handling IFC-
based data and programming IFC-compli-
ant applications much ecasier.

shows a diagram of the IFC
toolbox environment. The IFC Data Model
is defined in EXPRESS; the IFC Project
Model (which represents a specific building)

is an exchangeable ASCII file. The toolbox
contains all classes and methods included in
the IFC Project Model. The application pro-
grammer deals only with classes in the
toolbox and can ignore the details of the
(original) complex representation of the
building and other data— the programmer
creates a module (within the application) that
only translates toolbox objects to application
objects. Data specific to the application or
not contained in the IFC Project Model (non-
IFC-compliant data) remain unaffected and
are ignored by the programmer.

The application’s IFC-compliant mod-
ule receives existing object instances from
and sends new instances to the toolbox. The
toolbox itself is a library of functions that
are present at runtime - the toolbox is inte-
grated into the application. When the
information from the Project Model (IFC-

IFC non-1FC-
Project compliant
Maodel data
J_,-' Yy roats & wriles reads & wiites [
— IFC . —
|._ ‘i* J| e IIl IFC | I:JW IFC , _.II
e IFC Data defines IFC _ [ g
AT Model /"“\‘ casses | toolbox | "o — application
M | \
o |
L\'Fan,I — ™ IFC, |
— 1N
— | IFC =

S[I[=%N Toolbox environment (for early binding)

IFC-compliant
maodule

compliant data) is present when an appli-
cation is compiled, the binding is called
“early.” When it is present at runtime, the
binding is called “late.”

The IAI Pilot Implementers (with the
exception of Bentley, which used STEP
tools) used an early-binding toolbox in the
development of IFC-compliant software for
the demonstration at the 1996 AEC Show
in Frankfurt. They all reported that the
toolbox was invaluable — it saved substan-
tial time and programming resources. This
toolbox was revised to include the stabilized
core model and other revisions in Release
1.5 (see below), and became available in
July 1997. Concad (the German company
that developed the toolbox) will convert the
toolbox to work with FORTRAN, C or
other application programming languages
for a fee. A late-binding toolbox (from an-
other vendor) will be available before the
specifications for IFC 2.0 are released.

CSTB of France demonstrated an ex-
ample of a late-binding toolbox at STEP
meetings in San Diego, California in June
1997. The tool is an SDAI C++ late-bind-
ing platform with persistent storage and
transactional services that allows the ex-
change of data via STEP physical (Part 21)
files. ISO 1994b) It is a building model
server for applications (such as mapping)
that contains a module which maps from
one EXPRESS schema to another. The
mapping in the demonstration was from
AP225t0 IFC 1.0 schema Soft-
ware modules that map between other
schemata can be added to the tool.

In the CSTB demonstration in San
Diego AP225-compliant building geometry
was generated using Nemetschek’s Allplan
FT. The tool was then used to map from
AP225 to IFC 1.0 and import that geom-
etry into AutoCAD. The building displayed
by AutoCAD was identical to that displayed
by Allplan FT. A group of French software
developers plans to demonstrate the imple-
mentation of this tool in Clermont-Ferrand

in September 1997.

IFC DATA MODEL ARCHITECTURE

Work on IFC 1.5 is being completed as of
this writing. This is an interim release for
developers of commercial IFC 1.0-compli-
ant software applications and the
development of IFC 2.0. It allows develop-
ers to start implementing IFC in their
software with greater ease and provide them
with a stable environment for the future.
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IFC 1.0

Late binding: exchange of geometry between AP225- and IFC-compliant
applications (adapted, courtesy of CSTB)

The implementation will be based on the
1.5 version of the core and the 1.0 version
of extension models. IFC 1.5 include:
e Stabilized core model
e Refined independent resources
(revised geometry)
e Revised IFC model architecture
The stabilized core model is based on ex-
tensive review and on experience with pilot
implementation of IFC 1.0. It provides a
stable environment for development and
implementation. The revised model archi-
tecture is based on decomposition into four
conceptual “layers” This allows
for a modular structure, provides a frame-
work for sharing of information among
different domains, facilitates reuse of model
components (as well as of software compo-
nents), makes development and
maintenance of the model easier, and per-
mits upward compatibility between model
versions. (IAI 1997a)

The basic layer (resources layer) con-
tains independent resources that are
grouped into “families:” general resource
(classes identification, measure, time, and
actor), geometry (shape representation, ex-
plicit and attribute-driven geometry) and
business concepts family (classes property,
classification, cost, and material). The ge-
ometry family will include a geometry
library in IFC 2.0, and the business family
will be expanded with history, state, ver-
sion, status and approval resources.

The core layer contains the kernel and
core extensions. The kernel provides all

e ibpsaNEWS

basic (non-AEC/FM specific) concepts re-
quired by the current IFC (classes object,
relationship, attribution, and type defini-
tion), while core extensions provide AEC/
FM specific extensions to concepts rooted
in the kernel (classes product, process and
modeling aids). Core extensions include
classes space, element, site, building and
story, as well as grid (a modeling aid).
The interoperability layer contains
modules that facilitate interfaces with do-
main models: building elements and
building service elements. The former in-

cludes classes wall, roof slab, floor, beam,
column, built-in, door, window, and cov-
ering, ceiling. The latter includes
equipment, fixture, and electrical appliance.

The domain models layer includes
three domain models (architecture, build-
ing services and facilities management) and
application models. These will be extended
with limited versions of construction, struc-
tural, codes and standards, and cost
estimating domain models in IFC 2.0. This
layer also includes “interoperability adapt-
ers” that facilitate exchange with application
models that are topologically different from
IFC (i.e., that have a software architecture
different from IFC).

A class may use or reference another
class only within the same layer or a lower
layer. Same layer references are limited to
independent resources and core layers.
Inter-domain references (within the domain
models layer) are resolved through
interoperability adapters and core

extensions.

IAIROAD MAP

The plan for development of IFC is defined
in the IAI Road Map. It provides the sched-
ule of future releases, defines the new
processes to be enabled with each new re-
lease, and identifies technologies needed to
enable the newly defined processes. It also
identifies new opportunities to market spe-
cific new functionality. The content of the
Road Mayp is constantly evolving.
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Future releases of IFC will include new
domain extension models and expansion of
the existing models. Release 2.0 will include
three different types of additions:

*  New object/attribute/relationship sets
*  New IFC technologies
*  Subsets of existing, non-IFC based
domain models
New object/attribute/relationship sets will
be added to the existing domain extensions
as well as the new domain extension mod-
els. The new technologies (new to IFC and
not yet widely used in the AEC/FM indus-
try models) enabled in the next release will
include general networks, access to exter-
nal libraries and data bases, and semantic
associations (a general purpose element
aggregator). A subset of an external struc-
tural steel model (CIMsteel) is also slated
for inclusion, if a collaborative agreement
can be reached with its authors.

New additions to [FC are planned and
executed as “TAI projects.” A project defines
the general scenario in which the task that
requires the specific addition is placed rela-
tive to AEC/FM practice, and defines what
exactly needs to be added to IFC and the
resources that are required and available to
perform the work. (Rules of project formu-
lation are defined in Volume 2 of IFC 1.0
documentation.)

Several projects planned for Release
2.0 and beyond are of particular interest to
building simulation:

*  Near completion of the architecture
extension model
e General networks
*  Further development of the building
services extension model: HVAC air-
side and water-side delivery systems,
pathway design, and power and
lighting systems
e Access to external libraries and data
bases
Release 2.0 will include one project from
the simulation domain, which will enable
high-resolution visualization. The project
will result in the addition of two new ob-
ject/attribute sets to the IFC: “light source”
(with attributes spectral power distribution,
luminaire geometry and photometric out-
putdistribution) and “surface” (with explicit
shape representation, dimensions, material
and parameterization). These additions will
make it possible for ray-tracing models to
become IFC-compliant and benefit from
automatic acquisition of geometry and per-
tinent building data. This, in turn, will
reduce the time and cost of input prepara-

tion for such models, and make their use in
daily practice more likely.
The current schedule for IFC events is:

e Release 1.5 June 1997

e Revised concad toolbox (based on IFC
1.5) July 1997

*  Prototype commercial implement-
ations based on Release 1.5 model
November 1997 (at the ACS Show in
Frankfurt)

*  Final Release 2.0 end of 1997

*  Commercial implementations of
Release 1.5 on the market early 1998

*  Prototype commercial implement-
ations based on Release 2.0 model
June 1998 (at the AEC Systems
Show)

At present, all IFC data exchange is limited

to the exchange of physical files as defined

in STEP Part 21. The IAI plans to move to

server-based (client-server) exchange,

mostly as defined in STEP Part 22 by 1999.

Direct object-to-object exchange is expected

by year 2000.

IMPACT OF IFC ON BUILDING
SIMULATION

Building simulation tools are currently used
only occasionally in projects. High cost of
entering data and inability to reuse infor-
mation contained in the tool are some of
the reasons. For example, it can take two or
more weeks to enter building geometry for
a fairly complex building into DOE-2, a
sophisticated building energy performance
simulation model. (Winkelmann et al.
1993) Most projects simply cannot afford
the cost. For another tool to use the infor-
mation generated by DOE-2, that
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information has to be interpreted and then
transferred, which can take as much time
as preparing the DOE-2 input. This infor-
mation is lost to tools not engaged in the
interpretation and transfer.

Without a common data model, soft-
ware applications in the AEC/FM industry
can directly exchange information only
through interfaces that “translate” the data
from one format into another. A unique (and
costly) interface is required for each pair of
applications in the cxchange IFC
offer an environment for true
interoperability in which multiple applica-
tions can exchange information directly, and
in which no multiple, unique interfaces are
needed.

Compliance with IFC will allow
building simulation software, for the first

time, to:
e “Talk” to each other directly and
instantaneously

e Share and exchange information of
common interest and/or reference
This can result in substantial and quite tan-

gible benefits for everyone involved:
*  Virtually cost-free access to building
geometry and other related data
*  Much shorter simulation cycle time
*  Better participation of other relevant
disciplines in simulation and analysis
e Better use of results of simulation
Automated, error-free acquisition of build-
ing and component geometry originally
defined with IFC-compliant CAD software,
coupled with automated access to IFC-com-
pliant external libraries and data bases, can
reduce input preparation effort to a frac-
tion of what it is now. Manual quantity
take-off and transfer of information from

non-compliant
application

Software interoperability: IFC-compliant applications can exchange
information directly, while non-compliant applications must have separate

interfaces
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textual sources can be eliminated. No in-
formation will be lost. This can reduce
simulation cost and turn-around time by
orders of magnitude and make the use of
simulation in daily practice a feasible real-
ity. This makes the U.S. Department of
Energy’s goal of using energy performance
simulation on every building attainable.

In addition, a// parties involved in the
design, construction and/or building opera-
tion can have direct and timely access to
project information, including the results
of simulation. This can result in higher
quality of both the simulation and the
whole building.

IMPLEMENTATION OF IFC IN
BUILDING SIMULATION SOFTWARE

All simulation tools need data to perform
their task. The proportion of data available
from IFC Project Models will determine the
extent to which a simulation application will
be IFC-compliant: fully, partially or not
directly compliant at all.
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Partially IFC-compliant software application

pliant (USTIERIN cven if the tool’s struc-

ture is object oriented. Only those classes
in the IFC Project Model that contain data
pertinent to the simulation are mapped to
the simulation tool. The remaining data
needed for the simulation are obtained from
other (either internal or external) non-com-
pliant sources. If such a simulation model
needs to exchange these “non-compliant”
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Fully IFC-compliant software application

New simulation tools should be con-
ceived from the beginning as object oriented
and fully IFC-compliant, to reap all the ben-
efits of potential interoperability. In the case
of a fully IFC-compliant simulation tool
there must be a 1:1 relationship
between the objects defined in the IFC
Project Model and those defined in the tool.
With the toolbox and IFC documentation
the mapping of IFC onto a new, object ori-
ented software structure should be relatively
“pain-free.” All data necessary for simulation
can be obtained from IFC-compliant sources.

Often, a simulation tool uses only a
limited set of the data available in the IFC
Project Model. In such cases it makes more

sense to make the tool only partially com-
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classes and/or data with another partially
compliant model, that exchange is facili-
tated by IFC interoperability adapters and
modules (see IFC Data Model Architecture
above). Most existing simulation tools, ob-
ject oriented or not, that become
IFC-compliant fall into this group.

Few existing simulation tools are ob-
ject-oriented or amenable to incorporation
of internal, IFC-compliant interface mod-
ules. To make them object oriented or add
new internal interface modules would most
likely involve a complete re-write, which is
often not plausible. For such tools there is
but one option: make them indirectly and
only partially compliant

This requires writing an external ob-
ject oriented interpreter that contains the
same objects as those pertinent to the simu-
lation in the IFC Project Model, mapped
1:1. The essential function of the interpreter
is to “translate” data from the IFC Project
Model into the simulation tool data format,
and vice versa. The simulation still runs as
before and continues to acquire data not
contained in IFC from the same sources as
before, but can now a/o obtain data from
IFC Project Models. Through the interface
(which is a separate executable), the simula-

=
-~

non-object oriented
application

-

(interface)

Non-compliant software application




tion tool can now exchange IFC-compliant
datawith other IFC-compliant applications
or interfaces. In that fashion the interpreter
converts the non-compliant into a partially
IFC-compliant simulation tool.

This approach has been used at LBNL
to make several simulation tools for differ-
ent aspects of building performance (such
as energy performance, daylighting, light-
ing and airflow) IFC-compliant. Most of
these tools are large, quite old and not ob-
ject oriented. A new tool, the Building
Design Advisor (BDA), will map IFC that
contain building geometry and other infor-
mation pertinent to LBNL simulation tools
to its own object oriented model. BDA will
also contain the mechanisms to convert data
imported from IFC Project Models to the
formats of the tools that use the particular
data, and vice versa. (Papamichael etal. 1996)

The approach will allow users of tools
linked to BDA to automatically acquire
building descriptions from project models
generated by IFC-compliant CAD software,
as well as limited non-geometrical
information already contained in IFC. As
the IFC Data Model becomes more
complete, new classes containing non-
geometrical information required by other

tools can be added to BDA.

HOW TO ADD NEW OBJECT/
ATTRIBUTE/RELATIONSHIP SETS

Most building simulation tools use substan-
tial volumes of data in addition to building
geometry, data that cannot yet be contained
in the IFC Data Model. New object/at-
tribute/relationship sets have to be added
to the IFC Data Model to allow the inclu-
sion of such data. (IAI, 1997b) The
responsibility to define what needs to be
added to IFC falls on simulation users and
developers. (Bazjanac and Selkowitz 1997)
If not already a member of the 1AL,
one should join the appropriate chapter.
Information on joining is found on the web
at http://www.interoperability.com. Once
a member, one can propose new IAl projects
through the domain committees that will:
*  Identify object/attribute/relationship
sets needed for simulation that have not
yet been defined for inclusion in IFC
e Define an explicit IAI domain project
that includes those object/attribute/
relationship sets
After that, one should work within one’s
domain committee to get the proposed
project on the IAI Road Map.

RELATIONSHIP OF IFC TO STEP AND
COMBINE

The IAI and the International Standards
Organization’s (ISO) STandard Exchange of
Product model data (STEP) effort comple-
ment each other. The IAI is actively using
some of the technology developed by STEP
and is providing STEP with testing ground
in the AEC/FM market place. Most IAI
technical experts are also members of STEPR,
STEP granted IAI official liaison status in
June 1997.

It is important, though, to recognize
the difference in mission between STEP and
the IAL. While STEP is setting standards,
the IAI is responding to immediate needs
of the AEC/FM industry. By definition,
results of STEP work must be proven and
robust. IFC are continuously evolving, and
are occasionally neither proven nor robust.
STEP must take as much time as necessary;
the TAI must act quickly. That is why the
two organizations complement each other
so well, even if they do not always use com-
mon architecture or methodology. (Bazjanac
and Selkowitz 1997)

When appropriate STEP technology
is available, the IAI uses it. When it is not,
the IAI develops its own solutions. For ex-
ample, the TAI is using STEP Part 21, and
has borrowed from STEP General Re-
sources (Parts 41, 42 and 43) and AP225
(explicit shape representation). It will prob-
ably also borrow from AP230 (structural
steelwork) when it is adopted. STEP Part
106 (the Building Construction Core
Model) and the IFC core model are being
developed in parallel. The goal is for both
organizations to use identical models. The
development of STEP AP228 (HVAC) in-
volves several members of IAI Building
Services domain committees.

The JOULE project Computer Mod-
els for the Building Industry in Europe
(COMBINE) is perhaps the best known
previous attempt  at
interoperability in the AEC/FM industry.

achieving

(Augenbroe 1994) Two important factors

separate COMBINE from the IAL

e COMBINES interoperable environ-
ment is, by design, limited to a selected
group of software applications

e COMBINE preceded the IAI by
several years

COMBINE and IFC differ conceptually

and methodologically. The COMBINE

team limited the scope of its work to eight

software applications, and the exchange was

designed for data pertinent specifically to
those eight applications. In contrast, the
scope of the TAI explicitly includes the deal-
ing with anmy software application. This
necessitated a different approach and
method. (Bazjanac and Selkowitz 1997)
Because COMBINE preceded the IAI by
several years, STEP technology available at
the time did not include all the elements
relevant to the AEC/FM industry it includes
today, such as AP225 or the currently de-
veloping Building Construction Core
Model (BCCM). (Wix and Liebich 1997)
The IAI benefited greatly from the ex-
perience of those who preceded it. The IAI
Research/Advisory Committee studied the
available documentation on COMBINE and
learned from that - some of it was later re-
flected in the development of the IFC.

CONCLUSIONS

Building simulation software can reap ma-
jor benefits from IFC now. Automatic,
error-free acquisition of building geometry
and other data available from project mod-
els developed with IFC-compliant CAD
software can dramatically reduce the simu-
lation input time and cost, and can shorten
the simulation cycle. It can facilitate the
direct exchange of data among IFC-com-
pliant applications, and can make it possible
to use building simulation in daily practice
in the AEC/FM industry.

To benefit from IFC, simulation soft-
ware developers need to make their software
IFC-compliant, directly or indirectly. With
complete documentation of IFC 1.0, a re-
fined and stabilized model architecture, the
associated toolbox and experience from pi-
lot implementation, this is possible 7ow.

With major AEC/FM software devel-
opers and industry forces behind it, the IAI
will continue the development of IFC. Fu-
ture releases of IFC will include additional
domain extension models. Existing models
will be completed. This will eventually pro-
vide an environment of true interoperability
for building simulation tools.
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An Application Manual for
Building Energy and
Environmental Modelling

David Bartholomew *, Jon Hand ?, Steve Irving 3, Kevin Lomas *, Lori McElroy 2, Foroutan
Parand®, Darren Robinson * and Paul Strachan 2

This paper describes the contents of an application manual for building energy and
environmental software to be published in the UK. The purpose of the manual is to
provide advice to practising engineers on the selection and appropriate application of
such software. This is believed to be the first such manual. UK organisations involved in
the project are the Department of the Environment, CIBSE, the Building Research
Establishment and BEPAC. Topics covered in the paper include the reasons why the
manual was considered necessary, a summary of the overall contents of the manual, and
a discussion of the implications for the future development of simulation programs.

ance on the selection and appropriate use

INTRODUCTION

of such software. The manual is being pro-

n response to the increasing need for
the use of building energy and envi-
ronmental software in the course of

building design, a CIBSE Application

Manual is being written to provide guid-

duced under the UK Department of
Environment’s Partners in Technology
Scheme led by the Building Research Es-
tablishment (BRE). BRE, the Chartered

Institution of Building Services Engineers

'DBa,16 Nursery Gardens, Purley on Thames, Reading RG8 8AS, UK

2ESRU, University of Strathclyde, Glasgow G1 1X], Scotland, UK

3Oscar Faber Applied Research, Marlborough House, 18 Upper Marlborough Road, St Albans ALI 3UT, UK
“Inst of Energy & Sustainable Development, De Montfort University, Leicester LE1 9BH, UK
>Building Research Establishment, Garston, Watford WD2 7JR, UK
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(CIBSE) and IBPSA’s UK affiliate BEPAC
are the main partners of the project, with
funding provided by the Department of En-
vironment and CIBSE. In producing the
manual, the partners were assisted by a
number of contract authors with consider-
able input from practising CIBSE members
in the form of reviews and comments.

In the case of traditional methods,
detailed guidance is given in the guides pro-
duced by CIBSE and ASHRAE. However,
no comparable information is available for
users of simulation software. The objective
of the application manual was, therefore,
to give general advice to practitioners on
program selection and application in areas
where the use of simulation is particularly
beneficial. Major topics within the manual
include:

e the role and coordination of
modelling in the design process;

e the applicability of simulation
programs;

* guidance on selection of programs;

* guidance on program use;

e illustrative case studies.

The sections in this paper summarise each

of the individual chapters in the manual:

the role of models in the design process;

establishing a simulation capability; the ef-

fective use of software; and case studies.

Before this, the perceived need for the

manual is discussed. At the end of the pa-

per, the implications of the manual for the

future development of simulation programs

is discussed.



NEED FOR GUIDANCE

The rationale for this manual stems from

two main premises:

* an interest in energy saving in
buildings as a result of concern for
the environment and in particular the
recognition that in the UK, as
elsewhere, buildings are responsible
for a significant proportion of total
CO2 emissions; and

e arecognition that traditional steady
state and simplified dynamic
calculations, while sufficient for sizing
air-conditioning systems for design
conditions, may not be adequate for
innovative designs incorporating
natural or mixed mode ventilation or
other passive features. They also
cannot provide sufficient information
for designers to fine tune the design of
a building, its systems and controls.

There is a move in modern buildings to
greater interaction with the external climate
and increased variation in internal condi-
tions compared to traditional buildings,
particularly those with full air-condition-
ing systems. The increased responsiveness
is a result of several factors such as greater
use of natural ventilation and natural
daylighting, more advanced glazing tech-
nologies, higher levels of insulation and
airtightness, higher levels of internal gains
from equipment, and a greater capability
for control of heating and cooling equip-
ment and lighting.

Building Energy and Environmental
Modelling (BEEM) software can potentially
be used to predict the performance of such
buildings and to study different design op-
tions and “what if” questions. Although the
potential for simulation is large, there has
not been a large uptake, with significant
barriers being uncertainty regarding the ca-
pabilities of the programs and, with the
exception of a limited number of experts,
no general understanding of how and when
to use such programs. There is a lack of
coherent guidance on the selection and
application of suitable software.

The CIBSE application manual was
therefore targeted at two main groups:

a) DPartners, managers, or engineers who
decide the firm’s quality and
capability strategies as well as the
development of staff resources and
training, and who would be
responsible for deciding whether or
not to use modelling.

b) Engineering and modelling specialists
whose day to day job it is to carry out
design and modelling.

The overall aims of the manual were to:

* raise the awareness of the building
services engineers, architects and
clients to the capability of energy and
environmental software;

e give a brief, but practically sufficient,
account of most of the issues of
importance in the selection of such
software for those who wish to
establish in-house modelling
capability;

e give practical guidance to users of
BEEM software to carry out the
modelling in an appropriate way with
due regard to quality assurance.

The manual covers thermal and energy

modelling, lighting and daylighting mod-

elling, and airflow modelling, although
thermal modelling is dealt with in more
detail than the other two areas.

ROLE OF MODELS IN THE DESIGN
PROCESS

Because the manual is aimed at designers

who may be considering the inclusion of

modelling, some emphasis was given to dis-
cussing the role that environmental
modelling can play in the design process,
emphasizing that modelling is a means to
an end, not an end in itself, and that, used
properly, modelling can provide a focus
around which the design develops and by
which performance is assessed.

The objectives for this chapter of the
manual are thus:

e to identify the benefits of using
environmental models;

*  to explain how models can help
different classes of user;

* o describe the applications to which
modelling is best suited;

* to provide examples of how
modelling can be used within the
various stages of the design process;
and

* to give guidance on how to initiate a
modelling study.

One of the key issues addressed by the
manual is to clarify why and when model-
ling should be used. The argument is
presented that many design questions can-
not be addressed by traditional design
methods. Two examples are given:

* In heating system design, traditional
methods estimate the amount of heat

that must be put into a room to

maintain the desired temperature

during conditions of no sun, constant
external temperature and no internal
gains. These approximations can lead
to oversized plant, with consequences
for both increased capital and
operating costs due to increased
running at part load. Modelling can
provide the same answer, but also
answers questions such as:

a) What is the benefit of passive
solar gain in offsetting heat
demand?

b) Can the heating be switched off
before the end of occupancy,
without affecting comfort?

c) How should the heat emitter be
integrated with the ventilation
opening to avoid cold draughts in
naturally ventilated buildings?

e For calculation of summertime
temperatures, the CIBSE manual
procedures are based on the
admittance method, which is a
harmonic analysis using a single
frequency with a period of 24 hours.
The variation in external temperature,
solar radiation and internal gains are
all approximated to a single sine wave
with this single frequency, repeated
daily. However, internal gains in
many buildings now form an
increasingly significant proportion of
the heat gain and these gains are not
well represented by a sine wave. Also,
the use of high capacity structures
result in the capability of storing
heating and cooling energy, and this
is difficult to represent with
traditional calculation techniques.

Other stated benefits of modelling are:

¢ BEEM software can be used to
analyse a much greater level of detail
than traditional calculations, with
fewer inherent simplifications and
assumptions.

*  Modelling can provide answers to
questions which are completely
outside the remit of methods
contained in the traditional
guidebooks: for example,
computational fluid dynamics (CED)
can predict air velocities, turbulence
intensities and temperature
distributions for a given set of
boundary conditions as part of
optimising the positioning and
performance of air diffusers.
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The greatest benefit of modelling is believed
to be that it provides a focus within the
design team, helping all members of the
team throughout all stages of the design/
construct/operate cycle. The manual there-
fore describes how modelling can impact
on each member of the design team — the
client, architect, engineers, cost consultant,
project manager and planning authority.

Clearly, the correct modelling tool
must be used. The manual deals with the
application areas of thermal, lighting and
airflow, and at least for this first edition,
does not address other aspects such as
acoustics, fire, smoke and pollution
dispersal, structural analysis or cost analysis.
This restricted choice was made for several
reasons — to enable the manual to give
specific rather than general advice, to
address domains for which a large variety
of analysis methods exist, to cover what are
probably the most common domains that
are tackled by modelling, and to focus on
those areas of most importance to “energy
and the environment”.

Within each application domain cov-
ered, there are a number of tools which use
methods of varying complexity and sophis-
tication. These methods range from simple
correlations of laboratory or field measure-
ments right through to complex numerical
simulations of the fundamental physical
processcs.summarise the
methods, typical applications and princi-
pal limitations for load calculation, plant
and control simulation, and energy simu-
lation (for energy consumption, internal
thermal comfort etc.). Only the more ad-
vanced methods, italicised and shaded
darker blue in the tables, are covered in the
manual. The various methods available for
lighting and air movement analysis are simi-
larly described in the manual.

One difficulty found in writing this
chapter was in striking a balance between
overemphasising the benefits of modelling
and making the introduction of modelling
into the design process a daunting task.

ESTABLISHING A SIMULATION
CAPABILITY

This chapter of the manual gives guidance
on how to set up an in-house simulation
capability and discusses the costs associ-
ated with software, hardware, staff
resources, training and the operation of
quality assurance procedures. Because suc-
cessful simulation-based analyses need both
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IELIERE Load calculation methods

Method Typical Application

Elemental Calculate thickness of
insulation

Steady state Radiator/boiler sizing

Simple dynamic Chiller sizing

Advanced dynamic Annual heating/cooling loads

Full simulation Annual heating/cooling loads

Design charts Various

IELIEWA Plant and controls design methods

Method Typical Application

System efficiency Calculate heating energy from

room loads

Pre-configured system  System design

Pseudo-dynamic
component

System and control optimisation

Dynamic component Analysis of control stability

JELICRN Energy simulation methods

Method Typical Application
Annual Heating energy
Seasonal/bin Heating and cooling energy
Hourly Building energy use

Principal limitation

Only deals with individual wall/roof
constructions, not whole buildings
Ignores free gains and dynamic effects

All heat gains must follow repeating sine
wave

Fixed time steps

Fixed range of parameters

Principal limitation
Cannot deal with air conditioned or
mechanically ventilated buildings

Restricted range and configuration of
systems

Ignores component dynamics, control lags

Exacting input data requirements

Principal limitation
Only valid for simple heating systems (e.g.
domestic)

Ignores building dynamics and system/
climate interactions

BELICYY Establishing a simulation capability: key issues

Choosing the right program

Modelling methods
Program coding
Computer specification
Input interface

Output interface
Linked modules
Associated databases

User support

Can you get help easily?

Can the program analyse your problems?
Do you need source code?

Do you have the right machine?

How easy is the program to use?

Can results be understood?

Can CAD and other software help?

Is necessary data readily available?

User base Are there other users who can be contacted?
Validation How accurate is the program?
Cost

Producing reliable results

Human resources
Databases and support program
Training

Quality assurance

What are the costs for the program, training etc?

What people with what skills are needed in a simulation team?
Where does the input data come from?
What, when and for whom?

How can you make sure a good job is done?



the right program and skilled operators, the

chapter outlines:

e the factors to be considered when
selecting the specific program(s), and

*  the quality assurance infrastructure
which must be put in place.

The factors to be considered are given in a

detailed checklist, with the associated issues

for each factor.summarises the

main areas.

Practitioners are naturally concerned
with the accuracy of programs, and one
problem is how this accuracy can be as-
sessed (although it must be remembered
that a similar problem also pertains to
traditional methods). Clearly a manual
of this type cannot address the question
of validity in any depth, although it is a
vital issue for potential program users.
At present, there is no accreditation pro-
cedure for BEEM software — an issue
which must be addressed in the future.
However, a large effort has been put into
checking the predictions of programs
within several major validation studies.
The manual discusses the issues and
techniques of validation as they affect po-
tential program users, and references
recent validation work.

When discrepancies in predictions
from different programs have been found,
it has sometimes been shown to be as a re-
sult of user error rather than an inherent
program failure. Although further work on
program validity and estimation of predic-
tion uncertainties is necessary, future
emphasis should perhaps be directed to-
wards improved user training and quality
assurance.

The manual addresses the problem of
establishing a suitable quality assurance in-
frastructure. The notion of a simulation
team, consisting of a team manager who is
responsible for the quality of the work un-
dertaken by program users, is introduced.
The cost of establishing a simulation capa-
bility needs to consider programs and their
hardware as well as human resources, train-
ing and the operation of quality assurance
procedures.

EFFECTIVE USE OF SOFTWARE

The chapter dealing with this subject has
the aim of providing sufficient information
for a relatively new user to be able to define
and generate a model. The emphasis is on
thermal modelling, but with some cover-
age of lighting and airflow modelling.

The main contents of the chapter pro-
vide:

e procedures for undertaking
assessments against defined
performance objectives;

e checklists for users of simulation
programs;

e guidance on sources of input data;
and

e guidance on results analysis and
reporting,.

One of the first requirements to be ad-

dressed when undertaking a modelling

study is to translate the design questions into
specific modelling tasks for which predic-
tions can be made. Some examples of this

are given in EINESH

procedure which gives the user step-by-step
instructions. However, such detailed
procedures tend to be lengthy and program
specific, and therefore would be out of place
in the manual. Also, in practice, the range
of design questions asked of modellers is
diverse, and it was considered that the
manual should only outline general
strategies.

The bulk of the chapter deals with
program data input requirements. Again,
the level of detail possible is limited because
it is the intention of the manual that it
should not deal with particular programs,
and there are differences in specific
requirements for each program. However,
for each subject area - climate, site,

IELRM Translating design questions to modelling tasks

Design questions

Does this building require air conditioning?

Modelling tasks

Determine the peak summertime temperatures and their

frequency of occurrence with a naturally ventilated
scheme.

If so, which air conditioning system will be the
most energy efficient?

Compare the degree of temperature and humidity
control for various system configurations and evaluate

the required capacity and energy consumption.

How can daylight penetration be maximised
and glare sources eliminated?

Evaluate and compare daylight factors and glare indices
for a range of glazing options and shading devices with

and without each feature.

Will displacement ventilation be able to cope
with the high levels of internal gain?

Before the models can be created, it is
necessary to make important decisions on
the form of the model. The chapter
discusses some of these decisions - how the
reality should be abstracted, the need for a
reference against which design options can
be tested, the model zoning strategy, the
climate sequences to be used, and the degree
of modelling resolution required of various
aspects of the model. In practice, there are
not always easy answers, and there is likely
to be some difference of opinion amongst
modellers, particularly as to the level of
detail required. However, the manual gives
a checklist of the issues that must be
addressed, with suggestions on how to
proceed for new users.

Ideally an application manual should
give specific instructions which could be
followed to achieve the desired performance
measure. For some standard performance
assessments, such as overheating risk
analysis, regulations compliance or energy
labelling, it is possible to develop a

Determine the occupied zone comfort levels for a range
of loadings and supply air conditions.

geometry, construction, internal gains etc.

the manual sets out in general terms what

the data requirements are, the sources of
the required data, issues concerning how to
model, common mistakes that are made,
and lastly a checklist for the user. Emphasis
is placed on the need for sensitivity studies
where there is uncertainty in what are the
correct inputs, in order that the user can
get a feel for the likely uncertainties in the
model predictions.

Some examples of issues raised when
clear guidance is not easy to give are:

* A restriction in program capability:
ground heat losses are not generally
well modelled, with the majority of
programs not taking lateral heat flows
into account. These can be significant
for uninsulated ground slabs.

e Uncertainty in physical process
modelling: there has been much
debate over “correct” values for the
internal convection coefficients, and
there is a need for further work to
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generate guidance for appropriate
coefficients for different heating and
cooling regimes.

e Uncertainty in data inputs: over/
under estimation of total internal
gains and occupancy levels can
seriously affect results. For new
buildings, these gains are not always
known in advance, so it necessary to
create a number of possible scenarios
rather than attempting to define
actual schedules. The resulting
predictions are therefore represent-
ative rather than accurate.

CASE STUDIES

A number of case studies are given to serve
as examples of procedures discussed within
the rest of the manual. These case studies
were chosen to show the use of BEEM
software in practice, the benefit derived
from its use, and examples of design
decisions made on the basis of modelling
results. The projects had in common the
fact that the designers had to resolve
questions which could not be addressed by
traditional calculation methods alone.

The main selection criteria were
designed to:

e ensure the case studies illustrated key
points raised elsewhere in the manual
— the merits of the specific buildings
are less important than the way in
which modelling was used in the
design process;

e cover the diversity and depth of
questions posed by designers;

e cover typical design projects such as
extensions to existing buildings and
refurbishment, as well as prestige new
buildings; and

e cover both highly serviced buildings
as well as those incorporating more
passive approaches to environmental
control.

Each case study is presented in a format
which corresponds to earlier chapters of the
manual dealing with how modelling should
be used within design. Thus the key design
questions are described, followed by the
translation of these into modelling tasks, a
discussion of the modelling strategy
employed, details of model creation, and
lastly a summary of results from the
modelling studies. Where assessments were
phased, the design iterations and evolution
of the models and performance criteria are
also discussed.

@ ibpsaNEWS

It is hoped that the detail given in the
case studies will allow readers to understand
the use of modelling in projects of varying
complexity, and the associated nature of the

interactions within the design team.

CONCLUSIONS: IMPLICATIONS FOR
PROGRAM DEVELOPERS

The decision to produce an application
manual for building energy and
environmental software is a result of an
awareness that the use of such software is
increasing and is likely to become more
prevalent. However, in writing the manual,
it also became clear that there is still
considerable scope for further development
of software and the techniques for using it
in design. There are many questions which
do not have universally accepted answers,
such as:

*  how should modelling be used in the
design process?;

e how can the reliability of predictions
be quantified?; and

e how can quality assurance guarantee
that the model created was that
intended?

It was also clear that contemporary software
has limitations — in its functionality as well
as ease of use — and that some physical
processes are not well represented. In
addition, design is multi-faceted and
modelling is only just starting to coherently
address the problem of integration, when a
design decision can affect several aspects of
the performance. However, it should always
be remembered that a comparison must be
made with traditional methods, which in
general have more simplifications and
assumptions built into them.

From a consideration of the general
need for software to improve, and
specifically from issues arising during the
writing of the manual, the following areas
were identified as being of importance to
program developers:

e ChecKklists for data inputs are given in
the manual to aid program users. It is
believed that developers could
introduce a form of such checklists
into their user interfaces to aid in
model development and quality
control.

* In many cases it is true that strict
sequential steps for operating
programs cannot yet be given except
for very constrained problems, but
guidance and checklists can be given.

Again, it should be possible for
program developers to refine the
general checklists and guidance given
in the manual to more specific
instructions for their particular
program. In some cases, these
instructions could be specialised for
various applications.
e If software is to become easy to use by
designers, program developers must:
a) improve interfaces and help
facilities, and provide greater
feedback to users;

b) provide more comprehensive
databases; and

c) provide intelligent defaults for
carly stage design.

e Developers need to continue to
extend the capabilities of their
programs to reflect the increasing
desire for an integrated view of
design.

* To improve confidence, programs
should have a readily accessible
history of validation studies and
versioning control of the software.
Preferably validation checks should be
built in.

e The community as a whole should
generate accreditation procedures.
These may be for programs (e.g.
development of benchmarks to help
ensure consistency between programs
of the same type), and/or for users
(e.g. development of training courses
and possibly user certification).

The science of modelling is continually

expanding and so guidance on the best ways

to use this important class of design aids
will need to evolve. The Application Manual
for Building Energy and Environmental

Modelling provides a good foundation on

which this developing guidance can be

based.
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Recent Gzech Building Energy
Simulation GCase Studies

F. Drkal, T. Dunovska, M. Neuzil, VV . Skrlant *

By describing three recent case-studies, this paper aims to elaborate the current state

of building energy modelling and simulation in the Czech Republic in general, and at
the Czech Technical University (CTU) in Prague in particular. The studies which are

described were carried out at the Department of Environmental Engineering, Faculty

of Mechanical Engineering, and concern practical problems related to heating,

ventilating, and air-conditioning (HVAC) systems.

INTRODUCTION

he Czech Republic (CR) is one of

the most energy inefficient countries

in the world. The energy consumed
for $1000 of gross national product was
19.33 GJ in 1987 (USA 15.11GJ/$1000,
Japan 6.98 GJ/$1000). This situation has
improved since then, but not significantly.
In the past, the price of energy was heavily
subsidised by the government. This is no
longer acceptable with the introduction of a
market economy in the CR.

The high level of energy production was
accompanied with a high level of air pollu-
tion since most of the energy was produced
in power plants burning brown-coal with low
heating value and high sulphur content (up
to 4%). This made the CR one of the most
polluted countries in the world. The last few
years have seen an increase in activity aimed
atimproving the energy situation and the as-
sociated impact on the environment by
introducing more energy efficient technolo-
gies and installing emission control devices.
There is a drive to switch to other fuels like
natural gas. Emissions have already been re-
duced significantly; for example SO,
emissions reduced from 2.16x10° tons/year
in 1987 to 1.09x10° tons/year in 1995.

The energy used in buildings for heat-
ing, ventilation and air-conditioning
represents about 50% of total national en-
ergy consumption. It is therefore essential to
reduce the energy consumption and improve
the efficiency in buildings and HVAC sys-

tems. We feel that computer modelling and
simulation of building and HVAC energy
performance can play an important role in
this respect (Hensen, 1996).

In spite of rapid improvement in the
computational tools in use in the CR, the
more sophisticated modelling and simulation
techniques are not yet used nor are they com-
monly known. Specialised design programs
are used for specific purposes (e.g. cooling or
heating load calculation, duct sizing, etc.),
but these are based on many significant
simplifications.

In higher education the methods of
building energy simulation are just being in-
troduced into the curriculum (ESP-r (ESRU
1996) was first installed in 1993 at CTU)
and the results of first case studies have only
recently become available.

This paper illustrates the current situa-
tion by describing three recent case studies.

The first case study analyses the varia-
tion of energy consumption for heating in
panel houses with different parameters. This
study deals with the general problem of high
heating energy consumption which affects a
significant group of flat owners (Drkal -
Dunovska, 1996).

The second study considers the energy
efficiency of an existing HVAC system in a
new archival building. An improved HVAC
control strategy is proposed, simulated and
finally applied in practice (Skrlant, 1996).

The third case study involves the analy-
sis of the indoor-climate in a large ventilated
industrial hall under extreme summer con-

!Faculty of Mechanical Engineering, Czech Technical University, Technicka 4, 166 07

Prague 6, Czech Republic
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ditions. The influence of skylight size and
thermophysical properties of the floor on
thermal comfort are presented. The results
provide an insight in indoor environment of
large ventilated enclosures which can be used

for design purposes (Neuzil, 1996).

|. PARAMETRIC STUDY OF HEAT
CONSUMPTION IN FLATS

Problem Description

The amount of energy used for residential
heating is relatively high in the Czech Re-
public. This problem is evident especially in
the case of prefabricated apartment buildings
which represent about 70% of the present
housing stock. The flat owners were not aware
of energy control and reduction since the
energy consumption for heating of the flat
was calculated only according to the floor area
and not the real energy consumption. Even
today when energy consumption measuring
devices are being introduced to the flats, the
most common reaction when it gets too
warm is to open a window. As shown in the
following, the variation in heat consumption
of similar flats can be very high.

Objective

The objective of this study was to estimate

the influence of different parameters on the

heating energy consumption of the flat.
The parametric analysis of the energy

consumption of an average flat was carried

out using ESP-r.

Model Description
The analysis of four different parameters
having an influence on the residential build-
ing heating energy consumption was carried
out. The parameters under consideration
were as follows:
e location of the apartment in the
building (A)
e set-point increased up to 24°C (B)
e heating pattern of neighbouring flat
©
*  excessive continuous ventilation (D)
The “standard” prefabricated house, typi-
cally built from the 60s to the 80s, was
selected as an object of investigation. The
average apartment size is 45 m? floor area.
The buildings were built from the pre-fab-
ricated concrete panels with almost no
insulation (external walls U-value = 1.09
W/m?K, roof U-value = 0.5 W/m?K, win-
dows U-value = 2.6 W/m?K, internal walls
U-value = 2.9 W/m?K) and therefore rela-
tively high energy consumption.



Simulations and Results

The simulation was run through the pe-
riod of one typical winter week in the Czech
Republic (10 to 16 January) when external
temperature reaches -5°C during the day
and -12°C at night (Dunovska, 1995).The
resulting heating energy consumption ob-
tained by simulation for different cases are
graphically shown inTo make the
case study more “realistic”, the cost of one-
week of heating expressed in KC (1 US$ =
29 KC) is presented. When calculating the
heating cost, a price of 163 KC per GJ
(Czech official price for district heating in
1996) was assumed. The heating consump-
tion of all the cases are stated relative to the
100% base-case heat consumption.

The base-case (A1) denotes the space
heating energy consumption of the flat situ-
ated in the middle of the building when
heated up to 20°C. The heating energy con-
sumption for the base-case during the
simulation period was 323 kWhrs and is
referred to as 100%. Case A2 shows an in-
crease in energy consumption of up to
217% when the same flat is situated under
the roof and in the corner of the building,
i.e. about 50% of the walls are external.

Case Bl had a heating energy con-
sumption of 128% which was caused by
the set-point increase to 24°C (internal air
temperature).

The effect of the heating pattern of
the neighbouring apartment was modelled
in case CI, which had a resultant energy
consumption of 110%. In case C1 it was
assumed that the neighbouring apartment
on one side (partition wall of 20 m? ) was
not heated at all.

In case D1, the natural ventilation rate
was assumed to be 1.6 ACH which is dou-
ble that of the base-case value, and the
heating energy consumption was found to
be 162%. This represents the situation
when, for example, a small “ventilation win-
dow” is opened during the whole period.

The cases denoted by suffix number
2 illustrate the combination of the flat lo-
cation (corner) and the other factor’s
influence on the heating consumption with
the reference case A2 (of 217% energy con-
sumption). For the case B2, the energy

heating cost (Ke
Car B
8 8

8

8

Al A2 E1 B2

1 c2
Influencing focthor

mvmation of costs and energy consumption for
heating the flat

The effect of higher desired internal air
temperature on the length of the heating
period was analysed. The simulation was run
through the whole year period with heating
set points of 20°C and 24°C respectively for
the flatlocated in the centre and in the corner
of the building. The energy consumption for
heating, and the length of the heating period,
were compared for different cases and are
summarised in together with the cost
of heating in KC. It can be seen in Table 1
that the length of the heating period differs
from the base-case situation by 1,398 hours
only because of the location of the flat in the
corner position. Setting the internal air
temperature to 24°C instead of 20°C
increases the heating period by 916 hours
for the central flat and by 1,076 hours for
the corner flat.

Conclusions

From comparing the above simulation re-
sults it can be concluded that the most
significant parameter influencing the heat-
ing energy consumption (out of the
investigated ones) is the location of the flat.
The second most important parameter is

excessive ventilation (“ventilation window”
opened), a result of overheating, which is a
common problem today. On the other hand
the heating pattern of neighbours had a
surprisingly low influence on heat con-
sumption. However, it must be noted that
these results were obtained for the specific
case and for a one week-period.

It follows from the whole year simula-
tion that in the same building the heat
consumption of a flat can vary from 100%
to 400% depending on its location and the
desired internal air temperature (4°C varia-
tion in this case), and the heating period can
be 1.6 times longer as a result of that.

[l. ENERGY CONSERVATION AND
EFFICIENCY OF HVAC SYSTEM IN
AN ARCHIVAL BUILDING

Problem Description

The new building of the State Archives was
constructed in Prague in 1995. Separate
HVAC systems for each floor were installed
which use recirculation air only. To ensure
the special internal conditions for archival
purposes (i.e. internal air 15 * 1°C, relative

IELIERE The annual energy consumption and hours of heating for the flat

consumption was 253% when the flar un- ~ Flatlocation t  heating energy consumption  heating period  cost of heating
der roof was heated up to 24°C. The (0 GJ) (%) (hours) (KC)
unheated neighbouring apartment in- il 20 16.0 (100%) 3,674 2,609
creased the energy consumption to 234% M@ 24 24.3 (152%) 4,590 3,976
(case C2) and in case D2, the energy con-

e . n 20 453 (283%) 5,072 7,384
sumption increased by excessive ventilation ~ corner

24 64.2 (401%) 6,148 10,475

to 279%.
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humidity 55 + 5%) the HVAC system was
designed to work continuously during the
whole year. During the first year of opera-
tion it was observed that the cooling was on
continuously, even during winter. This is
because the actual heat losses of the building
are much lower than was assumed when de-
signing the HVAC system. It was found that
the heat gains from the fan of the designed
HVAC system would be sufficient to cover
all the heat losses of the building in winter.

Objective

The objective of this study was to propose a
new control strategy for the existing HVAC
system in the archival building to achieve
energy conservation while maintaining the
required special internal conditions.

A dynamic simulation model of the
building and HVAC system was constructed
using ESP-r. 12-hours cycled “On/Off”
control strategy was proposed, applied and
analysed to achieve efficient use of energy.

Model Description
The State Archives building studied is a

medium-heavy building with no windows,

The “On/Off” operation was modelled
with 12 hour operating cycles alternating
between floors:

floor 0-12h  12-24h
1 ON OFF
2 OFF ON
3 ON OFF
4 OFF ON
5 ON OFF

shows the cooling loads of the mid-
dle floor (3rd) for the case of 12-hour cycles
On/Off operation with a minimum of 0 W
and a maximum of 3.1kW in summer and
0.3 kW in winter. The instantaneous value
of cooling required is higher in this case than
in case of continuous operation, as a result of
warming up during the 12-hour Off period.

The simulation results presented in
prove that the internal air tempera-

ture variation is within the temperature limits

of 15+ 1°C when 12-hour cycles On/Off op-
eration would be used during the whole year.
The extreme values of internal air tempera-
ture occurring in a typical winter month
(January) and a typical summer month (July)
for both HVAC continuous and On/Off op-
eration strategies are summarised in
In the assumed climate, the diurnal external
temperature fluctuates between 5°C and 2°C
in January and between 18°C and 25°C in
July. The energy consumption for January
and July for the different cases is also included
in Table 2. It can be seen that by applying
the On/Off operation strategy the energy con-
sumption can be reduced to 17% during
January and to 56% during July.

The predicted annual energy con-
sumption is 83,040 kWh for continuous
HVAC operation and 38,630 kWh for 12-
hour cycles On/Off operation. This suggests
that the current annual HVAC energy con-
sumption can be reduced to 47%.

Minimum and maximum internal air temperature, and energy consumption,
for continuous and 12-hour cycles On/Off operation in selected months.

consisting of 13 floors, with minimized heat operation t . (°C) t o (°C) energy (kWh)
gains and losses. The external walls have a
U-value = 0.2 W/m?K and the internal sur-
faces (floors) have a U-value = 2.49 W/m?K.

The middle five floors were modelled as

continuous 15.1 15.1 4,259

On/Off 14.1 15.1 745
July continuous 15.1 15.1 9,740
On/Off 15.1 15.9 5,445

January

being representative for the building.
The indoor-air quality requirements

fO[' archlval purposes were in thlS case de— Tsteps: sim@ 60m, outputl B0m {not averaged) Libiresrok
Period: Sat 1 Jan @ 0h30 to: Sun 31 Dec @23h30 YEAR:Z2000
Zones:

Cooling loads
for12-hour

cycles On/Off
operation(i.e. ™
proposed
situation)

fined as an air temperature of 15 + 1°C and
a relative humidity of 55 + 5%. Load ki
Casual heat gains from electrical
equipment, occupants and lighting were
neglected. The building construction also
allowed infiltration to be neglected.

Artificial hourly climate data derived

from long-term average monthly weather
data for Prague was used (Dunovska, 1993).

0 720 1440 2135 2855 3552 4272 4968 5B8S B384 7104 TEOO 8520
Tine Hours

Simulations and Results
The energy consumption for the current
ol b the HVAC SO Internal air péﬁ?ﬁﬁ?‘sgé"ﬂ"ﬁﬁa B 0hE0 to: Sun 3L Do 82330 YEARI2000
simulation wit the SYStCm t onest .

emperature
fluctuation for
12-hour cycles
On/Off operation
during the whole :

year

situation was obtained by whole-year

operating continuously in each floor — here
called the “continuous operation” case. As
outlined above, cooling was available even
during the winter period. The simulation
results for the middle floor (3rd) are
discussed in detail below.

The cooling load for continuous opera-

tion of the HVAC system shows a maximum ir tenp

value of 2.6 kW in the summer period and a
720 1440 2135 286 3552 4272 4905 5608 6334 7104 7500 8520

Time Hours

minimum of 1.1 kW in the winter period.
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Conclusions
By employing a dynamic model of the State
Archives building, it was possible to pro-
pose the 12-hour cydes On/Off operation
of HVAC system instead of continuous op-
eration, while satisfying indoor air
requirements. It follows from the results that
the energy consumption can be reduced
dramatically to 47% when this On/Off
control strategy is used. The most signifi-
cant energy conservation can be achieved
during the winter period; the energy con-
sumption can be reduced down to 17%.
The On/Off control strategy proposed
in this paper was applied in the investigated
building and proved its relevance in prac-
tice.

[Il. THERMAL COMFORT ANALYSIS
IN AN INDUSTRIAL HALL

Problem Description

The internal environment of industrial halls
may have an impact on the thermal com-
fort of workers, on the productivity of
workers, on the quality of the products and
on the number of workplace accidents. The
internal environment of industrial halls is
influenced by external and internal factors.
During the summer period external factors
are: outdoor air temperature, solar radia-
tion and ground temperature. Internal
factors are: ventilation operation, thermal
insulation and thermal capacity of the hall
and casual heat gains. From the energy con-
sumption point of view we want to use the
minimal outdoor air flow rate for ventila-
tion, on the other hand we don’t want to
disrupt thermal comfort of the internal
environment. By simulation it is possible
to optimise the operation of the ventilating
system in relation to the construction of the

building (integral approach).

Objective
The objective of this study was to estimate
the influence of the area of skylights and
the floor construction on the thermal com-
fort in an industrial hall ventilated during
the summer period by displacement system.
The building and ventilating system
were modelled and simulated with ESP-r.

Model Description

The mounted hall type HARD Jesenik was
used as an example of an industrial hall.
The hall consists of modules with dimen-
sions 18 x 6 x 7.2 m (length x width x
height), slope of the roof is 11° [(STHIERIR

The external walls and roof consist of ther-
mally insulated sandwich panels. The floor
is made of concrete and has thermal insula-
tion. The U-values are presented in
The ground temperature was assumed con-
stant at 10°C. The flat polycarbonate
skylights allow for natural lighting. The hall
is used for welding of large support construc-
tions. The casual heat gains of each module
are 3360 W. The displacement ventilation
system provides ventilation of the hall. The
working period starts at 6.00 and finishes at
22.00. The air flow rate is constant during
this period (10.8 air changes per hour) and
suffices to eliminate external heat gains. The
polluted air (welding) is exhausted and fil-
tered. The infiltration rate during the night
period is 0.5 changes per hour.

Controllable ventilator
1.2x6m

Skylight

3x2m

Skylight
3x2m

P —

e

The displacement ventilation
system and its operation in
summer in an industrial hall

BEL] SR U-values of the industrial hall

U-value
(W/m?K)

Floor - light, thermally insulated 0,38 0,36
Floor - heavy, thermally insulated 0,61 0,44
Floor - heavy, non-insulated 0,44 0,85
External wall - sandwich panel 2,90

Roof sandwich panel

Door

Skylight

Structure

The basic central module of the hall
was used as a single zone model for simula-
tion purposes. The central line of the roof
is in an East-West direction. The above in-
dicated climate for Prague was used
(Dunovska, 1993). The maximal external
air temperature was expected to be 30°C
and minimal external air temperature was

expected to be 16°C.

Simulation and Results

The indoor climate conditions were
predicted for the summer period. In the
central part of the hall they are
represented by the internal air
temperature, surface temperature of the
floor and thermal comfort sensation
(PMYV, PPD).

The external heat gains (solar
radiation) through the skylights seriously
affected the thermal comfort in the
working zone. The skylights have to
provide the visual comfort which is
essential for the type of work. The
oversized skylights cause glare problems
during the summer period and increased
energy consumption during the winter
period. The optimised skylights (Neuzil,
1996) have an area of 6 x 2 m (two
skylights each 3 x 2 m). The oversized
skylights 6 x 3 m and 6 x 5 m which are
very often used in practice were used as
an example.

The impact of various constructions
of the floor was tested too. Three types
of floor (upper concrete layer, thermal
insulation) were used: light floor (120
mm concrete layer) with thermal
insulation, heavy floor (270 mm
concrete layer) with thermal insulation
and heavy floor without thermal
insulation (see .

shows the behaviour of the
following temperatures: external air
temperature (t ), internal air temperature
(t) and surface floor temperature (t)
during the working week (0 — 120 h,
during working time ventilation equals
10,8 air changes, and during the night
the infiltration equals 0,5 air changes)
and weekend (120 - 168 h, infiltration
equals 0,5 air changes). The optimised
skylights (6 x 2 m) and the thermally
light and insulated floor were used.

The internal air temperature rises
when the ventilation is stopped because
the infiltration rate is very small and the
heat (solar radiation) accumulated in the
floor cannot escape from the hall. After
that the internal air temperature
decreases very similarly to the external
air temperature which is caused by
transmission heat losses of the hall. The
internal air temperature drops when the
displacement ventilation starts because
the external air temperature (supplied
air) is lower than the internal air
temperature and causes ventilation heat
losses.
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Internal air temperature t.and floor surface temperature t_ as a function of
external and internal conditions during the working week and weekend

(external air temperature t)

IEIERA Maximum values of internal air temperature t and floor surface temperature
t. (in °C) as a function of the skylight area and the floor construction

1 2 3 4 5
t (Mon - Fri) i 35,0 29,3 28,6 30,6
tI (Sat - Sun) 314 39,0 32,1 30,7 33,8
t. (Mon) 31,4 38,7 31,4 31,0 33,0
t_ (Fri) 321 44,7 36,0 34,0 39,5
t. (Sun) 32,0 42,8 858 34,0 36,9

1 - Skylights 6x2 m, floor light, thermally insulated
2 - Skylights 6x3 m, floor light, thermally insulated
3 - Skylights 6x3 m, floor heavy, thermally insulated
4 - Skylights 6x5 m, floor light, thermally insulated
5 - Skylights 6x5 m, floor heavy, thermally non-insul.

The accumulated heat in the floor
construction has an impact on the
the

temperature which is smaller than the air

amplitude of floor surface
temperature amplitude. The ventilation
system is out of operation during the
weekend and external heat gains increase
the maximal value of internal air
temperature because the infiltration is
too small to remove the heat gains.
The temperatures in the case of 6 x
3 m and 6 x 5 m skylights are similar
but the maximum values of the internal
air temperature and floor surface
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temperature are higher (see JEINERA).
The skylights of 6 x 3 m increase

the maximum internal air temperature
by 0.1 K during the working week and
by 4 K during the weekend (light floor,
thermally insulated ). The skylights of 6
x 5 m increase the maximum internal air
temperature by 0.8 K during the working
week and by 7.8 K during the weekend
(light floor, thermally insulated). The
skylights of 6 x 3 m increase the
maximum value of floor surface
temperature by 2.8 K on Monday, by 2.1
K on Friday and by 3.2 K on Sunday

(light floor, thermally insulated). The
skylights of 6 x 5 m increase the
maximum floor surface temperature by
6.7 K on Monday, by 5.4 K on Friday
and by 8.9 K on Sunday (light floor,
thermally insulated).

The impact of the various types of
floor (light, heavy) on the maximum inside
air temperatures during a hot summer
working week is negligible (see ).
Also the impact of the various types of floor
on the maximum floor surface temperature
is very small (see.

The simulation results confirm the
practical experience, i.e. that temperature
changes resulting from a 24 hour cycle of
outdoor climate do not penetrate in the
concrete floor deeper than approximately
100 mm, and concrete thicker than 100
mm is not necessary from the point of view
of summer thermal accumulation.

The impact of various skylights and
floor constructions on the thermal comfort
and discomfort during the Monday is
presented in Figure 6 (Predicted Mean Vote
- PMV) and in Figure 7 (Predicted
Percentage of Dissatisfied - PPD). The
assumed average air speed was 0.3 m/s, the
activity level 120 W/m> A and the
clothing level 1.0 clo. The critical situation
occurs at 14.30.

Conclusion

From the simulation results it was possible
to predict the summertime indoor environ-
ment in an industrial hall equipped with a
displacement ventilation system. Two con-
structional variables were studied. The area
of skylights has a significant impact on the
indoor environment of the industrial hall.
The floor construction has a small impact
on the indoor environment.

It is obvious that during the summer
period the predicted sensation of the hall
indoor air quality has mostly discomfort
character (see Figures 6 and 7).

The halls with smaller skylights (6 x 2
or 6 x 3 m) have of course more favourable
microclimate than those with oversized
skylights (e.g. 6 x 5 m) at the same
ventilation and internal heat gains
conditions see

For a given skylight nearly the same
thermal comfort can be reached regardless
of the floor mass (see .

Only during the night when the
ventilation rate is lower, the PMV and
PPD values show some merit of a heavy
floor.



3T CONCLUSIONS
g
28 . . .
- This paper describes three studies by gradu-
’ ate and postgraduate students at CTU in
- 24 Prague. Computer modelling and simula-
% 2.2 tion was only recently incorporated in the
T 2 curriculum.
243 From our initial experiences some gen-
= .
o eral conclusions can be drawn:

N
o
|

e The interest of students in computer
14 4

12

modelling and simulation increases as

their theoretical knowledge of

environmental engineering grows.

e ESP-r is very useful for education,
particularly for many hands-on

exercises and assignments, using also

Thermal comfort sensation - PMV index - as a function of skylight area e-mail. The courses for postgraduate
and floor construction during the working day students lectured at CTU in Prague
1-Skylights 6 x 5 m, floor light, insulated 4-Skylights 6 x 3 m, floor heavy, insulated by Dr. Jan Hensen, visiting professor
2-Skylights 6 x 5 m, floor heavy, non-insulated 5-Skylights 6 x 2 m, floor light, insulated at CTU, are the foundation for wider
3-Skylights 6 x 3 m, floor light, insulated uptake of modelling and simulation

methods in the higher education of
mechanical and civil engineers.

e Problems with the practical usage of
modelling and simulation at CTU in
Prague concern:

e lack of hardware (teaching
laboratory, workstations)
e lack of data (including climate)

e relatively low English language

PPD index (%)

skills by a number of students.
Future work at CTU in Prague will con-
centrate on:
e further integration of modelling and
simulation in the curriculum

¢ dissemination of information about

computer modelling and simulation

Time (h)

possibilities for HVAC systems and

. . . . buildi d ing thi
Thermal discomfort - PPD index - as a function of skylight area and floor HICIngS and promoting tus

. . . technology in practice (in journals, at
construction during the working day echnology in practice (in journals, a

1-Skylights 6 x 5 m, floor light, insulated 4-Skylights 6 x 3 m, floor heavy, insulated Scmlfmr.s) .
2-Skylights 6 x 5 m, floor heavy, non-insulated 5-Skylights 6 x 2 m, floor light, insulated *  continuing education courses for
3-Skylights 6 x 3 m, floor light, insulated introduction of modelling and
simulation in practice
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Minutes of IBPSA
Board Meeting

11 September 1997

Czech Technical University,
Prague

Board members present:  Joe Clarke (Chair, UK), Larry Degelman
(USA), Frantisek Drkal (Czech Republic), Philip Haves (UK), Jan
Hensen (UK), Curtis Pedersen (USA), Roger Pelletret (France), Per
Sahlin (Sweden), Dan Seth (Canada), Ed Sowell (USA), Jeff Spitler
(USA), Terry Williamson (Australasia)

Guests: Deon Arndt (South Africa), Ardeshir Mahdavi (USA), Lam
Khee Poh (Singapore)

AGENDA

1. Introductions and setting of agenda

2. Taking stock and a forward look

3. Report on BS'97

4. IBPSA Treasurer’s report

5. BS99 Planning

6. Regionalization and International Activities
7. New board structure

8. DPublications — Newsletters, Web, International Journal
9. Old business

10. New business

11. Adjourn

PROCEEDINGS

The meeting started at 10:15 a.m.

1. Introductions: President Clarke called the meeting to order
and proposed an agenda and asked for additional items. Attendees

introduced themselves.

2. Taking stock of IBPSA: The current membership in IBPSA is
estimated to be in excess of 400. There are 37 in France, 250 in the
UK, 40 in the US, and more than 100 members in Australia, Canada,
Czech Republic, and France, though exact membership numbers were
not available. Membership in Greece is not known at this time.

Each board member briefly described what he thought were impor-

tant issues that IBPSA needed to address. Discussions centered on:

a) Relevance: There was concern over the current focus on
“energy” simulation in the face of worldwide declining
concern over energy? It was concluded that we need to
become more active in simulation areas other than energy.
Possibly having board members as liaisons to outside



societies and organizations to help foster interest in other
simulation areas and give IBPSA more visibility. The board
plans to establish more formal, and informal, connections to
outside groups to maintain relevance. The board charged
itself with the task of addressing the issue of relevance and
the issue of international focus.

b) Regionalism: Concern was expressed over the emphasis on
regionalization and that it may cause a loss of focus on
international concerns. It was felt that we don't really know
what's going on within the other regions because we don't
participate in, or even communicate, activities between the
regions. There is a perceived need for more exchange of
information about regional activities between the affiliates.
The board decided to discuss and determine the regional
affiliate structure and relationship to IBPSA.

c) Conference management issues: It was felt that we need
more frequent meetings with the conference organizers so
the conference issues get scrutinized more closely so as to
avoid any financial problems. It was reported that the Prague
conference was highly successful, but it is also a high-risk
activity for IBPSA. It was agreed that closer examination of
procedures will be undertaken for the ‘99 conference.

d) Conference technical issues: Discussions centered on the
timing of paper processing for Building Simulation conferences
and the makeup of the Scientific Committee. The organizers
felt that the committee needs to have an appropriate mix of
“science” vs. “application” interests and that deadlines for paper
submittals need to be moved to earlier dates.

¢) Membership benefits: Newsletter and educational outreach
issues were discussed. The board concluded that it needs to
address educational outreach as an action item, and that we
need more networking to other groups, administrators, etc.
The board also decided to: (1) determine content and
frequency of the newsletter, (2) determine and clarify what
the board’s executive functions are, and (3) broaden
simulation topics to attract people from other industries to
IBPSA activities and conferences.

3. BS’97 Report: Hensen gave a report summarizing the confer-
ence schedule and its attendance statistics. The attendance was as
follows:

Region of origin No. %
Europe 94 54
Eastern Europe 30 17
North America 26 15
Australia-Asia 13 8
Other 10 6
Total 173 100

He described several new innovations that were accomplished by
BS'97 —

*  Electronic communications for paper submittals and review

e Web site advertisements and logistical communications

e Proceedings put on CD-ROM

*  Variety of presentation formats

e Multiple software sessions

e Danel sessions

e Dublic was invited to the exhibitions

Lessons learned or suggested —

*  Need more electronics for the presentations

e Need longer breaks

*  Presenter should be asked for their presentation format
preference

*  Paper due dates need to be carlier

Drkal presented the conference financial information that was avail-
able at the time of the board meeting. The income exceeded the
known expenses by about $3000 not accounting for any sponsor-
ship. The anticipated sponsorship amounts to around $19,000.
Conference organizers are to send the final conference accounting
to Treasurer Sowell, who will organize it and report it to the board

members.

4. Treasurer’s Report: Sowell presented a summary of annual
profit and loss statements and balance sheets for each year from
1994 to the present. Prior end-of-year balances were around
$79,000 to $80,000. The current balance is about $74,000, though
the final proceeds from the BS’97 conference are not accounted
for. It was noted that during the early part of 1997, IBPSA has
spent a significant amount ($8,400) on publishing of the IBPSA
News. The annual budgeting of IBPSA operations will be taken up
later after the BS’97 conference accounting is finalized. The board
decided to undertake annual IBPSA budget planning related to
the newsletter efforts.

5. BS’99 Conference Planning: Under consideration for BS’99
is the Pacific Rim area, including Hong Kong, Japan, Korea,
and Singapore. The board members showed no particular
preference toward any one of these possible locations. The board
unanimously decided to send an invitation to all four countries to
submit a site host proposal by November 30. Jan Hensen was named
as liaison to the conference coordinators for BS99, and agreed to
develop the RFP for BS’99. The board agreed that IBPSA should

fund a nominal level of liaison expenses.

Liaison and scientific chair duties were discussed. These are to

include:

e Proactive paper solicitation

*  Organize and plan the conference execution with the site
coordinators.

¢ Promote exhibitions

* Initiate methods of attracting special groups from other
countries that have not been well represented at the IBPSA
conferences.

6. Regionalism and International Activities:

*  Need autonomy of regions but also need procedures for
monitoring — Secretary function.

*  Region would be required to provide their by-laws, evidence
of bank account, periodic report, membership directory,
planned regional activities, and structure of organization.

* A membership directory should be a “living document” that
members could access at any time to determine who and
how many members there were. Regions will be requested to
provide specific services to IBPSA.

*  Encourage expansion of topics, activities and membership in

the regions.
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e A discussion ensued on whether IBPSA should limit the
total number of regions and the amount of support to be
provided. The board agreed that at this time, no limits
should be set. If the society expands such that the number of
regional representatives on the board exceeds what is
specified in the by-laws, then the issue of by-law changes
would have to be considered.

*  DPelletret presented a formal proposal from IBPSA-France for
$1500 of start-up funds for their region. The request was
approved unanimously. [This is the third region to receive
start-up funding from IBPSA.]

7. New Board Structure: By-laws specify that the board size cannot
exceed four (4) elected officers, the past president, and ten (10)
board representatives of the members, and terms of office are to be
two years. Based on board resolutions made at Ross Priory in March
of 1996, the board is to be made up of the Executive (President,
Vice President, Treasurer, and Secretary), Regional Representatives
(one from each region), and Members-at-large. The past president
is automatically a member of the board. Members-at-large are to
carry on liaison duties to other organizations. Clarke presented the
results of the nominations he received by e-mail from various former
board members. This slate of nominees will be placed on a ballot
and distributed by the current Secretary by 1 November on which
the whole membership will vote. This election will be effective for

1998-1999.

Some discussion took place on the desirable meeting frequency
of the board. The minimum, of course, is that the board will
meet once every two years (at the BS conferences), after which
minutes will be published. More frequent meetings could take
place on call by the president or another officer perceiving the
need to debate a critical issue. Generally, it was agreed that
there needed to be more regular meetings (frequency to be
determined by the criticality of the issue) of the board with
the liaisons. Much of this could take place by e-mail and
conference phone calls.

8. Publications — Newsletters, Web, International Journal:
The board discussed several ways that might gain visibility for IBPSA
and/or gain regional participation in its efforts. These included:

*  Getting more articles from the regions for the newsletter.

*  Consideration of an IBPSA Journal (future plans). Haves
agreed to investigate other magazine publishers and find out
more on publishing costs.

*  Spitler agreed to give several BS’97 papers to the editor of
Energy and Building and also the Journal of Building and
Environment.

e Sahlin agreed to participate in finding a permanent home for
the IBPSA home page and a web master. Most likely this
would move to a commercial site.

9. Old Business: The old business centered mostly on the finan-
cial affairs of the IBPSA Newsletter. Currently, IBPSA has no mecha-
nism to receive money back from the regions for each region’s con-
sumption of the newsletter. IBPSA’s treasury is sound at this time,
but each issue of the newsletter diminishes the amount of funds in
the treasury and there is no recovery of this cost. Charging the

regions for their newsletters seemed that it may be counter-pro-
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ductive to the mission of IBPSA, so it was decided that at a mini-
mum, the IBPSA secretary would investigate means of reducing
the publishing costs. This issue will be re-visited at a future date.
10. New Business: No new business.

11. Clarke adjourned the meeting at 3:30 p.m.

Submitted by: Larry Degelman, IBPSA Secretary
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The Integration of Gomputational Fluid
Dynamics into Building Simulation

Joe Clarke * and lan Beausoleil-Morrison 2

BACKGROUND

o address the complex nature of
real-world design problems the
building simulation (BSim) field
has been evolving towards higher resolu-
tion, integrated heat and air flow model-
ling. Although earlier tools considered the
thermal impact of user prescribed infiltra-
tion and ventilation, the interdependency
of heat and air flow was not considered.
Consequently, important configurations in
which heat and air flow are strongly cou-
pled-Hensen et al (1991) provide some ex-
amples-could not be accurately simulated.
Network air flow modelling was there-
fore integrated into BSim in the 80s to ad-
dress this shortcoming. In the case of the
ESP-r system, the coupling between heat
and air flow is achieved by iteratively solv-
ing a thermal model and an air flow net-
work. The air flow network is composed
of nodes (representing air volumes such as
rooms), components (representing the leak-
age paths and pressure drops associated with
doors, windows, supply grills, ducts, fans,
etc.), and connections (joining nodes by
components). A mass balance is performed
at each time step, using the temperatures
calculated for the previous time step, to
solve the air flow through each connection.
The air flow results are then used to estab-
lish the infiltration and ventilation loads
for the thermal equations for the current
time step. These steps are repeated at each
time step of the simulation with iteration
used for the case of strongly coupled flows.
Although the integration of network
air flow modelling has advanced BSim to-
wards higher resolution, there are limita-
tions to this approach:
* large air volumes are represented by a
single node, implying well-mixed

conditions;

e and temperature distributions within
air volumes cannot be determined;

* momentum effects are neglected;

* insufficient resolution exists to
accurately determine local surface
convection and so simplifying
assumptions and techniques must be
applied.

Computational Fluid Dynamics (CFD) has
been used to predict air motion and heat
transfer in buildings for nearly a quarter
century. Whittle (1986), Nielsen (1989),
and Jones and Whittle (1992) provide a
thorough review of the applications. The
quality of CFD predictions, however, de-
pends greatly on the accurate prescription
of boundary conditions (wall temperatures
and air flows into and out of the CFD do-
main), which, in general, are not known «
priori: wall temperatures and air flows
through openings are dynamic and depend-
ent on the external weather excitations and
the states prevailing throughout the rest of
the building. As such, simplifying assump-
tions are usually made, and the boundary
conditions often treated as steady.

There is therefore a synergistic poten-
tial between BSim and CFD: BSim can es-
tablish more realistic boundary conditions
for CFD, while CFD can produce higher
resolution modelling of flow patterns within
air volumes and surface convection for
BSim. This synergistic potential provided
the motivation to implement a CFD capa-

bility within ESP-r (Negrao 1995).

THE BSim-CFD CONFLATED SYSTEM

The conflated BSim-CFD system was
achieved by developing a CFD code (the
domain flow solver, dfs) and integrating this
into ESP-r’s building and plant simulator,

! ESRU, James Weir Building, University of Strathclyde, Glasgow G1 1X], Scotland, UK
2 CANMET Energy Technology Centre, Natural Resources Canada, Ottawa KIA O0E4, Canada
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bps. The bps and dfs structures operate in
tandem (within a single executable), ex-
changing information on a time-step basis.
Three different conflation mechanisms cur-
rently exist to allow bps and dfs to “hand-
shake”. These are described conceptually in
this article, while the reader is referred to
Negrao (1995) and Clarke et al (1995a,
1995b) for a detailed description.

shows a montage of an ESP-
r session involving CFD.

With Zjpe I conflation, bps and dfs
handshake on a thermal level. Rather than
calculate convection coefficients between
solid surfaces and the zone air-point in its
usual manner (a number of methods are
available, the default being the Alamdari
and Hammond, 1983, empirical correla-
tions), bps uses dfs to determine the con-
vection coefficients. Bps establishes the
boundary conditions for dfs using the sur-
face temperatures calculated during the pre-
vious time step. Bps then invokes dfs, which
is driven to convergence. Air-to-surface heat
transfer is then determined from the dfs-
predicted flow and temperature fields
through the use of wall functions. Surface
averaged film coefficients for each surface
of the zone are then calculated and passed
back to bps, where they are used to estab-
lish the zone energy conservation matrix
equation. Bps then solves this matrix equa-
tion in its normal fashion (Clarke 1985) to
determine the zone air-point, surface and
intra-construction temperatures for the cur-
rent time step. Again, iteration may be em-
ployed for the case of strongly coupled flows.

Bps and dfs also interact on the ther-
mal level with Zjpe 2 conflation but now
bps uses dfs to solve the zone air-point tem-
perature directly. Rather than calculating
the air-point temperature with its usual
technique, bps invokes dfs and establishes
its boundary conditions as in Type 1. Once
dfs converges, its temperature field is aver-
aged to determine the zone air-point tem-
perature and the wall functions are used to
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determine the convection heat transfer to
the surfaces. The surface convection values
are passed back to bps where they are used
to solve for the surface and intra-construc-
tion temperatures. In application, the
handshaking occurs every 10 dfs sweeps, so
that dfs’ boundary conditions are updated
a number of times each bps time step.

With Zjpe 3 conflation, bps’ air flow
network and dfs interact, although there is
no interaction at the thermal level. A single
air flow network node is replaced by a CFD
domain, thus dropping the assumption of
well-mixed conditions for that zone. New
connections are added to bps’ air flow net-
work to connect the CFD domain to the
remaining network nodes while the con-
nections to the node replaced by the CFD
domain are removed. Bps establishes
boundary conditions (mass flow and ther-
mal) for the CFD domain, then invokes dfs,
which is driven to convergence. The CFD-
predicted air flows into and out of the zone
are then passed to bps network air flow
solver, where they are treated as sources or
sinks of mass. Bps then determines the flow
through the remaining connections in the
network, before solving the thermal system
for the current time step.

A fourth conflation type is planned by
which the features of Type 2 and 3 may be
combined: i.c. dfs estimates the zone air-point

temperature and surface convection coeffi-
cients on the basis of a fully interacting (whole
building) air flow network and CFD domain.

Dfs’ COMPUTATIONAL APPROACH

The job of CFD is to approximate and solve
the coupled and non-linear set of partial
differential equations (PDEs) that describe
the conservation of mass, momentum and
energy of a fluid domain. Dfs applies a fi-
nite volume approach and a three-dimen-
sional, Cartesian, staggered grid to discretise
and transform the PDEs into a system of
algebraic equations.

The widely applied standard 4-e
model of turbulence is used to estimate the
turbulent diffusion of momentum and heat
while the log-law wall functions are used
to account for viscous effects in near-wall
regions. Buoyancy forces are included in the
momentum equations using the Boussinesq
approximation.

The SIMPLE pressure-correction so-
lution approach is used, in which the trans-
port equations for velocity, pressure, tem-
perature, kinetic energy of turbulence, and
dissipation rate of kinetic energy are
sequentially solved until the system of equa-
tions is driven to convergence. (This ap-
proach is currently being refined to improve
the speed of convergence.) The transport

equations are solved with a combined
TDMA/Gauss-Siedel solver.

Dfs’ approach shares much in com-
mon with CFD codes that have been ap-
plied to room air flow modelling (for ex-
ample, see Lemaire et al 1993 and
Liddament 1991).

Dfs has undergone analytical, empiri-
cal and inter-program validation. Negrao
(1995) compared dfs predictions to an ana-
lytic solution for a simple laminar flow situ-
ation. He also compared dfs and
PHOENICS for a number of natural and
forced convection cases. In addition,
Loomans (1995) simulated the two-dimen-
sional test cases of IEA Annex 20 (Lemaire
etal 1993) and found favourable agreement
in both the isothermal and non-isothermal

cases.

APPLICABILITY OF THE CONFLATED
SYSTEM

There can be little doubt that the integra-
tion of CFD has increased the resolution
of BSim: detailed predictions of the flow
and temperature fields within zones can be
predicted, enabling flow visualisation, stud-
ies on pollutant dispersion, and thermal
comfort assessments. However, significant
questions remain regarding the accuracy and
applicability of the technology.

As mentioned, CFD has been used to
predict air motion and heat transfer in
buildings for nearly a quarter century. The
standard /4-e¢ model has been employed in
the majority of these analyses to character-
ise the effects of turbulent motion. Upon
reviewing the various turbulence modelling
approaches, Chen and Jiang (1992) con-
cluded that this method remains the most
appropriate for predicting room air motion.

However, the standard 4-e model, as
described by Launder and Spalding (1974),
is only valid for high Reynolds Number
(fully turbulent) flow. Adjustments are
made in regions adjacent to solid walls to
account for low Reynolds Number (viscous)
effects. Consequently, the application of the
standard 4-¢ model implies an important
assumption: that the flow is fully turbulent
(notwithstanding wall regions) or at least
behaves like a fully turbulent flow.

In general, room air flows are not fully
turbulent. Baker et al (1994) characterise
room air motion as typically turbulent, al-
though only weakly so. According to Chen
and Jiang (1992), room air flows may be
laminar unsteady, locally artificially induced
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turbulent, transitional or fully turbulent.
Measurements indicate that the flow in the
main body of ventilated rooms may be tran-
sitional (Jones and Whittle 1992).

Given that room air flows are rarely
fully turbulent, can the thermal simulation
of buildings really be improved by the
BSim-CFD conflated approach? Will CFD-
predicted temperature and velocity fields
result in better estimates of surface convec-
tion? Is the technology limited to the few
building configurations which are truly fully
turbulene?

These questions are being addressed
in a research project which is currently

underway.

IMPROVEMENTS TO THE
CONFLATED SYSTEM

A number of developments are planned to
improve the accuracy and applicability of
the bps-dfs conflated system. These are

outlined in this section.

REFERENCES

Improved Surface Convection

Prediction

When BSim and CFD are conflated on a
thermal level, the prime job of CFD is to
accurately estimate surface-to-air convection
heat transfer. Recent work (Chen, Moser
and Huber 1990; Chen and Jiang 1992;
Yuan, Moser and Suter 1994) has shown
that log-law wall functions (the approach
used by dfs) can lead to significant errors in
predicting surface convection. Conse-
quently, alternatives to the log-law wall
functions-low Reynolds Number models
and new wall functions-are under exami-
nation and improvements to dfs will be
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Approach
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mensional construction modelling within

Multi-Gridding
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This will allow a more resolved description
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Adaptive Control of Bps-Dfs

Conflation
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plied and, if so, how it should be applied.
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dfs predictions and compare them against
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IBPSA reserves the right to reject papers submitted, and to edit those that are published.
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