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PREFACE

These are the proceedings of the International Thermal Energy and Environment Congress
ITEEC97 held in Marrakech, Morocco from 9 to 12 June 1997.

This congress is intended to provide a platform for a North-South dialogue in the important
field of thermal energy and environment by bringing together academics and scientists from
northern and southern countries to exchange new ideas, experiences and research results.
The congress covers the current status of thermal energy and environment, in particular heat
and mass transfer in fluid and porous media, energy systems, buildings, renewable energies
and environmental impact.

Four symposia are organized in conjunction with the technical sessions. These symposia
focus on the followings themes : natural convection, building-energy and indoor environment,
new energy technologies and environment.

World-renowned experts in thermal energy and environment are invited to open the technical
sessions and symposia with keynotes in plenary sessions. These are followed by research
papers presented in oral and poster sessions.

These two volumes bring together, keynotes papers and papers presented in the technical

sessions and symposia. We hope that they serve as a useful reference material to all
participants and to those who are not able to attend the congress.

A. Mirand Z. Zrikem
Chairmen
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ITHERMAL COMFORT, INDOOR AIR QUALITY AND ENERGY CONSUMPTION
STUDIES IN 12 OFFICE BUILDINGS

Fariborz Haghighat and Giovanna Donnini’

Centre for Building Studics, Concordia University, Mon(real, Canada
‘ADN Inc. Montreal, Canada

STRACT:

The indoor air quality and thermal comtort were investigated in twelve mechanically ventilated
dings. Measured parameters concerning the quality of indoor air included ventilation rate,
centration o TVOC, €O, CO, RIL and formaldchyde. The thermal comtort parameters included
n air, mean radiant, plane radiant asymmetry, and dew point temperatures, as well as air velocity
turbulence intensity, ele. Monthly energy consumption data was also pathered for cach building.

Ventilation perlormiauce, in terms ol aiv Now rale and indoor air guality, was compared with
Standard. The measured and calculated thermal enviranment results were also compared with (he
ward and the Guideline,

NTRODUCTION

The quality of indoor air has become a major concern ever since ellorls (o reduce venlifation
s in buildings started. 1t has long been recognized that the gquality of indoor air should not be
roved al the expense of highes energy consumption.  Towever, good indoor air quality and
gy conscrvalion praclices can be compalible. To achieve a good indoor environment al minimum
L iLis necessary o detetmine where TAQ, ventilation, and encrgy conservation are naturally in
etition and where they can work (ogether.

The ANSI/ASTRAL Standacd 55-92 ™ I'hermal environmental conditions for human occupaney™
HRALL 1992) is used extensively in Canada, as a relerence for comlort levels. As more and
‘e studies of Canadian buildings in the cold climate are emerging. it is apparent that the measured
imelers satisly the comfort limits as sct out by ASHRALE. yet it is (ound that less than 80%% of
occupants are satisfied (Haghighat etal. 1992). ANSI/ASHRAL Standard 55-92 is based almosl
rely on dala from climate chamber studies perfouned in temperate climates. Fhis perhaps
lains the discrepancies between occupant salisfaction in a cold climate and satisfaction of workers
| temperale climate.

OUTDOOR WEATHE R CONDITIONS AND BUILDING CHARACTERISTICS

Measurements were carried out at several wotkstations ol 12 mechanically ventilated buildings
smeasurements were performed during normal occupimey. “The investipated buildings vary greatly
srlace arca (3000 (0 68 000 ). in number of floors (2 (0 25 storeys). in date of construction
45 1o 1992), in type of HVAC system (free cooling CAV. double duct VAV), and in type of
it (police station, court house, private company).



The measurcments included physical and chemical monitoring, and asscssment ol the pereet
indoor air quality, thermal comfort, ¢te. The chemical measurements included concentration
TVOC. formaldehyde. CO,, and CO, - Fhe physical measurements consisted in operative temperatl
air lemperature, relative humidity . air velocity and ventilation rate. 'The monthly energy consump!
ol the building and the daily weather conditions were also recorded.

The mobile system collected concurrent physical data: air tempemture. dew-point lemperatl
vaponr pressure, globe temperature. radiant asynmmelry. aic velocity, turbulence. temperature of
supply, air return, and room. illuminance, carbon monoxide, carbon dioxide, formaldehyde. vole
organic compounds. and tracer gas decay. The transducers and measurement points were placed
represent the immediate environment of the scated subjects.

3. RESULTS_AND_CONCLUSION

3.1 VENTILATION PERFORMANCE

¢ oy
Now rale was mcasmul using the decay tracer gas lcchniquc. The
I/s/person. in building #5. and 93 I/s/person in building #4. Results also |nd|cnles l]lill lhc vcnlllzl!
rate in the majority of the baildings is much higher than the minimum [0 1/s/person recommen
by the ASHRAL Standard 62-1989R.

3.2 INDOOR AR CONTAMINANTS

Ihe concentration of the following contaminants was measured cdiming, the heating and coo
scasons: CO,, formaldehyde, TVOC, and CO. The level of CO, concentration was lower than
maximum permilted in the ASTHRAT, Standard, and was mainly between 450 and 650 ppm.in't
seasons. In the investigated buildings. the CO, coneentration was not a function of (he ventila
rate; it is assumed that almost all the buildings were ventilated much higher than the ASTIR
Standard recommended.

The formaldehyde concentration in these buildings varied between 74 ug/m® in a large maje
of buildings and 2190 ug/m* in one building (during bath cooling and healing scasons).
concentration levels were significantly different during the healing and coaling seasons.
relationship was found between the ventilation rate and formaldehyde concenteation during,
cooling scason. A relationship between these parameters was observed during the heating, sea
the HCTIO concentration decreased as the ventilation rate increased.

The TVOC concentration level deviated between 36 ug/m* in building #6 in summer to 2
ug/in’ in the same huilding in winter, respeetively. In some buildings. the variation ol TVOC |
one workstation to another was more than 100%. In general. no correlation was found between
ventilation rate and TVOC concentration.

The CO concentration level was almost (the same as the outdoor CO coneentration withir
workstations and in all buildings.



TTIE RMATL COMFORT

Detailed measnrements of thermal comfort parameters were carried out at the exact physical
tion of the occupant in the waorkstation. The air and globe temperatures, as well as aiv velocity
turbulence. were measured at three heights (1O 600 110 cm). "The desv point temperature imd
ur pressure were measured at one height (60 cm). Radiant asymmetry vas also measured, This

was used to caleulate the envirommental and comtort indices:  operative lemperatuye, mean
it lemperature. effective lemperature. predicted mean vote (PMV). predicted pereentage ol
tished (PPD). and predicted percent dissatisficd due to dralt (P, Table | shows the statistical
maries ol the indoor climote measurements daring the cooling and heating scasons, respectively.

Nean air and radiant temperatures. averaged across the three heights, generally fell within 21
28°C for the cooling scason, and within 20 and 28°C Tor the heating scason. ‘The vaniation in
individual building was very low; the standard deviation being less than 1°CL T was only [rom
building to the next that a large difference was seen. Vertical air temperature gradients were, on
age, about 0.67°C/m in the oceupicd zone; which is within the Standard.  Average relative
idities fell within 30 and 02%. in the cooling season. and within 10 and 39%. in the healing
on. Mean air speeds. averaged over the three heights, were quite low: they averaged 0.09 m/s and
cd (rom 0.04 1o 0.24 /s during the cooling scason, and averaged 0.08 /s and ranged rom 0.03
29 n/s during the heating scason. Similar variations were also observed lrom one workstation
nother. within the same building. The maximum average air speed in the oceupied zone is
ilied by the ASTIRALE Standard 55-1992 as (.13 m/s in heaiing scason and 0.25 /s in couling
on. This indicates that during the heating season, the air speed in some workstations exceeded
ASTIRAL Timit. The turhulence intensitics Fell within 9 and 39°%% during the cooling season, and
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W 06% during the heating scason (averace 32-33% lor both seasons)

The ASHRAL Standard 55-1992 nises the operative lemiperature as the environmental parameler
cvaluating ginbal thermal comlort. The Standard then defines a range ol aperative temperatures
humidities that are acceplable to 80% or more of the occupants, T his range is mainly applicable
sedentary activity. 1.2 meto with normal winter clothing. 0.8-1.2 ¢lo, or summer clothing. 0.60-0.8

The measured paramneters were used Lo caleulate the operative temperature using Chapter 13 off
ASHRALE 1993 Fundamentals (ASTIRAL, 1993). and the resulls were superimpased onto the
dard’s comtort psychometric charts for both the heating and cooling seasons.

Data shows that only 6.3.4% ol the mceasucements Fatl within the Standard’s summer comiforl
e (cooling scason).  The remaining 33.3% [ull (o the left of the comfort zone (within cooler
petatures). These percentages are based on the total amount sampled. and therefore is not an
cage vitlue. This micans that in some buildings, there is less than 63.4% of the occupants that are
Py owith their environment. Data Also indicates that during the heating season, only 26.9% of the
isturements fell within the winter comflort zone (heating). The remaining 73.1% (ell below the
C dewpoint level indicating the difficulty in humidifying buildings in the cold climate.  Again,
c pereentages are bused on the total amount sampled, so one might expect worse numbers in
e butldings.

Table 2 shows a statistical sunnary ol the thermal comfort indices Tor both scasons, On
rage, operative temperature, 17, and SET values fell within the 22 (o 2-"C range. The PMV
1e {ell within the -.02 to -.03 range: indicating marginally cooler-than-neutral conditions. The
‘esponcling PPD ranged from 13,1 (o 13.6%.
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In evaluation of the operative temperature and delning the ASHRALE comfort zone for ind
air studies, (wo assumptions are made: activity level and clothing value. T'o verily the validity
the assumptions, the occupants were asked (o identily their activity level up ta one hour priot
filling the questionnaire. On average, the activity level ol 1.2 mel was aceeptable in both heating
cooling scasons. The clothing insulation ol the occupant was evaluated using the garment val
published in ASHRAE Standard 55-1992. 'The intrinsic clothing value averaged 0.62 clo (males) :
0.53 clo (females) in the summer (about 16% higher than the 0.5 clo assumed in the Standa
averaged 0.93 clo (males) and 0.81 clo (female) in the winter (about 3% lower than the 0.9
assumed in the Standard).

The garment clo values of the oceupants were then corrected by adding the chair clo valt
The correction value was proportional o the amount of chair surlace arca in contact with the b
(chair (ype).  This modification incrcased the average fevel by 0.22 clo (males) and 0.09
(females) in the summer and 0.20 clo (males) and 0.14 clo (females) in the winter; increasing
insulation values @ 0.84 clo (males) and 0.62 clo (females) in the sunmer and 1,19 clo (males) :
0.95 clo (femaies) in the winter. The clothing insulation vilues were much higher (about 0.11 ¢
for the males than for the females, in both scasons, This difference was even greater when the ef!

'l ] 4 4 ] 1 1 1 1 E - )
of chaits was inciuded (about 6.23 clo).

Some of the thermal environmental and comflort indices were re-evaluated by including
chair insulation values (o the clothing values. 'The new indices are ghown as the lTast (our rows
Table 2. This translates into a 1.2 (o 1.3"C incrcase in SET. and a 0.2 to 0.3% increase in P
index. that corresponds (o a 2.0 (o 2.4% decrease in PPD index.

24 ENERGY PERFORMANCE

In mechanically ventilated buildings. the energy required (o heal, cool. condition, and move
air amounts to from 30% up o SO% of the total building energy consumption. It is therefor
common pereeption that energy saving will result in deferioration of indoor air. Data shows |
energy cost varics from buitding to building. The average tolal energy cost per gross air- conditio
arca fell between 0.92 to 6.4 $/m*/year. Data also indicates no appatent correlation belween
venlilation rate and total energy cost. There we many reasons Tor this incoherent resul

The encrpy required for ventilation is only part of the total encergy consumption; the of
consumptions include conduction losses through the building cuvelope. Hghting, clevators, of
equipment (computers, fax machines. ete). The investigated buildings also used a wide variely
HVAC system types, and encrgy conservation measures such as heat recovery systems. As well, (
used a variety af cnergy sources: electicily, pas. oil, cle. [ was not possible (o difTerentiate
actual amount of cnergy used solely for the ventilation from the rest of the consumption.
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ASHRAT 1992, ANSI/ASIIRAL Standard 55-19920 Thermal Eavironmental Conditions
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Measured indoor air parameters
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Statistical summary of calculated indoor climatic and thermal camfart indices
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ystract:

A user friendly computer-aided thermal design tool that helps
‘chitects optimize encrgy use in bhuilding has been developed.
118 tool assists avchiteclts in velining their individual design
wroaches to  reduce cenergy  consumplion and  increase  thermal
wlormance ol buildings using multi-expert syvstems. The lLool
I Tows the user Lo rmim o a simnlation based on the Transfer Funclion
*Lhod utilizing a new module that allows easy wall and rooft
Sinilions and Transfer Junclion relrieval. This module has a

ser-Tviendly Graphical Inlerface that constitutes a front-end
e a wall and roof transfer funcltion coefficient database. s

1 easily operated tool that allows the user to quickly relricve
w transfer tunctions Tor almost any combination of wall or roof
ierials Lo run a thermal simulation,

Introduction:

Computer applications in the design of the building envelape
wlude simulation and optimization using quantitative and 1eccent
wwledge-based techniques. Thermal simulation applications that
re usced for delailed analysis require cxperts to interpret and
se. These models are nol appropriate [or providing aid to Lhe
cchilecl within the design process due Lo their complexity. Their
wul data s constructed in a format Lhal veguires numerous
clails.  and  Lheir output dalta requires experl  knowledge 1o
vaaluate, rvef. (1),

Accurate simulation of a proposed building design  withoul
orrect data is impossible. Nowever, the many variables requitaed
01 consideration in good simulation often become tedious and
orce  rescarchers to spend valuable {ime consulting tables and
erlforming repetitive calculalions. Experiments show that Dby
liminating Lhe focus upon the extreme conditions of climate [or
nergy  design  or monthly  energy  consumption levels, and by
rienting toward detailed analysis, the designer gains a deecper
nderstanding of  the choices available in the design of tihe
uilding  envelope, ref. (2). Generalities associated with
pproximate simulation methodologies prevenl design guidance [ov
pecific design problems and optimal design solutions, as well as
or the prediction of exact thermal design locations. Experiments
ndicate that poor understanding of heating and cooling control
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and load performance often results when approximation such as
peak loads. is the only consideration, vref. (3). In addition,
methods using approximation can lead to wrong conclusions, ref.
(4.

In recenl. yvears our research team has developed an intelligent
architectwral compuler aided thermal system. The svstem utilizes
Lthe Transferr FFunction Method for thermal simulaltion integratec
with multi-expert systems for its problem deteclion and advice.
Transfer funclion method was first introduced by Stephenson anc
Mitalas., ref. (5,6). This procedure is based on response factors
and the interplay of heat exchange between various surfaces anc
sources of heat gain, ref. (7). Transter functions are based or
iwo concepts: 1{he conduction transfer factors (CIF) and the
weighting factors (wl). The CII" are usecd Lo describe the heat
tlux at the inside wall, roof, partition, ceiling or floor as ¢
function of previous values of the heat flux and previous values
of inside and outside temperatures, retf. (8). The WIF are used tc
translate the zone heat gain inlo cooling Jloads. vef. (9). These
functions are derived mainly from response factors. These response
factors e defined as an “infinile series that relates a current
variable to past values of other variables at discrete time
Intervals. A transfer  function converts the theoretically
infinite set ol 1respouse factors into a finite number of terms
that multiply both pasl values of the vavriable of interest anc
past values of other variables", ref. (8.

Currventlv, the system's database stiructure and its relation tL¢
T

Lhe intertace 1s heing redegigned,  Thig is done in order to alloy
the user Lo simulate the bnilding early in Lhe design process anc
to overcome Lhe problems of 'TFM complexity. The lool eliminates

the Ledious task of finding Transfer Functions for the building':
walls and roof and allows the user to quickly define the probler
and run a simulation.  The goal of 1his new module is to integrate
the detail of wall and rool transfer {unction coefficients witt
the existing system in a manner that could be qguickly understooc
and easily manipulated. This paper describes an overview of Lhe
intelligent computer aided thermal system. 1t discusses 1the
LransTer function coefficients moduie Integrated with the sysler
in detail. Tts search method, database structure and its links Lc
Lthe overall svstem are described.

2. Overall System Description:

Recently a project that focused on the velationship betweer
detailed CLhermal analvsis and guidance advice and crilicism was
initiated, ref. 10,11y, To design the syvstem, o delailed thermal
analysis module was developed. The module 1s integrated witl
intelligent agents cartificial intelligence computational methods
that reason aboul Lhe simulation outcome and provide diagnoslics
(criticism) and advice Lo solve potential problems. The syster
allows users to evaluate, critique and oplimize energy use anc
design in buildings. The svstem 1is based on a hierarchical
representation of building elements in the simulation made te
establish a well-defined output, taking into consideratior
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1ssible element interactions and cenflicts. This changing output
zcording to the building design is used to build associations
ith the inference process and related knowledge sources. The
ntference process is used to optimize the building energy design
v providing criticism and advice, The criticism and advice are
onducted based on problem detection and their locations using
rtificial intelligence uncertain veasoning, heuristics and search
cthods. Their {ramework utilizes a model that {acilitates
vhamic multi-expert system interaction and conflict avoidance
ithin problem solving. Because of its open architecture, the
vatem can  simulate individual processes and test their outcome
n an individual basis or as a combination with others, [(igure
1)
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Figure 1. The dynamic multi-experlt system inleraclion model,

The svstem uses the Transfer Function Method for its thermal
nalysis where its output is Jater used by the expert systems Lo

rovide problem detection and advice. currently, = the system's
atabase structure and itls associalion with both the interface and
he thermal simulation engine has been redesigned. The new tool

ntegrates the details of wall and roof .transfer funclion
oefficients with the existing system in a manner that can be used
arly in the design process due to its simplicity.

.1. The Wall and Roof TF Tool:

The tool has a user-friendly Graphical User Interface that
onstitutes a front-end for a wall and roof transfer function
oefficient database. [t is an easily operated tool that allows
he user to quickly retrieve the transler functions for almost any
ombination of wall or roof materials. The tool manipulates data
rom databases consisting of Lwo components. The first component
s a traditional table of wall/rool 1ransfer funclion coefficients
s determined by the layer scquence of the wall. While this table
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has  long bheen avairlable, only with this  Lool is 1L casily
accessible in o torm thalt con immedialtely  inpul  the necessary

variables into a compuler simulation. The second component, 18 a
new Lable Lhat abstracts the st traditional table in a way
conducive Lo modern compuler searches. 1L is the second table

Lthal allows the user o work efflicient]y.

The abstract. table contains a single. numevical entry for each
wall or roof for every possible component in a wall or root's
lTayer sequence The entrices reflect the amount of  the given
mat.erial. as deteormived hy thickness, in the wall.  For components
with negligible thickness., such as finish, the entry is a simple
logic bil -- either zero or one,  The abhstract Lable can be easily
manipulaled by compuler software Lo delermine relevant entries in
Lhe traditional tabhle of transtfer functions.

The actual implementation of the new rool and wall transfer
function database front- end was achieved wilh the use of twao
different senrclhi methods. Whoen Lthe user irst starls the Mront-
cnd,  they arve presented with all the information wvecessary Lo
retrieve  the  Lransifer functions  they need  in one  casy-to-
understand screen.  On one side of Lhe screen is a list of all the
enbtries in the traditional table of  wall or roof ULransfer
funct tons, on  the other side s a list of all the components
possibly present in those entries, (igure (2). Using a mouse, the
nser  can scelect  whether o nol Lthe rootf or wall they are
stmulating contains certain components. e or she has Lhe choice
ol excluding all entvies with a malerial  (such as  wood ot

concretoy, including onlv entrics conlaining a ceortain material,
or including  enfries regardiess  of  the  component.'s  presence,

Fach Lime & pew criterion is onlerved. 1L 1s applied Lo the
abstract form of the lranslfer (unclion coefficients table. and Lhe
computer can quickly eliminate all those entries thal do not matceb
from the list of walls or voofs. In this manner, the user can, in
a malter of seconds, narrow the Tist ol entriecs 1n tLhe table Lo a
few  choices that  can be represented graphically  and closely
correspond to Lhe wall or roof Lhe user wishes to simulate.  Thus,
1L s possible to simulale building designs very carly, even if
the user oniy has pavtial intormation aboul the waiis or rools Lo
be simulated (for instance, he or she may only know that Lhey want
aowall containing wood and no concrelen,

Once Lhe list of possible wall or roof makeups has  becen
shortened 1o a few enlries, the user can then apply Lhe seconc
search option. Concrelte and insulation are materials present in
almost all walls or roofs, bul in widely varyiug quantities.
Theretore, 1he software allows the unser Lo rank the 1list of
entries by the qnantity (either from high 1o Tow or from low (¢

high)y of concrete and/ov nsulation in each contry's  laver
scqguence, The choice best mi ~hing Lhe user's specitications s
Lhen ranked [irst in Lhe list Cchuices, prevenbing Lhe need for
the tedious task of tLthoroug. (¥ examining the entries tor one
matching the proposed wall or roof. Both secarches are made

possible by the new, abstiracted form of the wall funclions tablce
thalt i1s quickly searched every Lime criteria is changed tc
generate an up to date lTist,
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Figure 2. The intevface of Lhe Wall and IRool TF Tool

Because the abstract table allows for rapid, frequent scarches,
he user discovers immediately il he or she has specificed a sel of
riteria nol matched by any conltry in Lhe tradithonal {ransler
mmetion coetficient tables and can then undo the Tast sclection
hey made.  This is superior Lo other database schemes that do nol
eline their scavrches after each criterion is enteved, and thus
equire users confronted witlh negalive scarch results Lo reexamine
U1 the criteria entered. As a module Lo an existing building
imalation syvstem, i1 allows users 1o achieve aceuracy  in an
mprecedented fashion thal does not vequive Lhe user Lo have an
n-depth familiarily with Lriwmsler Cunctions., I allows the user
0 rapidly and  easily  locate  the precise  transfer  funclion
ocllicients he or she neceds for his or her simulations, and enler
hem withoul Lhe danger of data entry errors. Additionally, the
ase wilh which a user can change the wall or rool composition in
is or her simulation, allows for rapid and easy simulation Lo bhe
onducted. For example, by changing the amount of insulation in a
imulated wall from two inches Lo fTour inches, the user can
uickly see how Lhis seemingly minor change can  affect the
wilding as a whole. Before, making this same change would have
cquited a great deal of Lime and effort. Now il can be done with
L 'ew clicks of the mouse.
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3. Conclusions:

Previous computer systems handling Lransfer functious reqguired
an in-depth familiavity with matiers that should be incidental to
valuable buildi ng simulation rescarch.  The tool developed allows
the user to rapidly and easily locate the precise transfer
functions he or she needs (or his or her simulations, and enter

them without the danger of data entry errors. New enlries can be
added and old contries updated with extreme ease to allow for
expansion and revision, As a module 1o existing buailding

simulation, the tool allows uscrs to achieve excellent accuracy in
an unprecedented fashion cocly o Lhe design process. This new
tool is another step (orward in integrating accwrate information
into existing and forthcoming building simulations.
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BSTRACT

1the latest National Fnergy Policy Act (EPACT) of 1992, several energy efliciency programs
ave been cnacted. Within the (ield of illumination, these programs included lamp standards,
>sting procedures, lamp labelling, lumninaire testing and information procedure and energy
onsumplion standards. Many of the programs have not taken eflect until 1995. This paper
escribes some of these programs and the implementation of these new lighting efficiency
>gulations.

NTRODUCTION

he latest Natjonal Energy Policy Act became law on October 1992 after passing both houses of
IS Senate and US Congress. It was initiated and designed as a response to growing concemns
bout America's increasing dependence on imported oil (1). US domestic energy Policy
ontinued to decline throughout the 70's and 80's but the reliance on foreign oil rose to nearly
0% of US consumption. The several Middle-East crises ranging from the 1973 oil crisis to
esert Storm war of 1990 forced US politicians Lo respond in a comprehensive manner to the
otentially severe problems that the country could face some day.

PACT1992 (2) aflects all users and manufacturers of electric lighting equipment and/or energy.
impacts the manufacturing and utilization of electric motors, transformers luminaires, and

imps. It establishes minimum e(Ticiency standards for incandescent and fluorescent lamps of
ertain types. Lamps not meeting these standards are no longer available since November 1995 as
pecilied in the Act. Facilities not using inellicient lamps need, therefore, to change their lamp
zchnology which could consist of simply changing the lamp type to a more radical change such as
1stalling a completely new lighting system.

JGHTING SYSTEM PERFORMANCE STANDARDS

PACT 1992 addresses energy performance standards for new construction of public and assisted
ousing, single family and multifamily residential housing (other than manufactured homes)
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subject o mortgage insured under the National Housing Act . These must meet the Council of
American Builders OfTicials (CABO) energy code of 1992, A provision in the Act states that i
later than 2 years afler the date of enactiment o EPACT '92, cach state was required to certify |
the Sceretary of Encrgy that it has revicwed the provisions of its residential building code
regarding cnergy elficiency and made a determination as to whether to revise such residential
building code provisions to meet or exceed the Council of American Building Oflicial (CAI3O)
code of 1992,

The requiremients for the commercial buildings were to micet the American Society lor Ileating
Refrigerating and Air Conditioning FEngineers (ASTTRAE) and the Hlluminaling Society of Nort|
America (IESNA), ASHRAL/IESNA 90.1-1989 Standard (5) or any successor standards and (
states were asked to comply with these standards no later than two years after the enactiment of
EPACT 1992. On June 28, 1995 ASIHIRAT and E:SNA have completed the revision of the
previous standard to the new one ASTIR AE/IESNA 90.1-89R. DOIL is providing assistance to
states for implementation and monitoring their compliance with BLPACT upgrades.

As in the previous standard, the new onc is based on calculation ol both interior and exterior
power allowances (ILPA and ELPA respectively). The actual connected power should be eque
or less than the maximum allowed [1.PA or ELPA. trade-olls arc allowed within each ol the
interior lighting budget or exterior lighting budget but not between them.

Specification for Lighting Power Deusity

I'hie lighting Power Density (Walls /square meler or square fool) preseribes a maximum power
consumption level per unit area either per building type or per space funclion type. The buildin
LPDs are based on the weighted average [LPD valucs of the space lunction and the typical area:
of thosc functions typically found in that particular type of building. Overall building 1.PD valuc
vary according to the total lighted area ol the building and tend to decrcase as the lighted area ¢
the building increases.

Space LPD values are more specific and relate to the function ol cach space. Previous L.PDs
were based on a room cavity ralio of 1 and were adjusted using anarca factor (AF) which
accounts for the space lighted arca and the cciling height. The new LPD values are generally
lower than the previous standard because they take into consideration the most recent efficient
lighting technologies.

The Intetior Ligitting Power Allowance may be caleulated using (e Fotal Building Awca Meti
or the Space l'unction Method. 'I'he calculation procedures have not changed between the two
versions of the standards.

The Building Area Method calculates the entire 11.PA based on the allowable lighting power
density for that building type. The lighting power densily varies according to the type of buildin
and Lhe total lighted area of the building. The larger the building, the smaller the LPD.



lable 1. A Sample of Recommended Power adjustment TFactors (Relerence 5)

Automatic Control Device (s) Power Adjustment
Factor (PAT
Daylight Sensing Controls, continuous dimming 0.30
DS, nultiple step ditmming 0.20
DS, O/ OfY 0.10
DS, continuous dimming and progranimable timing 0.35
DS, multiple step dimming and programmable timing 0.25
DS. On/OtY and programmable timing and lumen maintcnance 0.40
Occupancy sensor 0.30
Occupancy sensor and DS, continuous dimming 0.40

Space Function Method calculates the lighting power budget based on the power allowance {or
each space and the arca ol each spacc in relation to the building. The interior lighting power
allowance and the cxterior lighting power allowance are separate. Trade-ofls are allowed within
ILPA or ELPA but not between them.

The two calculations methods are not all that much difterent firom the Building Area Method. The
only major difference is that power adjustment factors can be used [or cach space to calculate the
adjusted power allowance based on whether that particular space uses some special encrgy saving
lighting controls or not as indicated in Table 1.

LABELLING AND EFFICIENCY REQUIREMENTS

In terms of lamp technology, the 1992 EPACT specilically addresses general service incandescent
lamps, incandescent rellector lamps (R), Ellipsoidal Reflector (ER) lamps and Parabolic
Aluminized Reflector (PAR) lamps, , straight, "U" shaped , and compact (luorescent lamps and
high intensity discharge (HID) lamps (3). EPACT now prohibits the manufacture or importation
of certain within these calegories (4).

General Service Incandescent Lamps

The products included are the medium base tungsten-halogen lamps 115-130 volts, 30 watts and
above. uscd for general scrvice lamps applications. Traffic signal, street lighting, transportation,
stage and studio, industrial heating, reprographic, medical, colored, shatler resistant, dccorative,
showcase and appliance lamps incandescent lamps are excluded (rom labelling and efliciency
standardization.

Under EPACT '92. the US federal Trade Commission (I"'TC) is the agency required to design

labelling program for all lamps included in the new Act (4). The deadline enforced was S May
1995 for most lamps except [or incandescent group for which the deadline was extended Lo
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December 1995, All products inclnded within EPACT must meet fabelling requirements, namely
lamp packages display lumen output, lamp wattage. and rated lamp lite. For lamps operating at
other voltage than the US standard 120 volts, they must be listed for their operating voltage as
well as for the US standard one.

The labeling is intended to help consumer select high energy efliciency products to meet their
nceds. Similar labeling requitements are now cnacted for medium-base compact tluorescent
lamps, which emphasizes the relative cost of energy for these commonly Jarep 1ypes encouraging
more use of eflicient light sources.

Incandescent Reflector Lamps

The products included within this calcgory of lamps are medium-base reflector R and PAR
shaped lamps. T15-130 volts, 40 watts and above, with a diameler not exceeding 2.75 inches,
Exempted products are the specialized lamps such as trallic signal, streetlighting, transportation.
stage and studio, industrial, heating reprographic, medical, scientific. decorative, showcase,
colored, shatter resistant, appliance. Janps, rouglvibration serviee, lamps with bases other than
1126, ER and BR bulh shapes R20 or smaller and low voltage lamps. Performance data must mee
or exceed minimum eflicacy limits. Table 2 indicates the minimum cfticacy (lumen/watt) standarc
that reflector lamps nced (0 meet or exceed.

Table 2. HPACT 1992 minimum eilicacies for projector lamps

Nominal Lamp Minimum

Wattage Average lamp
Efficacy (LPW)

40 - 50 10.5

S1-66 it

67 - 85 12.5

86 - 115 14

B 116 - 155 14.5

>155 15

Lamps not meeting the above prescribed eflicacy values cannot be manufactured afier October
31,1995, Lamps that do not employ halogen capsule technology will not mect the mininum
cMicacy standards. thus are now eliminated. In this list we {ind some popular and oflen used lamy
such as most R30, R40, and incandescent PAR30 and PAR38 lamps.



ieneral Service Fluorescent Lamps

\ccording to EPACT, general fluorescent lamps need to meet or exceed mandatory minimum
amp efficacics and Color Rendering Index (CRI). Table 3 shows these eflicacy and CRI limits
ccording to lamp type and nominal watlage. All regular 2400 mim and 2400 1mmm high-output
nanufactured afler April 30, 1994 were subjected to these requirements. U-shaped 1200 mm and
00 1mm lamps must meet ellicacy requirements alter November 01, 1995. Colored Huorescent
amps are exempt {rom these requircments, tut the DOT; proposes that a CRI values no less than
(0 must be met. All other lamps falling within lhe calegories as shown in Table 3 and do not mect
he requirements could not be manulactured as of October 31, 1995. Product exempted arc lamps
vith a CRI ol'82 or grealer, plant growth. cold temperature, colored, impact resistant,
eflectorized, reprographic or UV radiation lamps.

hese standards have climinated full-watlage lamps that use the lower-cost halophosphors,
hereby. encouraging the use ofreduced wallage or lamp using more efTicacious rare earth-
hosphors.

Table 3. Efficacy and CRI requirements for general services fluorescent lamps
y q g |

Fluorescent Lamp Nominal Lamp Minimum CRI Minintum Average
Type Wattage Lamp Efficacy
(LPW)
21U >35 69 68
<35 45 o4
4 fl Med bi-pin >35 69 75
<35 45 75
8 1 high output >100 69 80
<100 45 80
8 t1 slimline >05 69 80
<65 45 80

High Intensity Discharge Lamps

[here are no specific guidefines under EPACT 1992, but the Department of Energy (DOIY) was
cquired to prescribe elliciency standards if they are warranted. in other words. if they would
esult in significant savings and are cconomically feasible. If DOI: determines thal such standards
ire needed, they will be efleclive by October 1999.




CONCLUSION

The revised ASHRAE/IESNA standard 90.1-89R is comprehensive energy efliciency standard
dealing with scveral energy consuinption sources in commercial and residential building that mo
than 3 stories. This revised standard has gone an extensive public review and is a culmination of
the work of several committees. In the area of building illumination, the new standard includes
several clauses dealing with lamp standards, testing procedures, lamp labelling, luminaire testing
and information procedure and energy consumption. Because of the new standard, a number of
very popular lamps can no longer be manufactured in the US because they don't meet any longet
the newest energy elliciency standatds. The new standard reflects most reeent advances in light
fixturc technology and the constantly developing field of lighting.
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stract

Collaboration on energy technology research and developinent through the
ernational Energy Agency (IEA) contributes to the economic development, energy
curity and environmental protection objectives of Member countries.

The IEA Energy Technology Collaboration Programme provides a framework for

perts to work co-operatively and share results. The benefits typically include sharing
sts, pooling resources, and avoiding uriproductive research paths. Further, participants
> able to spread the risks associated with the choice of research priorities. The

tcomes of collaboration enable the research and develonment objectives of national
ergy technology programmes to be better achieved at a lower cost.

This paper introduces one of the IEA collaborative programme on Energy
nservation in Buildings and Community Systems programime (ECBCS) and highlights
» achievements of a number of its collaborative projects.

THE INTERNATIONAL ENERGY AGENCY

The International Energy Agency (IEA) is an autonomous body which was established
November 1974 within the framework of the Organization for Economic Cooperation

d Development (OECD). lIts purpose is to implement an International Energy
sgramme. |t carries out a comprehensive programme of energy cooperation among 23
OECD’s 24 member countries, and allows for the participation of non-member

untries.

The challenges the IEA member countries face in the energy sector have evolved
er the past two decades. Energy security remains a primary goal. Butin recent years
re has been increasing awareness of the significance, for energy policy and energy
curity, of two further factors: concern over the environmental impact of energy-related
tivities and the growing globalization of energy issues, as countries’ economies and
ergy markets become increasingly interdependent but nevertheless different in terms
energy sources, price etc.

e objectives of the IEA are:

to improve the world's energy supply and demand structure by developing alternative
energy sources and increasing the efficiency of energy use

to encourage collaboration among member countries in energy research, and
technology development and demonstration
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« to ensure that environmental considerations are taken into account in the formulation
of energy policy

s to maintain and improve a system for coping with oil disruptions

e to operate a permanent information system on the oil market and other sources of
energy

s to maintain cooperalive relations with non-member countiies and international
organizations

1.1 Organization of the Collaboration Programme

IEA energy technology activities are set up under simple contractual arrangements
called Implementing Agreements. The Implementing Agreement provides the legal
mechanism for establishing the commitments of the participants, the management
structure to guide the activity, and the distribution of the benefits derived from the co-
operative work.

There are currently 41 active IEA Implementing Agreements coveting fossil fuels
technologies, renewable energy technologies, efficient energy end-use technologies,
fusion technology and energy technology information centres. Nesearch expenditures of
more than $100M (US) per annum are coordinated, providing substantial cost savings.

A provision for non IEA-Member countries to participate in Agreements as Associate
Participants was introduced in 1992. The Republic of Korea, the Russian Federation,
IPoland, Israel, Brazil, Venezuela and China have become Associdle Parlicipants in a
number of Imnlementing Agreements.

I'he Implementing Agreements are managed by Executive Committees made up of
experts nominaled by the participating countries. The various activities of each
Implementing Agreement are set out in separate Annexes and are managed on a day to
day basis by an Operating Agent. The Implementing Agreements are monitored by
technical and policy experts who represent Member countties on the IEA Governing
Board, Committee on Energy Research and Technology (CERT), and three Working
Parties on specific technology areas. All resources for projects are supplied by the
Participants rather than by the IEA. The resources are provided by Participants
contributing financial resources (cost-sharing) or by Parlicipants devoting specified
resources to the agreed work programme (task-sharing).

2. ENERGY CONSERVATION IN BUILDING AND COMMUNITY SYSTEMS

Approximately one third of primary energy is consumed in non industrial buildings,
such as dwellings, offices, hospitals and schools where it is needed for thermal
conditioning, lighting and the operation of appliances. The percentage of the total energy
used in non industrial buildings varies from 30 to 50% depending on the country.
Exceptions are countries without heavy industries; suich as Denmark and The
Netherlands where the energy used in the built environment is estimated to vary from 50
to 70%.

Hence this sector represents a major contributor to fossil fuel use and carbon dioxide
production. Following uncertainties in energy supply and recent concern over the risk of
global warming, many countries have now introduced target values for energy savings ir
buildings. Overall, these are aimed at reducing energy consumption by between 15-309



o0 achieve such aims, international co-operation in which research activities and
10owledge can be shared is seen as an essential.

In recognition of the significance of energy use in buildings, the Inlernational Energy
gency (IEA) has established an Implementing Agreement on Energy Conservation in
uildings and Community Systems (ECBCS). This is aimed at initiating research and
roviding an international focus for building energy efficiency. Tasks are directed at
eneric energy saving technologies and activities that support their application in practice.
esults are also used both nationally and internationally to develop relevant standards
nd guidelines.

Member organizations of the ECBCS are drawn from a total of 21 Countries and the
uropean Commission. The designation by governments of a number of private
rganizations, as well as universities and government laboratories, as contracting patties
ave provided a broader range of expertise to tackle the projects in the different
chnology areas than would have been the case if participation was restricted to
overnments, Participation in any particular programme of research is optional and most
ommonly takes the form of a ‘task shared’ Annex in which each patrticipant commits an
greed level of effort. Typically an Annex will operate for a four year period.
ccasionally, an Annex may be jointly funded, in which case a single institution receives
inding from participants to undertake a given task.

Overall control of the programme is maintained by an Executive Committee, which not
nly monitors existing projects but identifies new areas where collaborative effort may be
eneficial. The Executive Committee ensures all projects fit into a predeternined
rategy without unnecessary overlap or duplication but with effective liaison and
ommunication.

.1 Programme Objectives:

ieneral objective of the BCS Implementing Agreement is to facilitate and to accelerate
troduction of new and improved energy conservation and environmentally sustainable
>chnologies into buildings and community systems. In order to achieve that both
>chnical and non-technical goals are defined. Specific objectives of the BCS R&D
rogramme are:
to support the development of generic energy conservation technologies within
international collaboration
to support technology transfer to industiy and to other end-users by dissemination of
information, through demonstration projects and case studies and through attracting
direct industry patrticipation
to contribute to the development of international standards, test methods, measuring
techniques and evaluation/assessment methods
to remove technical and to some extend also non-technical obstacles to the
penetration of new advancements in energy conservation technologies
to encourage non-Member countries to participate in BCS activities by inviting their
industries which are recognized in the specific area of the Annex, to accelerate the
introduction of energy efficient technologies in these countries.

The work of the BCS programme covers a large number of areas, including: design
bols (early-stage, LCC-analysis, etc.), community planning tools, system engineering,
uilding automation and energy management systems, advanced technical systems
ighting, envelope, HVAC systems, heat recovery), operational technologies, advanced
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building materials and components, indoor air quality and ventilation; energy retiofitting,
and integration of energy conservation and renewable energy technologies.

The R&D activilies cover both new and existing buildings, residential and
office/commetcial buildings, even though main emphasis is on improving the energy-
efficiency of the existing building stock because of the declining trend in new construction

2.2 Activities of the Buildings and Community Systeins Procgram:

Since the start of the Agreement in 1977, the Executive Committee has initiated 34
collaborative projects (Annexes) with 25 of them completed and reported. The work
addressed the main R&D areas reaffirmed as part of the Strategy Plan. These projects
resulted in a large number of repoits with results ranging from international state-of-the-
art review to design guidelines, to validated simulation models and energy analysis tools.

To enhance the dissemination of the program results, the ExCo encourages
participation of industry in collaborative projects, it pubiishes a semi-annual Newsletter,

publicizes the work on an Internet World Wide Web page (www.eches.org), and
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encourages presentation of the results at relevant national and international conferences.

Description of all annexes and a list of resulting publications are available on the Web
page. Sotne ol the main H&D areas and annexes addressing these areas are
summarized below. More details are sometimes given on some annexes to illustrate
particular achievements.

2.2.1 Energy Management and Contro! Systems

The implementation of building energy management and control systems can result in
a considerable reduction in energy use. Efforts have concentrated on providing
guidelines for selecting suitable systems (Annax 16), lhe development and assessment o
building HVAC emulation tools (Annexes 10, 17 and 30) and of diagnostic and fault
detection technigues (Annexes 25 and 34).

Annex 16 examined the functions of a number of existing monitaring and control
systems, how these worked in various countries and climates and the cost reductions tha
resulled from syslen implementalion. Sensor types and installations were assessed, a
number of buildings fitled with computerized energy management systems were
inspected to gain experience with different applications and experiences were also
collected through interviews with manufacturers, consultants and property managers.
Examples indicated that investment in computerized energy management and control
systems can result in 15-30% energy saving, depending on operating strategy.

While Annex 16 primary task was to examine existing systems, the purpose of Annex
17 was to develop the algorithms used in the control ayastema. The options for hatter
control were demonstrated by means of simulations using different vperaling straleyies.
Two simulation software packages were used: TRNSYS and HVACSIM, and emulators
were developed and implemented at six different sites. Comparisons have also been
made between various emulators (e.g. for the operation of the boiler, cooling system,
cooling tower, supply and return air fans) and results were in most cases within 5%. The
work indicated that emulators can be used to inspect or examine the hardware and
software of the control system, assess the structure, control strategies and algorithms,
fine-tune the default or pre-set values and train operating personnel.



'.2 Development and Evaluation of Design Tools

Several annexes have been devoted to the development and application of design

lls including thermal simulation (Annexes 10 and 21). Several models have been
veloped and/or assessed, marny of which are in the public domain. The wotk of Arnex
(in collaboration with Task 12 of the Solar Heating and Cooling program) has resulted
a comprehensive method to test and help correct computer-based energy analysis
dels. This work has been accepted by national accreditation bodies and is leading to
tter design and assessment of energy efficient buildings.

Effective energy reduction is dependent on improving the energy efficiency of the
ilding stock without compromising occupant comfort or building integrity and durability
pecially in relation to moisture accumulation. Efforts have been dedicated to
veloping computer prediction models and design guidelines for building envelope
stems (Annexes 14, 19 and 24). Annex 14 objective was to provide architects, building
mers and practitioners with better knowledge and understanding of the physical
ckground of the ptienomena of condensation, including material characteristics and
tical conditions for mold growth. Also to provide better computational models, taking
at, air and moisture in account in predicting surface condensation and potential
lutions to avoid it. Design and practice guidelines were produced and presented in one
the final reports.

Motivated by the work of Annex 14 and the fact that national building codes and
andards continued to treat the subject of combined heat, air and moisture performance
a very elementary way, 14 countries have joined in Annex 24 to improve the
derstanding of heat, air and moisture transport in new and retrofitted envelope parts
d to analyze the consequences of thermal and hygric performance on durability. The
nex resulted in the most comprehensive compilation of computer models and material
operty data. It also defined the concept of Indoor Climate Class with the governing
rameter as the indoor-outdoor vapour pressure excess, to classify the hygrothermal
‘ess on the envelope. Finally, the consequences for energy consumption of enthalpy
w, latent heat release and moisture content were quantified in exemplary practical
ses. Parasitic airflow was highlighted as a major cause of unwanted extra losses and
oisture accumulation. Examples of effects on durability were also given for cases of
blogical and chemical attacks and mechanical degradation.

2.3 Ventilation and Indoor Air Quality

It is estimated that 30% or more of space conditioning load (heating and cooling) of a
lilding is in the departing air stream. Therefore, in addition to impacting the indoor air
iality, ventilation has an important energy implication. ECBCS program has
ncentrated on understanding the role of ventilation and evaluating ventilation systems.
udies have focused on energy efficient ventilation strategies and methods for predicting
r flow patterns (annexes 20, 23 and 26). Other aspects include evaluating the impact of
rinfiltration on ventilation and energy performance and the use of ventilation heat
covery systems (Annexes 8, 9, 18 and 27). Information on air related aspects is
sseminated through the Air Infiltration and Ventilation Centre (AIVC or Annex 5).

Annex 20 was formed to evaluate the performance of single- and multi-zone air and
ntaminant flow simulation techniques and to establish their viability as design tools. The
raluation was done through a number of simulation exercises covering free, forced and
ixed convection cases as well as a displacement ventilation case. This also provided a
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methodology and data sets for future work. Computational fluid dynamics (CFD) codes
were found to predict room air movement with sufficient realism to be of use to design
praclice, however significant skill and experience are still required to use such codes.
The work also identified three areas needing of further development, modeling of supply
air jets, turbulence and thermal wall functions. In the area of multi-zone modelling,
experts of Annex 20 developed a number of algorithms including flow through large
openings and single sided ventilation, inhabitant behaviour (use of doors and windows),
air flow-driven contaminants and multi-room ventilation efficiency. These development
were now incorporated into simulation code COMIS developed in Annex 23.

Experiences of Annex 20 were also extended to Annex 26, to provide design guidanc
on the application of air flow simulation tools for understanding ventilation in large
enclosures such as shopping malls, atria, airport terminals and covered theaters and
stadiums. Each of these presents enormous design challenges in relation to heating anc
cooling loads, the provision of good indoor air quality and protection against fire and
smoke movement. The annex developed new methods that have provided new guidanc
on the operation and applicability of CFD models. “Simple” analysis tools were
developed 1o basic enyginesring appiication. These inciuded the “fiow eiement”
technique in which the flow field is predicted by individually analyzing each flow element,
i.e. jets, plumes, boundary layer flow, etc. In addition, a simplified measurement
procedure to svaluate building air leakage has been devised, and exisling inlra-red
photography methods have been adapted to map surface temperatures inside spaces
that can only be viewed from oblique angles. CFD predictions have been compared with

measured results and demonstrated to predict the flow and thermal patterns to a

reasonable degree of accuracy including coping with the complexities of radiative

exchange. Varlous developments of Anncx 26 were incorporated into a “tool kit” aimed ¢
assisting the practitioner to achieve proper flow pattern control for energy efficient
ventilation.

2.2.4 Advanced Building Materials and Systems

Developments in window technologies, to improve the thermal insulation value as we
as the use of natural daylight and passive heating and cooling techniques, have a
considerable impact on energy efficiency of buildings. These technologies are develope
and assessed in various annexes on windows (Annex 12), daylighting (Annex 29) and
Low energy cooling (Annex 28). Combined with these are prediction methods and a
variety of new materials and energy efficient systems for use in buildings.

2.2.5 Community Systems Energy Planning

Widespread implementation of energy conserving technologies and measures
depends on the scale of penetration. Various projects are aimed at developing
community wicle strateqies or local area planning. Activities are concentrating on the
development of planning tools and implementation strategies that optimizes the eneryy
use within a whole community (Annexes 22 and 33). This involves the co-operation of
local authorities willing to participate in the use of proper planning tools as part of an
international case study approach

2.2.6 The Future Building Forum

An important part of the ECBCS program is the Future Building Forum - 2025. This i
aimed at identifying long-term energy, environmental, economic and technical issues an
ssessing their impact on future buildings. The Forum also monitors technological



vances appropriate to building science and defines research priorities based on
erging technologies that will ensure that buildings contribute to a sustainable society
the year 2025 and beyond. The direction of the FBF is maintained through regular
rTkshops and expert meetings; six workshops on various subjects were held to-date
oceeding available through the AIVC). The FBF Organizing Committee includes
esentatives from all building-related IEA Implementing Agreements including: District
rating and Cooling, Heat Pumps, Energy Storage and Solar Heating and Cooling.

1.7 New Activities:

Several new Annexes have recently been established each aimed at improving the
plication of knowledge to practice. These activities include:

Energy Related Environmental Impact of Building - Annex 31
e main intention of this project is to document and develop techniques that can be
ed to analyze how energy use in buildings impacts on the interior, local, regional and
bbal environments. The planed work covers: documentation of methods and data;
alysis; demonstration; and information transfer.

The project will be centered around life cycle analysis combined with the impact of the
rastructure associated with building and the energy chains involved in delivering energy
buildings.

Integral Building Envelope Performance Analysis - Annex 32
is activity is aimed at the optimization of the building envelope to achieve energy
iciency combined with a good indoor environment. Two main tasks are proposed to
wvelop appropriate methodology for performance analysis and to establish case studies
assist in improving and demonstrating optimization methods. These studies will
corporate new construction, renovation, laboratory tests and full scale demonstration.

Advanced Local Area Planning - Annex 33
ajor effect has recently been undertaken in several countries to develop local energy
anning concepts (LEP) into a tool for the integrated planning of entire communities.
is combines knowledge at the “microscopic” or individual building design level with
stem analysis at the “macroscopic” or community level. Not only is modern day LEP
ncerned with minimizing the cost of energy supply but also in integrating demand and
pply side measures with environmental requirements and the planning and decision
ocess.

There is now an enormous diversity of planning tools which are available to the
anner, however a wide gap still exists between available techniques and there
plication in current practice. The objective of annex 33 is to close this gap by
oducing tools to support practical application.

Computer Aided Fault Detection and Diagnosis - Annex 34
recent study has indicated that 20-30% energy savings in commercial buildings is
hievable by re-commissioning of the HVAC systems to rectify faulty operation. Current
rategies do not explicitly optimize performance and cannot respond to the occurrence of
ults which cause performance to deteriorate. The objective of this Annex is to work with
ntrol manufacturers, industrial partners and/or building owners and operators to
monstrate the benefit of computer aided fault detection and diagnostic systems.
ethods will be incorporated either in stand alone “PC” based systems or incorporated
thin a future generation of “smart" building control systems.
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3. Summary

Since 1977, the |IEA Buildings and Community Systems prograrn of collaborative
research has significanlly contributed to the knowledge and expettise on efficient energy
use in buildings. The outcomes of the collaboration have enabled the research and
development objectives of national energy technology programmes in participating
countries to be better achieved at a lower cost and a very high quality.
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Boundary Layer Control by Characteristic Length Manipulation
D. Michelle Addington
Harvard University Graduate School of Design
48 Quincy Street
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Abstract

Zomputational fluid dynamics offers the unprecedented opportunity to explore the discrete
sehavior of air, but the majority of simulations have been devoted to large scale models with high
nomentum air supplics. Small scale CFD modeling of the boundary layer, however, reveals that
1eat transfer from a given thermal source can be significantly altered if the characteristic length
which drives convective transport is shifted. This shifting can occur simply by changing the
ocation and/or orientation of the cold sink, without changing any physical paruneters of the
hernal source. FIDAP, a finite element code, was used to investigate the impact of characteristic
iength on boundary layer heat transfer, and preliminary results judicate that orientation has a far
greater impact on characteristic length than previously assumed. As a result, discrete control of the
soundary layer heat transfer is achievable and may be an ideal appiication of MEMS technology.

Nonmienclature

Ra Rayleigh number

Nu Nusscit number

Pr Prandtl number

g gravilational acccleration

B volumetric cxpansion coelficicnt
AT temperature difference between hot and cold isothemmal surfaces
. length of isothcrmal surface

. characteristic length

v kinemalic viscosity

0L therrnal di(fusivity

L viscosily

D densily

h heat transfer coefficient

k thermal conductivity

C specific heat

1. Introduction

Computational fluid dynarnics (CFD) and Microelecmomechanical systems (MEMS) cin
complement each other ideally, the former enabling a means to characterize discrete behaviors in
air, and the latter providing the ability to act at a discrete level. These two fields, however, are
developing independently of each other. CFD investigations in building air behavior have tended
to focus either on the evaluation of existing systems in typical room scenarios or on the
investigation of specialized applications such as laboratory facilities and double walls. MEMS
development has been carried forth almost exclusively by microelectronics researchers, and their
vision for future applications considers the deployment of MEMS only in conjunction with more
efficient energy conversion, i.e. so as to provide direct personal cooling or to replice the plant in a
building.  Coupling these two fields, however, requires discretization at sub-millimeter
dimensions, which is irreconcilable with the length scales associated with nonmal room
dimensions. By removing the prima facie high velecity air diffuser from the room behavior, one
can consider that the air phenomena present are essentially independent behaviors that interact with
the room air through their respective boundary layers. As such, individual phenomena cn be
explored accurately at length scales relevant to their boundary layers and, therefore, without the
severe computational penalties imposed by room size models. The isolation of phenomena and the



associated investigation at small length scales can then enable the characterization of the [Jov
variables, and thus the subsequent determination of the parameters for directly controlling th
phenomena,

The proposition that discrete thermal phenomena in a space can be controlled locally an
directly is, of course, not new; the microelectronics industry has been actively developin
strategies for discrete thermal management for over two decades. The application of this approac
to room air behavior, however, seems to be 2 non sequitur for two reasons: (1) the quiescer
ambient, considered as an infinite thermal sink in microelectronics cooling, must be controlles
within prescribed conditions in building environments, and (2) the high velocity air discharge o
typical 1V AC systems introduces length scales on the order of room dimensions, superseding an
small length scale behavior. By shifting the focus from analysis of existing system responses t
analysis of existing thermal inputs, which gencrally induce buoyant behavior, the high velocit
diffuser, and thus its resultant mixed core flow, is no longer a requisite element. The eliminatio
of the dominant mixing behavior should result in an acrodynamically quasi-calm core environmen|
and therefore the thermal inputs can behave as individual bounded phenomena [17.  Indeed. th
growing success of displacement ventilation strategies demonstrates that discrete buoyar
behaviors can maintain their autonomy if mixing flows are suppressed (2, 3]. More difficult t
discard, however, is the fiist condition which requires the maintenance of a given quiescen
ambient. Notwithstanding the economy and contaminant remaval efficacy of displacemer
ventilation systems, they still can not produce the ambient control typified by high velocity induce:
mixing. [t is for this condition that the inclusion of MEMS holds the most promise. Th
fundamental premise ol the author’s research is that individual thermal behaviors can be mitigate
hefore they affect the ambient conditions. il appropriate action is taken 1o control heat transfe
across the boundary layer. MEMS will cventually enable the local and necessarily discret
interactions along the boundary layer for this control. The key inigal step, then, is to begin L
determine the relevant variables for controlting heat transfer from a given thenmal input,
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Thermal behaviors typically produced in rooms can be chamcterized cither as bounde
convection, such as induced by surfaces and windows which contain thermal gradients, o
unbounded convection, such as induced by people, computers, luminaires, etc. Both types o
convection are buvyantly driven and their flows arc thus governed by the Rayleigh number, whic!
expresses the balance between the driving buoyancy {orce and the dilfusive processes retarding th

motion resulting from that force:
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The heat ransfer from buoyantly driven convection i governed by the Musselt number which i
defined as the ratio of the heat transport due to buoyancy to the purely diffusive transport resultin,
only from the temperature gradient:

Nu=—— 2
1 i (2)

Within this relationship, the heat transfer coefficient, /4, is dependent npon the specific flov
characteristics, and thus is typically empirically derived. When the Nusselt number is equal to one
heat transfer is purcly by conduction. Unlortunately such generai conclusions can not be mad
regarding convection and there are numerous formulations for the local Nussclt number, most ©
which are in a form similar to Nu_ =7, (Pr) Ra_ where Pr is the Prandti number (0.71 for air) anc
the function f, is empirically derived [4]There are distinct formulations for each given flov
description, as well as modifications depending upon the flow regime. The complexity o
determining the Nusselt number, and thus the lecal heat transfer, has led many room air modeler
to substitute wall functions rather than suller the computalional penalty necessary for direc
deterrnination [5]. While adequate for estimating the overall heat transfer, wall functions are no
suf ficient for accurate characterization of boundary layer flow. Therefore, with the exception of h
all of the variables for determining the Nusselt and Rayleigh numbers are generally considered @
givens, in that for a known thenmal input in a particular space, the temperatures, length an
properties are all prescribed.
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. The Characteristic Length

In natural convection scenarios, however, the characteristic length is not always
epresentative of the same dimension. Depending on the flow description, the characteristic length
nay be equal to the height of a vertical isotheral surface or the square root of the area of a
orizontal surface (6].  In addition, if isothermal vertical surfaces arc closely spaced, the
‘haracteristic length reverts to the horizontal spacing, and particularly interesting relationships
:merge if surfaces are tilted [7]. Microclectronics cooling strategies depend heavily on the
nanagement of characteristic length to maximize heat transfer to the ambient environment. The key
slement determining the resulting characteristic length is the relative location of the. cold sink. In
onventional HVAC systems, there are two types of cold sinks; the first is produced by the
:nthalpic sponge of the supply air and the second is the chiller, both of which have no length
clationship with a specific room thermal input. By accepting the premise that MEMS will
:ventually allow local placement of discrete sinks, then there is the potential to nanipulate the
ffective characteristic length of any given thermal behavior in a room. As such, the governing
Rayleigh number and the resulting boundary heat transfer coefficient can then be manipulated o
sontrol the heat transfer.

. Numerical Modeling

The initial investigation into the possible determinants of characteristic length was carried
»ut numerically, using the commercially available CI'D code FIDAP. FIDAP 7.5 is a sophisticated
inite eleinent package that is little used for building simulations, because of its complexities, but is
outinely used for the simulation of microelectronic heat transfer.  Two basic models were
leveloped. The first model acted as the simulation validation and was based on the classic
wmerical benchmark for natural convection [8]. In addition, it served as the baseline
letermination of the relatdonship between the dimensionless Rayleigh and Nusselt numbers as
iriven by the characteristic length. The second model was dimensioned, and was developed to
xplore the relationship between cold sink location and heat transfer. This relationship has been
xpressed as an “effective” characteristic length, in that as the cold sink location relative to the
hermal input shifts, the characteristic length which detenmines the Rayleigh and Nusselt numbers
~ill shift even as the dimensions are unchanged. The boundary conditions for both models are
shawn in Figure 1.

"The first model is a square cavity with isothermal vertical surfaces and adiabatic horizontal
surfaces.  As it is non-dimensional, the input physical properties are replaced with the following
yaramelric values:

p Pr
¢, =Pr
u:g:ﬂ:k:l

“or air, with a constant Prandtl number, the Rayleigh number is the only viariable influencing
onvective behaviorinside of the cavity, and assuming that the input temperatures are given, then
he characteristic length is the only variable driving the Rayleigh nurmber. An order of magnitude
omparison of Rayleigh numbers, from 10* to 10*, was carried out not only to demonstrate the
1on-linear relationship between characteristic Jength and the Nusselt number. but also to determine
he Nusselt number profiles across the boundary of the heated wall. For the higher Rayleigh
wmber simulations, a finer mesh was used in the numerical model along the boundaries (with first
1ode points located 0.4 mm from the boundary).

The second model is also a square cavity, but with embedded plates acting as the isothermal
surfaces. All of the input variables are fixed-—dimensions, temperatures and physical properties—
ind only the location of the isothermal plates is varied in each case (see Fig. (2) for plate
ydentation). A fine mesh model allows direct detemmination of the heat transfer coefficient, and if
he Nusselt number is held constant for the cases then the following relationship must exist
etween the heat transfer cocfficient and the characteristic length among the different cases:
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Using this relationship with the actual input conditions would then produce an “effective
characteristic length as relative to the normative characteristic length represented hy the benchma
case oriemation (indicated by the subscript i). This effective length supplants the actual surfac
dimension or spacing that is typically assumed for this value. The effective Rayleigh number

then be determined for each orientation.
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Figurc 2: Isothcrmal plate oricntations for dimensioned model simulations

5.  Simulation Results
‘I'he results for the tirst model are summarized in Table (1). The purely diffusive case,

Ra=10°, is considered to be the baseline with all dimensions normalized to one. By forcing th
isothermal temperatures to remain constant, then each successive order of magnitude increase |
Rayleigh number can only be achieved by increasing the characteristic length by a factor of 10"
The ratio L, /L,, then, simply represents the relationship of the characteristic length of the highe
Rayleigh number cases to the diffusive case. ‘L'he Nusselt number in the wble represents th
average ot the local Nusselt numbers along the height of the hot isothermal boundary. Fig. (:
compares the plots of the local Nusselt number profiles for all the cases.

Ra 0° 10" 10 T0° 107 10°
P T 215 | 464 10 715 | 464
Nu 111 | 225 | 456 | 913 | 1582 | 27.56

Table 1



As boundary layer flow becomes established at Rayleigh numbers above 10°, the gradient of the
ocal Nusselt number profile becomes more pronounced. If the Nusselt numnber is also plotted
icross the boundary layer rather than only along it, the gradient disappears at increasingly closer
listances to the boundary as the Rayleigh number increases (at Ra=10", the gradient becomes fat
it a distance of 0.018 x L from the boundary).

The results for the second model are summarized in Table (2). The first three cases—N1,
N2 and N3—are simulated with a vertical isothermal warm surface, and the remaining cases are for
1 horizontal placement. The benchmark case, N1, is considered to be the baseline, and therefore
he ratio L, /L; represents the relationship of the normative characteristic length for each case to that
of the base case, as determined from the average heat transfer coefficients; whereas L, /L is the
alculated, or apparent, characleristic length for each case in relationship to the actual dimension.
The effective Rayleigh number can then be determined using L, .

N1 N2 N3 N4 NS NG N7

e 0.077|  0.0828] 0.0495 0.053 0.0795 0.0245 0.0187

L, /L, 1.0 0.93 1.56 1.45 0.97 3.14 4.12

L./L 1.0 1.075 0.64 0.69 1.03 0.318 0.243

Ra, | 92x10'| 1.1x10°| 24x10'] 3x10 1x10°] 29x10°| 1.3x10°
Table 2

I'wo orders of magnitude separate the highest Rayleigh number case from the lowest, which is an
idditional order beyond what the literature predicts [9]. Figure (4) compares the plots of the local
heat transfer coefficients along the boundary (calculated at nodes .009 m from the heated surface)
for the two groups of cases. As one would expect, when both the warm surface and cold sink are
sriented horizontally, as occurs in N6 and N7, then boundary layer flow, and thus heat transfer, is
suppressed.
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Figure 3: Local Nussclt number profiles for Rayleigh numbers 10 to 10*
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6. Conclusions

The cases discussed in this paper were chosen to demonstrate the potential impact of
characteristic length manipulation to alter boundary heat transfer. The author concedes that a
substantial amount of verification work must take place before any substantive conclusions can be
druwn.  In addition, further simulation studies need to be carried out to determine the limiting
factors which may impact the allowable spacing between source and sink and thus reduce the
boundary layer interaction. Nevertheless, it is clear that thermal phenomena can be controlled
locally and directly by shifting the “cffective” characteristic length, cven if nonc of the dimensions
or parameters of the thermal input are in themselves altered. As an example, if a window that is 1
m. high by .5 m. wide 1s rotated 9U° then the heat transter can be reduced in haif, even as the total
surface area remains unchanged. Judicious placement of the cold sink can significantly change not
only the effective characteristic length, but also the gradient of the heat transfer coefficient,
indicating that the potential exists to selectively manage heat wansfer at discrete locations.
Although one can apply the results of this work to surfaces of any size, MEMS affords the greatest
flexibility in placement. The author’s current work in modeling point sources and sinks with slip
flow boundaries is investigating the potential of discrete placements to manage local transport of
patticles, and initial studies have shown that very small interventions near boundary layers can
significantly redirect particle momentum and deposition.

References

(0)) Popiolek, Z., 1993, “Buoyant Plume in the Process of Ventilation—Heat and Momentum
Turbulent Diffusion,” Proc. Annex-26 Expert Meeting, Poitiers, France.

(2) Cooper, P., and Linden, P.F., 1996, “Nalural ventlation ol an enclosure containing two
buoyancy sources,” J. of I'luid Mech., Vol. 311.

3) Ostrach, S., 1988, “Natural Convection in Enclosures,” J. of Heat Transfer, Vol. 110.

4) Gebhart, B., Jaluria, Y., Mahajan, R., and Sammakia, B., 1988, Buoyancy-/nduced
Flows and Transport, Hemisphere Publishing Corp., Washington.

5) Yuan, X., Moser, A., and Suler, P.,, 1993, “Wall functions for numerical simulation of
turbulent natural convection along vertical plates,” Int. J. of Heat Mass Transfer, Vol. 36

6) Leal, L. G, 1992, Laminar Flow and Convective Transport Processes, Butterworth-
Heinemann, Boston.

@) Incropera, F. P., 1988, “Convection Heat Transfer in Electronic Equipment Cooling,” J.
of Heat Transfer, Vol. 110.

(8) FIDAP, 1993, FIDAP 7.0 Examples Manual, Fluid Dynamics International, Evanston.

()] Yovanovich, M. M., and Jafapur, K., 1993, “Bounds on Laminar Natural Convection
from Isotherrnal Disks and Finite Plates of Arbitrary Shape for all Orientations and Prandtl
Numbers,”” Fundamentals of Natural Convection, ASME HTD, Vol. 264



Guidelines for Ventilation During the
Repairing Process of Ship-IIull in an VLCC
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A\BSTRACT

Juring the repairing process of the ship hull of a very large crude carrier (VLCC), large amount
{ smoke, hcat and harmful gascs are generated. In order to improve the productivity of the
vorkers, their health condition and safctly, ventilation is needed (0 have better indoor air quality.
\ new ventilation system is proposed which basically transfers fresh air from the deck (top) to
1ic bottom of the ship-hull via an air duct and then spread to the cntire ship hull by an air-
istributor before being sucked out at the deck. A sct of design and usage guidelines for this
entilation system was prepared for the convenience of engineers’ usc. It caters for ship hulls of
ifferent dimensions and the number of air-distributors, supply and suction fans to be used. It is
nportant that in order to achicve maximum ventilation efliciency, duc to different physical
haracteristic for different ship hull, correct configuration must be sclected from the guidclines.

. INTRODUCTION

1 During the repairing process of the ship hull of a very large crude carrier (VLCC), large
mount of smoke, heat and harmnful gascs are generated. From experimental analysis, smoke and
ust are the main harmful substances produced. In order to improve the productivity ol the
vorkers and their safety, the ship hull needs to be ventilated. The main purpose of this
entilation is therefore to reducc the level of smoke and dust concentration to an acceptable and
afe level. At present, there is no any international standards (or ship-repairing ventilation. With
cference to the present ship-building ventilation (Japan) standards, the acceplable smioke and
lust concentration levcel is 3 mg/m].

2 The ship hull repairing has the following characteristics:

a. The ship hull is very large;

b. a number of harmful subslances are generaled,

(¥ the repairing locations arc nol fixed;

d. the amount of repair required at each location is not fixed;

€; the internal construction of the ship-hull is complex;

(. the number of openings on the deck are limited,

g. the repair duration is short (from onc week (o onc month);

h. the ventilation system nceds to he dismantled afler the repairing works.
1.3 With the above characteristics, the fellowing ventilation system has been designed (sce
fig. (1))

1y



TR ) S Fresh air is supplied from the deck by
e 'r‘]’ air supply pump |, via air duct S to the

H ,fl."- |1 air supply pump air-distiibutor 3 at the bottom of the

' ll ! 2. air suction pump ship-hull. The air s then spread
H 3. air-distributor (hrough the entire ship-hull by the air

‘I' 4. suction hoods distributor before being sucked out via
5 airduct suclion hood 4 by air suction pump 2

: ’ ; § : o the atmosphere, The above
\ } Foae Iigure 1: Air {low pattern proposal can be referred o as “all-
«\\‘l‘-”{_ Cpoof the ventilation system directional, global ventilation using

the push-pull and upward moving
displacement method™.

This configuration has scveral advantages:

a.

b.

d.

2.1

2.1.1

The displacement type of ventilation not only conforms to the construction characleristic
of the ship hull, it also follows an upward-flawing flow pattern. T'his aids the process o
removing the harmful substances in the hull while reducing the risk of explosions.

The diffeient clevated-angled supply of air reduces the amount of circulation wiii
raising, ventilation efficiency and saving energy.

The ventilation system is simple (Fig. (1)) making the task of assembling / dismantlin,
casy. ‘Thus it is suitable for short duration works such as ship repair,

The jet of air tom the air distributor is able to supply air to the working zones improvin
the working conditions.

DESIGN PROCEDURLES QF THE VENTILATION SYSTIEM
Determination of the Air-Flow Rate

According to the dimensions of the ship-hull, the layout and mumber of the au

distributors are chosen. From there, the air flow rate [, is determined. For example, dimensio
ol ship hult abready known { x aw x b == A0m x 20m x 20m. From Table 7. two ait-distribulors ai
required with air flow rate L, =2 x 13000 = 26000m '/h.

2.1.2  According to the allowable smoke and dust concentration level, the air flow rafe 1, |
calculated.

where: K is the safety faclor, taking K = 4
G, is the allowable smoke and dust concentration level, taking ¢ = 3 mg/m‘.
NMois the rale of peneration of smoke and dusti.e. M =ngm, + ngmy,
e, 0, are the number of workers doing cutting and welding respectively,
., my, are rales of generation of smoke and dust duc to cutting and weldin
respectively. (see Table (1), rel (1))

Table 1: Rates of generation of smoke and dust duc to catting and welding
Experiment No. | 2 3 4 Averie
m¢(mg/s/lorch) | heavy rusting 0.16 0.20 0.26 0.17 0.20

m,, (mg/s/torch) no rust 0.13 0.12 0.07 - 01




.3 Lastly, by comparing 1., and [.,, the larger air flow tate is chosen.
2 Precauntions and Treatments to be Taken when Setting up the System

.1 Flexible plastic tubings are used as the ducts. Due to its (lexibility, special precautions
d treatments arc nceded when the duct passes through the deck opening, when bending is
juited and when the duct nceds o be joined either to one another or to the air-distributor.

For the portion from the fan exhaust Lo the deck opening of the ship hull (Fig. (2)), the
duct should be made of rigid malerial to reduce the pressure loss due to any acutc

bending.
S rigid

supply - deck

fan ===y

O rigid bends

Figurc 2:  Portion from the fan exhaust to the deck opening of the ship hull.

At the joint of the duct and entrance of the air distributor, the vertical angle, o, between
the duet and the air distributor must be less than 15° (i.c. ce < 15°). This is to prevent a
lobe-sided distribution of air Lo the air-distributor.

duct \

enlrance of
air distributor

air distributor /

Figure 3: Joint of the duct and entrance
of the air distributor.

EL A7 /7
U

2.2 The duct diameter should not be less than $400mm. This is becausc smaller diameter
suld result in higher resistance and causc a pressure rise.

2.3 Al the exhaust, there should not be any gap belween the suction pump and the deck
ening. This is lo prevent any shorl circuit of the air [Tow which would affect the elfectiveness

d efficiency of the suction pump. If any gap does exist, it should be properly sealcd.

1/7Q



Not Correct

/ suction pump

gap CDF:)

\\ —4 deck

Correel
s suction pump
sealed )
| d@ fleck
Figure 4: No gap should be between the suction pump and the deck opening.

2.3 Determination of the resistance of the duct and air distributor

2.3.1 Some of the resistances for dillerent {low rates are listed in Table (2) whereby the tota
resistance of the system can be calculated as {ollows:

Total resistance = Frictional loss 1 Local loss | Air distributor resistance.

Table 2:  AD400 ventilation system internal resistance for different air flow rate.
Air (Jow | Trictional loss | Frictional | Local G Resistance of | System total
rate per unit length loss' loss® (total pr./ | air distributor | resistance
(1113/h) (Pa/m) (Pa) (Pa) | dyn.pr.) (Pa) (Pa)
6000 4.0 120 60 s | 53 | 710
7000 5.0 1500 75 5 720 945
8000 6.0 180 90 b 940 1210
9000 8.0 240 120 b 1190 1550
10000 10.0 300 150 S 1470 1920
11000 11.5 345 173 5 1770 2288
12000 3.0 390 195 b 2110 2695
13000 15.0 450 225 S 2480 3155
*  duct diameter = 0.4m +  obtained experimentally )
#  duct length = 30m (@ Jlocal loss is taken as 0.5 times of [rictional loss

2.4 Selection of fan
From Table (2), with reference to the air flow rateand total resistance, the Ian is selected
2.5  Determination of luyout and number of air distributor in the ship hull

2.5.1 Tig. (5) shows the different layouts and arrangements of the air distributor(s) for ditTeret
ship hull sizes. This is for selection and relerence during the designing process.



5.2 The largest length that will be discussed here is 40m. The ratio for the ship hull
dimensionis/{:w:h =1:(0.5-1.0) : 0.5.
5.3 In the Fig. (5), “O” represents the air distributor. The rececommended air distributor is

Model AD400 (i.e. the entrance pipe diameter of $400mm). The air flowrate has a range
of 6,000-14,000 m*/h.

O O
O O

(a) Four AD required (b) Two AD required (c) One AD required

O O O

IFigurc 5: Plan view of position of the air distributors (AD) in the
ship hull when different number of AD are required.

5.4  The relationship between the air flow rale and the distance reach by the jet of the air
distributor is governed by the equation (ref\(2))

v, 0.48

oo 0147
4

o

Table 3: Relationship between the air flow rate and distance reach by the jet of air distributor

Air flow rate (m /h) 9000 10000 11000 12000 13000
Velocity at the nozzle v, (m/s) 21.7 24.1 20.5 28.9 313
Dislance, s, teach by the jet (m) 6.8 7.6 8.3 9.1 9.9
“Remarks Taking:  Final axial velocily v, = 1.5 m/s

Turbulence coefficient a = 0.09
Number of nozzles = 18 (0 0.08 x 0.08 1m)
iquivalent diameter, d,,, of nozzle = 0.09m

.5.5 The suction rate at the exhaust is determined by the number of openings available on the
deck and the exhaust rate must be egual to the supply rate.

5.6 Somc of the recommended supply Tow rates and the number of air distributors to be used
are shown in Tables (4) to (7).

Table 4: L =10
w
Ship hull’s 7 (m) x w (m) 30 x 30 25 x25 20 x 20 15x 15
No. of air 13,000 m'/h/ADD ] |
distributor AD 12,000 m*/h/AD
(unit) 11,000 m'/h/AD
10,000 m /h/AD 4 T
9,000 m*/h/AD 4




Table 5: f_ =12

W
Ship hull's / (m) x w (m) 40x33 | 35x29 30x 25 25 x 21
No. of air 13,000 m'/W/AD 4
distributor AD 12,000 m’/hW/AD 4
(unit) 11,000 m’/lVAD
10,000 m /W/AD 4
9,000 m/l/AD 4
i
Table 6: =6
=
Ship hull's # (m) x w (m) 40 x 25 35x22 0x 18 25x 10
No. of air 13,000 m*/l/AD 4
distributor AD 12,000 m™/h/AD 4 2
(unit) 11,000 m'/W/AD v 2
10,000 m*/W/AD
9,000 m'/W/AD
. {
Table 7: : =2.0
Ship hull’s 7 (m) x w (m) 40 x 20 35x 18 30x 15 25x 13
No. ol air 13,000 m"'/h/AD 2
distributor AD [ 12,000 m*/lWAD ) iy
{unii) 11.000 m /ivAD
10,000 m* /lWAD 7]
9,000 m'/W/AD 2
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Abstract

950 buildings in Thailand have to be charged with the time-of-day rate, about 120 buildings
re the department store where the cooling load demand during on-peak period is 20-30 % of
he building demand. The cool thermal energy storage can be substituted this demand. The
etail audit had been conducted in the department store for 15 cays. DOE2.1 E program has
een used for the simulation and the results are verified. After that, 3 cases of TES operation
ypes, namely full-storage, partail-storage and demand-limit storage with 10 hours charging
eriod and combined with the ice-harvester and ice-on-coil are studied . The results show that
he ice harvester with demand-limit storage and 10 hours charging can drop 657.4 kW of peak
nd save $US 58,295 of electricity with the investment of $US 611,616. 1t has 9.08 years
ayback period and 8.88 % EIRR. Further study also shows that 20 hours charging associated
vith demand-limit storage and ice-harvester gets even better results. The utility saving is $US
1,120 with the investment of $US 324,768 This gives 5.94 years payback period and 16.96
% EIRR.
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1. Introduction

The time of day rate (TOD) has been applied to 950 buildings (1) in Thailand. The demand
charges are $US 0.0, 2.52 and 12.2 tor oT-peak (9.30 PM. - 8.00 AM.), partial-peak (8.00
AM.- 630 PM.) and on-peak (6.30 PM.-9 30 PM.) respectively The energy charge is $US
0.0428/kWh flat rate Also,these buildings have to be under the FEnergy Promotion and
Conservation /Act 1991. That means, from January 1996 they have to do a preliminary energy
audit in 6 mounths to {ind the potentials of energy conservation measures and detail audit
afterward. Some expenses will be supported by the Department of Energy Development and
Promotion (DEDP). At the same time, the Electric Generation Association of Thailand
(EGAT) also launches the Demand Side Managemnet (DSM) Program, purposely, not only to
save energy but also to improve the system’s load factor. The saving measures are, namely,
replaced 20 and 40 Watt by 18 and 36 Watt fluorescent lamp, high efficiency refiigerator and
air-conditioning and installed the cool thermal energy storage (TES). Hopefully that these will
shilt the power peak to off-peak period. This paper show the potential of using TES in the
depaitment store.

2. Detail Energy Audit

5 storey department store has been in the operation since 1992, There arc 42,184 sq.rm.
utilized area with 38,494 sq.m. air-conditioning space. The working hour is from 10.00 AM. -
10.00 PM_ everyday

Building _Function (nderground floor- supermarket and food center. /™37 flour-
department store and shopping center. #” floor - playground, theater and shops.

Building_Structure //oor - 3 m. height floor-to-floor, 30 cm. thick reinforced concrete
topping with marble, excepl machine room. Wall - 2 layers of 10 cm. brick with air gap in
Letweenr, Rouf~ 30 cne thick 1emfuiced conereie {op wiih waterproot materiais. iwindow- 8
and 10 mm. thick single-glassed clear, stick wth {ilm

Space load 3,205 x 36 Watt and 1,356 x 18 Watt recessed fluorescent Jamps, 2,618 x 9
Watt compact bulbs with external ballast, 1,330 x 50 Watt halogen lamps, lighting density of
1.1, 1.7 and 2.2 W/sq.ft for plaza shops and food center respectively. Infiltration 0.04, 0.05
and 0 08 airchanges/hr. tor plaza, oflices and the [ood center, respectively.

HVAC System Temperature setpoint = 76 °F, outside air 7 CFM/person.

Chillers 5 x 500 TR water cool, Hermatic centrifugal chiller with energy input ratio of
0.1764 at ASIIRAE standard and 10 % part load ratio

3. Verification

The input fer DOE2. 1 E (2) had been wrilten and simulated with 1994 Chiangmai TRY
format weather data. The results, such as chiller consumptions and chiller pumps, monthly
peak demand and energy consumptions, had been compared with the actual ones. The
difference is less lhan 8 %, so the input is good enough (o represent e building performance.

4. Cool Thermal Energy Storage

Since the building has been installed with normal chillers. fce thermal energy storage with
plate heat exchanger is selected due to less space need and complication The ice-harvester and
ice-on-coil (external melt) which 3-type of operations, namely [ull-storage, partial-storage (onc
chiller as base load) and demand-limit, are studied

Storage sizing To find the storage size of each opcration types, hourly cooling load of that
peroid are summed up. 12,700, 6,675 and 3,3]S Ton-hours aic the sizes of [ull-storage,
partial-storage and demand-limit respeclively



Icemaking machine sizing Dividing the storage’s size with daily operating hours will get
the size of icemaking machine. Jor all operation types, the operating hours are 10 hours (10.00
PM.-8.00 AM.). For the ice-on-coil due to ice formation on the outside causes the insulation
ellect , sothat, the machine’s size is 10 % larger than (he ice-harvester

TES investment The cost for TES system are from I T.C. Co.,L.td (3) and Temp Tech
Engineering Co.,Ltd (4).

5. Results and Discussion

5.1 10 Hours Charging System

Lffect on Peak Demand - Monthly peak demand of each period (PP. - partial-peak, OP -
on-peak) except off-peak (Of.P.) for an ice-harvester and ice-on-coil are considered. For
partial storage, since one chiller operates as base load. The demand will increase fi-om full
storage case, but the demand is still less than basecase because only one chiller operates in this
period. For demand limit, the demand on a partial-peak will be the same as a basecase due to
the same operation. Except the on-peak period, the demand will be the same as full storage
case. Both the ice-harvester and ice-on-coil show the same result on the demand drops.

Ellect on Monthly Energy Comsumption - Monthly energy consumption of 3 cases using
the ice-harvester are studied. With TES, monthly energy consumption is no doubt increased
due to lower COP of the system and also waterpumps are added. As comparing between these
lwo types, the ice-on-coil type consumes more energy than the ice-harvester type due to
increasing the insulation effect of ice formed around the tubes

Electric Tariff Figure 1(a) illustrates the tarift of each system. With the ice-harvester, total
electric tarift is less than basecase because the decrease in peak demand cost is more than the
increase in energy cost. Figure 1(b) shows for the ice-on-coil case. As comparing between the
ice-harvester and ice-on-coil, the energy cost of the ice-harvester is less than the ice-on-coil.
Because, even both systems have the same drop in peak demand but the ice-on-coil consumes
more energy than the ice-harvester. Considering all cases, the demand limit case with the ice-
harvester is the least electric cost.

Economic Interest Rate of Return (EIRR) and Pay Back Period (PBP)

To calculate the EIRR and PBP tlie following inputs are applied, the investment , the saving
, the conversion factor for equipment = 0.88349, the conversion factor for labor = 1, the
electricity cost 0.074 $US/kW-hr | the inflation  6.5%, the inflation for energy = 1% to 1999
A.D.and 4.5% from 2000 A.D., the equipment lifc 16 years

‘Table I(a), (b) show the EIRR and PBP [or each cases of the ice-harvester and ice-on-coil.
The demand limit case with the ice-harvester is the best based on of the EIRR and PBP.

Since, the ice-harvester, with 10 hours charging (22 .00 - 08.00 hrs.) and 4 hours discharging
(1800 -22.00 lirs.), shows the best selection for investment.

By looking carefully to this system, it is interesting to lind out if the charging hours is
extended (o 20 hours ~ This way, the ice-making machine size will be reduced to half of 10
hours charging, therefore, the investment decreases. Bul, since the ice-making machine has to
run on the partial-peak period, sothat the cost of demand on partial-peak increases. However,
the cost of demand charge on partial-peak is only 2.52 $US/kW., possible the EIRR and
payback period are belter.

5.2 20 lours Charging System with Demand Limit

Since, both the ice-harvester and ice-on-coil are considered at the beginning, sothat both
cases will be analyzed for this case. DOE 2.1E Program cannot simulate on this case due to the
limit of program. Therefore, the new procedure is applied, based on the following
assumptions. /<or the ice-harvester - The average kW/TR of chiller at chiller-mode and ice-
mode are 0.76 and .27, respectively. /<or the ice-on-coil - The calculation is the same as Ice-




Harvester except the average kW/TKR at ice mode is | 56 Table 2 shows the energy
consumption of both cases

Electric Tarift The electric tariff consists of two parts namely energy cost and demand
cost. The energy cost is obtained from multiplied the energy consumption in Table 2 by
0.0428 $US/kW-hr. The demand cosl is obtained by added the partial-peak demand increase
with the partial-peak on the base case as shown in Figure 2 and multiplied with 2.52 $US/kW.
The sum of thesc two costs is yearly electric cost of both systems.

Investment The investment for the ice-harvester and ice-on-coil are $US 324,768 and
666,555 respectively.

EIRR and Pay Back Period Table 3 compares the results of both systems. The best
selection is the ice-harvester with 20 hours charging because the EIRR and PBP are 16.96 %
and 5.94 years. If considering between 10 hours and 20 howrs charge with the ice-harvester
system. Jt is [ound that 20 hours chaige ice-harvester gives better EIRR and PBP (16.96 %,
5.94 years) than 10 hours cliarge ( 8. 88 %, 9.08 years)

6. Conclusion
This department store has the potential to install the ice-harvester which the details are: Ice-
making machine 166 TR-lce-mode with 20 honrs charging, ice storage tank Sx5x 133 m'

(3315 Ton-hr), heat exchanger 1100 TR at AT S °C. Tolal investment are $US 324,768

EIRR = 16.96 %. Payback Pertod = 5.94 years. This study does not include the concrete
waork.
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Table 1(a) Results of EIRR and PBP of Ice-Harvester (10 hours)

Full Storage Partial Storage | Demand-Limit
System_ ). System ... .System .
Lnvestment ($US) |-...2,281,560 £,194,084  1....6LLOLG . ]
Saving ($US) 25,980 17,694 58,295
EIRR (%) - - 8,88
Payback Period (Years) unprofitable unprolitable 9.08

Table 1 (b) Results of EIRR and PBY of Ice-on-Coil (10 hours)

Full Storage Parlial Storage | Demand-Limit
System System System
Investiment (SUS) ...3,101,782 £,608.005 _..811,490
fing, (‘EUS) 11,049 17 5100 49,217
l’avl)ack Pel iod (Year s) unprofitable unprofitable 1329

Table 2 Yearly Energy Consumption of 20 hours (kWh)

Base Case Ice Harvester Ice-On-Coil
Total 10,657,446 11,021,690 11,228,809

Table 3 Results of CIRR and PBP (20 hours)

T —— | Ice Harvester Ice-On-Coil
Inveslmenl ($US) o 1"4 768 666,555

. - il 120 4,020
LlRR (", 0) _ 169 | 228
P’l\hdt,k l’enod (\ cms} n 5.94 13.70°
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Figure 1 (a) TarifT of Ice-Harvester

20000

70000

60000

50000 -

40000

"

January

Telnvuy

Muich

—=%— Basc Casc —8@— [ull Storage —&— Paitial Storage —X— Demand-Limited Stornge

Apiil May

Figure 1(b) Tarifl of Jee-on-Coil

90600

June

B

Mouth

Angust

September

October

Navemiber

85000
80000
75000
000X
65000

[
60000
ssoo0 +

50000

Janwary

February

March

April May

June Jaly

Monih

Aunjust

AL
U

Scplember

Oclober

Novernber

—#— Basec Case  —&— Tull Storage

—¥r— Partial Storage

--¥— Dcinand-Limited Slorage

7508

D

Decemnbz



Demand-Limit Thermal Energy Storage for Commercial Buildings

Chutchawan Tautakitti, Ph.D.
Associate Professor
Mechanical Engineering Department
Faculty of Engineering
Chiang Mai University
Chiangmai 50200
THAILAND

Abstract

950 buildings (192 hotels, 69 hospitals, 395 offices and 297 other) in Thailand have to be
charged with the time-of-day rate. The cool thermal energy storage can be subslituted this
demand. The detail audit had been conducted in 3 types of buildings, namely oflice, hotel and
hospital for 15 days. Preliminary analysis shows that changing the light fixture, decreasing the
peak demand and improving the coeflicient of performance of chillers have the cnergy
conservation opportunity . The electricity cost savings are $US/year 18,016, 84,000 and
10,420 with the investment of $US 9,000, 487,560 and 13.630 for the oflice, hotel and
hospital respectively. Afterthat, DOE2.1 E program has been used for the simulation and the
results are verified. The demand-limit storage with 10 and 20 hours charging period and
combined with the ice-harvester and ice-on-coil are studied . The results show that the ice-
harvester is the best investment for all buildings. Both charging hours can reduce the power
peak on the on-peak petiod by 447.5 kW for the oflice, 678 2 kW for the hotel and 262 3
kW for the hospital on the peak month. For the office, 20 hours charging hours is the best
with the investment of $US 254,880 and the saving of $US 36,665 sothat it has 8.9 years
payback period and 9.08 % EIRR . For the hotel and hospital, 10 hours charging period is
the best due to 24 hours working of the building. The investment is $US 420,550 and $US
146,520 and the saving is $US 54,590 and $US 22,000 for the hotel and hospital
respectively. Considering on the economic, 7.0 years payback period and 13.62 % EIRR is
for the hotel, and 7.1 years payback period and 13.06 % EIRR for the hospital.
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1. Introduction

The time of day rate (TOD) has been applied to 953 buildings (1), (192 hotels, 69
hospitals, 395 offices and 297 other) in Thailand. The demand charges are $US 0.0, 2.52 and
12.2 for oft-peak (9.30 PM. - 8.00 AM.), partial-peak (8.00 AM.- 6.30 PM.) and on-peak
(6.30 PM-9.30 PM.) respectively. The energy charge is $US/kWh 0.0428 flat rate.
Also thesc buildings have to be under the Energy Promotion and Conservation Act 1991.
Thal means, from January 1996, they have to do a preliminary energy audit in 6 months to
{ind the potentials of energy conservation measures and detail audit afterward. Some
expenses will be supported by the Department of Enetgy Development and Promotion
(DEDP). At the same time, the Electric Generation Association of Thailand (EGAT) also
launches the Demand Side Managemnet (DSM) Program, purposely not only save energy
and also improve the system’s load factor. The measures are namely, replaced 20 and 40
Watt by 18 and 36 Watt fluorescent lamp, high efficiency ieftigeralor and air-conditioning
and installed the cool thermal energy storage (TES). Hopelully, that these will shifl the
power peak to off-peak period. This paper shows the potential of using TES in the olTice,
hotel and hospital.

2. Detail Energy Audit
Three types of buildings had been delailly audited which can be described as follow,

Office -11-storey building and G-storey parking lot have been in the operation since
1986. There are 37,184 sq.n. ulilized aea with 19,602 sq.m. air-conditioning space. The
working hour is [2 hours

Building Function Ground - floor - 1obby, security oflice, store and contorl room. /
- floor accounting, TR - floor financial and computor rooms. 3" floor Oversea service, 4"-
Jioor ioan office. 5" - floor training center, fibrery and nursing. 6”-8" - fioor banking office
v"" - floor garantee department. 10"-1 I - floor offices.

Building Structure /7/oor - 3.5 m. height for the ground tloor, 5 m. for 1*- tloor,
4.0 m. height floor-to-floor for the rest , 16 cm, thick reinforced concrete for ground floor.
The rest is 12 cm. Wall - 10 cm. brick except underground floor using 10 cm. thick
reinforced concrete. Roof- 10 cm.thick reinforced concrete top with waterproof materials
and insulation. Window- 6 and 12 mm., thick clear and tinted single-glassed .

Space load 36 watt recessed fluorescent tamps, 341 x 60 Watt and 92 x 100 Walt
incandescent lamp, lighting density of 0.4 W/sq.t . Infiltration 0.3 and 0.06 airchanges/hr. for
oftice when on and off; respectively.

HVAC System Temperature setpoint = 74 °F, outside air 7 CFM/person

Chillers 2 x 275 TR and I x 550 TR water-cool, open centrifugal chillers with
energy input ratio of 0.22 at ASHRAE standard and 10 % part load ratio

Hotel -5-storey building have been in the operation since 1984. There are 40,545 sq.m.
utilized area with 36,467 sq.m. air-conditioning space. The working hour is 24 hours

Building Function [/idergronnd - floor - laundry and locker room  Gronnd floor
ballroom, pantry, restaurant, kitchen, store room, machine room and parking lot 1 Jloor
meeting room, shops, ballroom, restaurant, guestroom and lobby lounge. 2" - floor
guestroom 395" - floor guestroom

Building Structure /77oor - 3.0 m. height floor-to-floor upper covered with
rubberpad or carpet, only the lobby is covered by marble. 20 cin. thick reinforced concrete
for underground floor. Wall - 15 cm. thick reinforced concrete. Roof- 15 em thick reinforced
concrete top with waterproof materials and insulation. Windovw- 6, 12 and 20 mm. clear and
tinted thick single-glassed
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Space load 40 watt recessed [luorescent lamps, 569 x 60 Watt and 2219 x 100
Watt incandescent lamp, lighting density ol 1.0, 1.5 and 2.5 W/sq.i tor guestroom,
restaurant and ballroom respectively. Inliltration 0.05 airchanges/hr. for guestroom and 0.1
for the rest.

HVAC System Temperature setpoint = 74 “F, outside air 7 CFM/person.

Chillers 3 x 350 TR water-cool, screw compressor chillers with energy input ratio of
0.24 at ASHRAE standard and 10 % part load ratio

Hospital - 12-storey hospital has been in the operation since 1990. There are 30,460
sq.m. utilized area with 22,914 sq.m. air-conditioning space. The working hour is 24 hours

Building _Function Underground floor- reception, lobby, emergency, X-ray
ultrasound, oflice, accounting, pharmacy, parking lot and machine rooms. 2™~ floor dental,
infront, blood store, kitehen and parking lot. 3'- floor drug store, oflice, store, resturant and
parking lot. +"-5"-floor patient wards, conference room, administration and parking lot. 6”-
12"_floor patient wards. Roof-floor machme room and main distribution board.

Building Structure Ifoor - 2.3 m_ height for basement, 4.25 m. tor ground [loor and
i"-floor. 3 m. height floor-to-floor for the rest , 25 cm. thick reinforced conerete for 1% and
2" floor. The rest is 30 cm. Wall - 10 cm. brick except underground up to 2™ floor using 10
cm. thick reinforced concrete. Roof- 25 cm.thick reinforced concrete top with waterproof
materials and insulation. Window- 6 and 12 mm. clear and tinted thick single-glassed.

Space load 3,676 x 36 Watt and 819 x 18 Watt recessed fluoiescent lamps, 265 x 60
Waltt incandescent lamp, lighting density of 2.0, 1.5 and 1.0 W/s¢.{t for out patient, resturant
and patient wards respectively. Infiltration 0.04, 0.24, 0.3 and 0.06 airchanges/hr. for out
patient, patient ward, office when on and oft] respectively

HVAC System Temperature setpoint = 74 "F, outside air 7 CFM/person.

Chillers 4 x 160 TR air-cool, reciprocating chillers with energy input ratio of 0.21 at
ASHRAE standard and 25 % part load ratio

3. Verilication

The input for DOE2.1 E (2) program had been written and simulated with available TRY
format weather data. The results, such as chiller consumptions and chiller pumps, monthly
peak demand and cnergy consumplions, had been compared with the actual ones. The
difference are less than 1[0 %, so the inputs are good enough to represent the building
performance.

4. Cool Thermal Energy Storage

Since the buildings have been installed with normal chillers. Tce thermal energy storage
with plate heat exchanger is selected due to less space need and complication. From
Tantakitti C and Leeyutthanont S (3) , the demand-limit storage is the best for the Thailand
utility rate, sothat the ice-harvester and ice-on-coil (exteinal melt) with the demand-limit, are
studied

Storage sizing To {ind the storage size that enough for the on-peak hour, hourly cooling
load of that peroid are summed up. 2,600, 1,000 and 1,350 Ton-hours are the sizes of
demand-limit for oftice, hotel and hospital, respectively.

lcemaking machine sizing Dividing the storage’s size with daily operating hours (10 or
20 hours) will get the size of icemaking machine. For the ice-on-coil clue to ice formation on
the outside causes the insulation efTect , sothat, the machine’s size is 10 % larger than the
ice-harvester.

TES investment The cost of TES system are from LT.C. Co.,Ltd. (3) and Temp Tech
Engineering Co.,Ltd. (4)
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5. Results and Discussion

Effect on Peak Demand For demand limit storage, the demand on a partial-peak will be
the same as the basccase due to the same operation no matter what kind ot operation and ice
storage. Lxcept for the on-peak period, the demand will be dropped. Both the ice-harvester
and ice-on-coil show the same results on the demand drops. Sothat, Figure 4 ouly shows the
comparison of maximun monthly peak demand of the on-peak period for the ice-harvester
and ice-on-coil

Effect on Yearly Energy Comsumption Table | compares yearly energy consumption
of 3 building’s types using the ice-harvesler and ice-on-coil  With TES, yearly encrgy
consumption is, no doubt, increased due to lower COP of (he system and also waterpumps
arc added. As comparing between these wo types, the ice-on-coil type consumes more
energy than the ice-harvester type due to increasing the insnlation etTect ofice formed aronnd
the tubes.

Electric Tariff Table 2 illustrates the taifU of cach system. With the ice-harvester, total
electric tarifF is less than basecase because the decrease in peak demand cost is more than the
increase in energy cost. As comparing between the ice-hatvester and ice-on-coil, the cnergy
cost of the ice-harvester is less than the ice-on-coil I%ecau%c cven both Ry‘:tum have the

same drop in peak demand but the ice oncol
due to ice formation on the tube

Considering all cases, the demand limit case with the ice-harvester is (he least eleciric cost
For the oflice, 20 hours charging period shows the best economic due to 12 hours working
of building. For 24 hours working, such as the hotel and hospital, 10 houts charging is the
best

Lconomic Interest Rate of Return (FIRR) and Pay Sack Peviod (PBP) To calculate

the EIRR and PRD tha n\llnnnnn mr\n!( are unnlur-rl namely the investmen( and Q:l\ﬁng the
: savillg, e

viier iR andgpisz ianiic gl leyvinaiininn te e s v ol

conversion factor [or equipment - ().8334‘) . mn(l for tabor = 1, the electricity cost 0.074 §
US/kW-hr | the inflation  6.5%, the inflation for energy = 1% 10 1999 A, and 4.5% from
2000 A.D. and the equipment life 10 years

Table 3 shows the investment, saving, EIRR and PBP for each buildings of the ice-
harvesier and ice-on-coil 3ascd on of the EIRR and PBP, the demand limii case with the
ice-harvester and 10 hours charging period is the best, except the olfice, 20 hours one is the
most economic

6. Conclusion

All buildings have the potential of installed the TES system which is ihe ice-harvester type
and using heat exchanger to transter the cooling load to the exist system The preliminacy
systems are, (ffice, 20 hours charging lce-making machine 130 TR-Jce-mode, lce storage
tank 6x6x 7.5 m' (2,600 Ton-hr), Heat exchanger 830 TR at AT 5 °C., and ctc. Total
investment is $US 254,880. EIRR = 9.08 %4 Payback Peiiod = 8.9 years. Huorel, 10 hours
charging Ice-making machine, 89 'TR-Ice-mode, lce storage tank 6 x 6 x 10 m. (3,340
Ton-hr.), Heat exchanger 1000 TR at AT 5 "C., and ete ‘fotal investment is $US 420,550
EIRR = 13.62 %. Payback Period = 7.0 years. Hospital, 10 hours charging Ice-making
machine, 135 TR-lce-mode, Ice storage tank 6 x 6 x 4 ' (1,350 Ton-hr), lleat
exchanger 350 TR at AT S “C, and etc. Total investment is $IIS 146,520, EIRR = 1343
%. Payback Period = 7.1 years. This study docs not include the concrete work. For the
implementation, more detail needs to re-audit and re-design



Reference

1. “Feasibilily study for Control Buildings in Thailand™, Department of Energy
Development and Promolion, August.1995.

2. “Micro-DOIE2 1E”, ERG/Acrosoll International Inc., CO 80127, USA

3. Tantakitti C. and l.eeyutthanont S. , “Feasibility Study of Applying The Cool Thermal
Storage for Department Store”, Mechanical Engineering Department , Faculty of
Engineering, Chiangmai University, Chiang Mai, 50200, Thailand.

4.1.T.C. Co.,L.td, 20/103 Soi Soonkarnkha, Sukhaphiban 3, Ramkhamhaeng Rd.,
Bangkapi, Bangkok, 10240, Thailand

5. Temp Tech Engineering Co.,Ltd., 65/300 Moo 6 Ekachai Rd., Bangbon, Bangkhuntien,
Bangkok 10150, Thailland.

i1



Table 1 Yearly Encrgy Consumption (kW-Hr)

Ice- l].nvcslel ]

Office Hotel Hospital
Basecase 4973276 9,475,194 4,220,086

C toHows | sp7easy | l00d2317 | 2418046
=20 Hours | 5 265 il ] No Run No Run '
lcc 0" CO" A R S ey arein susys enans oo duinf ueiebe
~ -10Hours | 5313200 | 10,070,673 4,437,842
220 Houts 5,275,089 No Run No Run
Table 2 Yearly Tarifl ($US)
— | Office Hotel Hospital
393,008 014,745 273,314

-10Hours |

- 2()__!_1011r5

360800 |

Ice-on-Coil

560,155

.20 Hours

-10Hours

358,153

H 844

251,320

NO ]{UI1 NO Rlln LTI
561368 1 252170

No Run No Run

Table 3 Results of EIRR and Payback Period
Oflfice (20 Lours) Hotel (10 Hours) Hospital (10 Hours)
Ice-on- | Ice- Ice-on- Ice- Ice-on- Ice-
Coil Harvestet Coil Harvester Coil Harvester
Invester ($ | 537,000 | 254,880 622,700 420,550 222,695 140,520
US) o b ama il e
Saving ($ 31,224 36,665 53,290 54,590 21,145 22,000
US) o e e )
EIRR (%) - 9.08 .23 13.62 6.01 13.00
Payback - 8.9 82 7.0 10.7 7.1
(Years)
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Life Cycle Costing for Office and Commercial Buildings

SABAH ALKASS

Centre for Building Studies, Concordia University, Montreal, HH3G IMS, Canada

he paper emphasizes the importance of the "Lile Cycle Costing" in building development. 1t
5o details the development of a quantitative lite cycle costing mwodel for the assessment of
nancial feasibility of building projects at the preliminary design stage. The model handles most
chnical data and financial factors which are required to dctermine the life cycle costs and
onomic feasibility of proposed buildings, with basic, minimum input. Three assessment lactors
e calculated : present worth, annual worth and savings-investment ratio. To have a betler
nderstanding of the process a real life case study is considered. The alternatives are: extend the
cisting facility or build a new onc. Expenses are estimated in both cases, it consists of : Capital
osts which includes construction, real estate and interim financing costs, and Operational Costs,
hich includes warchouse clficiency, transport elliciency. encrgy, mainlenance, major repairs,
curity and laxes cosls.

NTRODUCTION

he cost of a building over its lifetime includes first a serics of initial expenses including
archase of iand. design lees, construclion costs clc., paid as capital costs. This is [ollowed by
mual expenditures on operation and maintenance as well as occupancy costs such as municipal
ites, management and administrative charges.

ccisions in the building industry at the design phase have traditionally been based on a
ymparison of initial capital costs. The main reason for employing this decision method is
scause of its simplicily and the general fecling thal the lowest capital cost option will also be
ic lowest lotal cost option.

his is no longer the case. Figure | illustrales the life cycle cost commitment for a typical ofTice
cility !, In this fignre, operation and maintenance costs, which are incurred either annually or al
criodic intervals over the life of the facility, account for 58% of the total life cycle costs, and are
s greater than the capital costs, which are incurred at the initial construction stage. Fig. 2
wws similar results for life cycle costs for two office buildings in Canada. It can thus be seen
it the long-term costs can far outweigh initial capital costs, and should thercfore be considered
rriously when taking decisions with respect to the design ol office buildings.

ife Cycle Costing (1.CC) is a step forward in building economics, it deals with the costs endured
uting the effective lile of a project. In most construction projects, detailed studies are carried out
» provide precise estimates tor the conception and implementation, without really considering
ie after-the-fact costs. Life cycle costing includes the initial costs, all subsequent expected costs
w operation and maintenance and a disposal value. As lile cycle cosling covers a long period of



time, the time-valie o money should be accurately weighed.  The cost estimate Tor LCC i
usually based on actual prices and then adjusted by cost indices, to cover prices escalation
However the forccast of LCC is still a major dilficulty in the process for its unforesceabl
factors. Lile cycle costing technique is used whenever a decision must be niade on a project tha
requires substantial operating and maintenance cosls.

This paper atlempts Lo clarify the use of LCC analysis in the real work environient. A real il
case study identifies the most appropriate decision to be taken when consideting cither (
renovale / extend an existing warehouse or to construct a new one. The method adopted i
performing the comparative analysis was to use the differential cost comparison. whicl
consequently produced a cash flow directly tdentifying savings and cxpenses. The real identitic:
of the parties involved in the case study were not designated ['or confidential reasons.

LIFE CYCLE COSTING AT TF TINARY DESIGN STAGIY,
Life cycle costing enables the assessment of competing design  alternatives
considering all sigmticant cost 1tlems ol ownership over the projected life, expressed i

equivalent dollars?,

While initial costs arc clear and visible al an carly stage, long-term costs are not. Estimating th
life cycle cost of a building at the preliminary design stage is important because in the building
industry, the earhest decistons lend Lo cstablish boundaries for the laler ones. It has bees
Suggeslcd3 Lihat aithough the expenditure during design s comparatively smail, decisions an
commitments made during this phase have a big influcnce on what later expendilures wil
actually be. Typically, about 75%-95% ol the total tife cycle costs ol a building are thus locke
in by the time the working drawings are preparced. Figure 2 shows (hal it is in the preliminar:
design phase that the decision maker can greatly inlluence the total lile cycle cost®. Therefore. i
an estimate of the total life cycle cost is available at an carly design stage. cost reducing
modifications are rclatively casy 0 make; once the project goes into constraction,  th
opportunity to influence the total project cost diminishes greatly.

There have been a number of specific studies on tife cycle costing, but their concepts and result
cannot be generalized to different categoties ol buildings. Bromilow and l‘zl\vscy4 have describe
the theoretical background [or o life cycle cost model by using data relating to a 30-year ol

university building. Neely and Neathammer? have presented several different maintenance lif
cycle data bases developed by the U.S. Army Construction Engineering Rescarch laboralory (e
assist in life cycle cost analysis. Computer-aided procedures to evaluate the financial fcasibilit
ol construction projects have existed for somc time, but their use has frequently beel
cumbersome, requiring oo much data. FINFEAS program developed by TuckerY is a softwar
for modeling the life cycle cost of abuilding project with cxlensive user inpul.

Very little rescarch has been reported on the estimation of lile cycle costs of buildings at the
preliminaty design stage, and there is hardly any software available which could perform this jol
with simple and minimum user's input. One such attempt is the creation of a prototype cxpel
system lor predicting the cost-time profiles of major construction elements to produce a

cstimate at an early design phase in the lifc of a school building construction projecl7



aroughout the building industry, there is now an appreciation that computers (particularly
icrocomputers) can be of considerable assistance in evaluating the lmancial requirements of

lilding projects. A computer m()dcl3 called 1.CC-O (Life Cycle Costing of Office Buildings)
1s been developed that addresses these issues at the preliminary design stage of an officc
silding project. LLCC-O is written in C and implemented in TURBO C 20 in a DOS
wiranment. The system has been expanded to accommodate for other decision such as selecting
stween two allernatives, i.e., renovate a lacility or build a new one. This new f{cature has heen
ssted against a real case study.

JFE CYCLE COST MODEL

. comprehensive cost model is useful at the carly stages of decision making o identify the
:lative timportance of each lile cycle cost category. All relevant cash Hows e established over
e entire life of the building, from project commencement to the end ol its useful cconomic life.
‘he measute of return, i.c., present value, which significs the economic worth of an investment,
s derived from the cash flows. This helps in comparing facilitics with different lives or dilfering
roportions between the initial and operating cosls.

Afe cycle cost categories
he following major life cycle cost cash flows have been considered:
Capital costs
Land
Financing
Actual construction costs (site-work, structural, HVAGC, electrical and mechanical)
Design fees
Relrigeration cquipiment costs
Contingencics.
Operation costs (annual)
Energy (electiicity, gas, fucl-oil)
Cleaning (wages, supplics, coniract services, trash removal)
Security/grounds  maintenance  (wages, supplics, contract services for security  and
arounds maintenance)
Administrative (wages for personnel, legal/consultant fees related to managing property,
general office expenses, supplics clc.)
Taxes/Insurance (real estate tax, building insurance elc.)
Repair and maintenance costs (annual)
Includes expenses on contract services for maintenance of elevator, HVAC, clectiical,
structural, rool, plumbing, lire/lifc safety ecquipment. supplics and wages
- Salvage value
Resale value of land plus scrap value of building (may be ncgative it demolition is
required)
 Income (annual)
Income generated from all renewable space.
' Warehouse efficiency
' Transportation efliciency
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Figure 3 shows schematically the life cycle cost model for office buildings used in LCC-0).

THE CASE STUDY

"TFood Inc.” (the real name of the company is lelt out lor conlidentiality) is the largest [ood
retailer in Quebee, with more than 200 stores and disteibution centies located in province of
Qucbee, " Food Inc. has recently purchased Trom "Good Fofid L 65 stores located in the
Montreal arca. Tlowever, these stores uscd to be scrviced by Good Food's winehouses in Ontario.
Therclore. Food Inc. neecds to expand its warehousing capacity in the Montreal wea. Two
allematives have been identified by Food’s Inc. nunagers: 1) extend and renovale the existing
warehouse, or 2) scll the existing warchouse and build o new one that will handle the existing
and newly purchased stoses.

Information on {he casc study was input into the maodel and its output ts snnunarized in table 1.

TABLE | INCREMENTAL OPERATIONAL COST SUMMARY
Stact-Up Year | 4+ 3 10000 (saving)
Warehouse Efficicncy Annual + % 469 000 (saving)
Transport Eificiency Anmnual - $ 180 000 (expense)
Energy Year 1-5 +% 36000 4+ (saving)

Yeal 6-20 $ 31000 (saving)
Maintcnance Annual +3% 27000 (suving)
Muajor Repairs Year 8 3496 000 +  {saving)

Ycar |S $ 36000 (saving)
Taxes Annual =% 21000 (expense)

Recommendations

Reference o the comparative analysis scction of this chapter, both monetaty and non-monctay
considerations have to be accounted for.

An incremental cash flow and present worth figure were calculated for the new facility compare
Lo the existing facility. These were performed on an incremental basis as there were no revenue
values and the objective was (0 represent the cash flow in terms of savings and expenses. 1 can
be seen that the cash tlow after tax on an annual worth basis for 20 years is a positive value for a
major part of the cash Jlow. This indicates that by choosing the alternative of constructing the
ncw warchouse, savings would be generated annually.  Also, the present worth saving at MARR
12% was  $1,865,550. Therefore, by scttling on the new warchouse alteinative, Tood Inc. is
betler off in the long run. According to the sensitivity analysis in, which tested lor a volume of
business of 75% and 50%, Food Inc. will still be better off. The piresent value savings at 75% ol
expectedt business volume is $1.595716 and at 50% of the expected business volume s
$1,325,882. Thercfore, at a relatively bad forecast, Food Inc. is still better off. Ttmust be noted
that the present worth [igures are on an incremental basis, i.c. the positive sign indicales a saving.

Conclustons

After implementing the real-life case study (o the recommended theoretical scction of this
project, it may be concluded that cach study tends to employ different factors which would allow
the main comparative decision to be taken.



most important factor in arriving to a valid comparison is that time and accurate
sidetation should be devoted to identifying the various lactors which coutribute to capital and
rational costs.
verify the validity of a decision, sensitivity analysis need (o be made on the lactors which
uld aher the dollar ligures and are  dirvect!y liable 1o change with business volumes due to
stuation 1 the economy.
nay be concluded that decision makers on viability comparative studies can take elfective
aantage in identifying the [actors that need to be consideted in their studies.
0, a proposed expansion of the project is recommended in the case where revenues are
urately provided or fotecasted providing a clearer overview ol (he subject.
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employment of heat recovery systems, utilisation of renewable cnergy and the use of
building encrgy control systems. In winter, energy consumption in offices may be
reduced by lowering the indoor air temperature, hence reducing heating costs. More
recent field studies (2), (3) have shown that optimum satisfaclion with the thermal
environment in office buildings can be achieved at a lower temperature than that
obtained under laboratory based conditions, which is the basis of 1SO 7730 (4).

In this paper, the thermal environment and the air quality in naturally-ventilated office
rooms are studied. The thermal environment in the rooms is compared with
predictions using Fanger’s thermal comfort criterion. Generally, thermal comfort was
achieved at a lower room temperature than that predicled by Fanger and as a result
the potential of energy saving in winter is investigated in the paper.

METIIOD

This investigation has been carried out by means of physical measurements combined
with a subjective asscssment of the indoor environment in five naturally ventilated
office rooms (denoted as rooms A, B, C, D and E). The offices arc situated in the
FURS building at the University of Reading. Rooms A, B, C, and D are staff offices
and room E accommodates several computer workstations. Rooms A and B which
are situaled in the north wing of the building are built of one concrete external wall
and three concrete brick walls connected to otker rooms. Each of the two rooms are
connected to the north corridor via hinged wooden doors. There are two small and
one large weatherstripped double-hung aluminium frame. windows in the north facade
of room A and room B respectively. Room C is located between south and north
corridors which connects the south and north wings. The walls separating the room
and the corridors are glazed while the other walls are made of concrete bricks. There
is a small axial fan in the north facade near the ceiling for supplying air into the
room. Room D and room E have similar structures to room A and room B
respectively but are both situated in the south wing and connected to the south
corridor. Rooms A, C and D are heated by hot water radiators in cold seasons. In
room B there is a full-width convector under the window in addition to hot water
radiators. Room E is heated by a convector of Lhe same type as that for room B
under the window in the south wall. Duting hot ddys a rotating fan was used in some
of the tests. The investigation lasted for 14 months in 1991/92. Tests were
conducted in winter (1991) in room A, early spring (1992) in roomn B, late spring in
room C, summer in room D and in winter (1992) in room E.

2.1 Measurements

During an experimental test the indoor air velocily, turbulence intensity and air
temperature were measured contintously using thermal anemometers (DANTLEC
Multi-channel low Analyser type S4N10). Measurements were taken at points 0. L
(foot/ankle level). (0.6m (cenlre of gravily of a seated person) and 1.Im (neck/head
level of a scated person) above the loor. The plane radiant lemperature and indoor
air humidity were measured nsing an indoor climate analyser (Bruel & Kjaer type
1213). “Thermal comfort indices (PMV and PPD) were measured using @ comiorl
meter (Bruel & Kjaer type 1212). A CO, gas analyser was used for the measurement
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of indoor CQO, concentrations.

The air change rate was determined using the concentration decay method with an
infra-red gas analyser. A portable fan was employed to ensure a good mixing of
tracer gas (isobutane) and air in the rooms for a few minutes afler injecting the gas.
The wind speed was measured with three vane cup anemometers and the wind
direction with a wind anemometer mounted on the top of the building (about 5m
above the roof). The outdoor air temperature and humidity were measured using a
copper-constantan thermocouple (radiation shielded) and a hand-held humidity meter
respectively.

2.2 Subjective assessment

A subjective assessment was undertaken simultaneously with the physical
measurements.  The assessment of the thermal environment was based on the
occupants’ vote on the thermal sensation and air movement in Lhe offices under
various outdoor and indoor conditions and different arrangements of window and door
openings. This assessment was based on judgements at head and foot levels as well
as for overall comfort. The indoor air quality was assessed according to the
impressions of odour and freshness of air. A seven-point thermal sensation scale was
used to evaluate thermal sensation and five-point scale to rate the impressions of
comfort with regard to air movement, odour intensity and air freshness. The rating
scales for these thermal environment and air quality indices are shown in Table 1.

RESULTS AND DISCUSSION

A summary of the results for physical measurements of room environment is
presented in Table 2. These measured results are discussed together with those from
the subjective evaluation as follows.

3.1.Room environment

The Physical parameters describing the room environment, except for the air change
rate, were obtained for every test. Figures 1 to 3 show the distributions of mean air
velocity, turbulence intensity and mean air temperature at head level, foot level and
overall (mean of three heights) respectively.

The air velocity in these rooms was usually below 0.17 m/s when the windows and
doors were closed and fans were not in operation. Velocities above 0.17 m/s resulted
either from the provision of an additional fan used in warm days in room D or from
opening windows in rooms C, D and E. It is shown in Figure 1 that the air velocity
at foot level was usually higher than that at head level, especially in rooms B and D
which have a ceiling level higher than that of the other three rooms.

The turbulence intensily data is presented in Figure 2. The values were between low

and moderate for room A but between moderate and high in the other four rooms
(Table 2).
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The indoor air temperature results are plotted in Figure 3. The temperature changed
from day io day during the course of measurement due to the fluctuations of outdoor
temperature, air change rate and hecat loss or gain from the rooms and due Lo opening
the windows or doors. In some tests overheating was observed during mild outdoor
climates. Temperatures much higher than 26°C were due 1o the solar heal gain from
the partly opened south window of room D in the summer. 1t can be scen in Table
2 that the air temperature at head level is higher than that at foot level with a mean
verlical temperature dilference of 1.7K.

The measured plane radiant temperature, and hence the calculated mean radiant
temperature, were generally lower than the mean air temperature (or all rooms except
for room C where there was no exlernal wall exposed to the cold ambient.  The
average difference between the mean air temperature and mean radiant tempcerature
for all the tests was within 1K.

The relative humidity in the room throughout the test period was normally within the
comfort limits, ranging from 40% to 55%. On some occasions il dropped to siight
helow 40%.

The air change rate was determined for most of the tests in rooms A, B, I and E.
However, only one test was carried out for room C because the ventilating fan was

always on during occupancy and the air change rate was assumed (o be constant.

3.2 Subjective cvaiuation

Figures 4 to 6 present the distributions of votes over the measured space during the
time of measurement. The results arc those for thcrmal sensation, air movement,
odaour intensity and air freshness.

3.2.1 Thermal sensafion

As shown in Figure 4, the mcan thermal sensation was on (he warm side of the
neutral point. However, the measured PMV values, which were obtained from
Fanger’s comfort equation for the corresponding tests were close to the neutral point
for most of the test conditions. This suggests that I'anger’s equation underestimates
the thermal impressions and under-vilues the deviations of the impressions {rom
neutrality. This may be due o thiee main reasons. One is the assumption of steady
stale conditions used in the derivation of Fanger's equation.  Another is he over-
simplification of the metabolic rales of the occupants. The occupants rarely sat
quietly in the rooms for a long period, say more than,one hour, withoul engaging in
snme activity or movement. The metabolic rale was however taken constant as 1.2
met in the calculation of PMV due (o the difficulty of predicting its exact value. The
third reason is the sensitivity of PMV (o the thermal resistance of clothing (clo value).
In taboratory experiments, the clo values are consistent whereas in field tests the
clothing levels vary with individual accupaats and time.

The thermal sensation was found to he dependent on the air temperature and velocity
in room A. The eflect of air velocity was however insignificant for other rooms



probably because of insufficient data collected for each subject or too high an indoor
air (emperature to be compensated for by a small increment of air velocity. The
regression equation for the termal sensation (TS) at head level, fool level and overall
for the rooms against mean air temperature (T in °C) and, for room A, velocity (V
in m/s) can be cxpressed as follows:

TS=aT-b\/V-c o)
where a, b and c are constants whose values are dependent on the room environment.

In Figure 7, the occupant’s thermal sensation responses arc presented as a function
of mean air temperature. 'The PMYV lines predicted from Fanger’s equation are also
presented for comparison (assuniing a metabolic rate of 1.2 met and clo values
between 0.8 and 1.0 and using the average values of the measured air velocity and
radiant temperature for the corresponding rooms). Nole that a PMV line is
theoretically not a straight line bul because the curvature is very small, then the error
caused by linerising the curve is negligible in the region close to the comfort
temperature. From Figure 7 a neutral temperature i.e. T for TS = 0, can be
obtained. The neutral temperature can also be predicted from Fanger’s comfort
equation. The neutral temperatures calculated from the above equation and {rom
Fanger’s cquation logether with the difference in neutral temperature between them
are shown in Table 2. o

It can be seen from Table 2 that I‘anger’s equation overpredicts the neutrality for the
rooms except room C. The reasons for this were mentioned above, which seems to
confirm the findings of Schiller, et al. (2) and Brager (3). They found that the
predicted neutral temperature was on average 2.4K higher than that measured for 304
office workers in 10 buildings. In addition, Figure 7 indicates that the data lines
from the present investigation are steeper than those given by TFanger's equation,
suggesting the occupants are mure sensitive to changes of air temperature. This lact
was also observed by FFishman and Pimbert (5) whose field study showed that the
gradient of their data curve deviated from Fanger's equation particularly at
temperatures above 24°C. Furthermore, they found that Fanger's comfort equation
predicted the neutral temperature 0.6K higher than that obtained from the field
survey, which was attributed to their incorrect estimation of the subjects’ clothing.

If according Lo Fanger's definition the central three categories of the thermal sensation
scale were regarded as an indicalion of an acceptable slate for thermal comfort
whercas the votes outside these central categories were considered to represent
dissatisfaction with he thermal state, the results suggest that ahout one third of the
responses were dissatisfied with the thermal environment whelther for the head, foot
or the overall impression. Most of the dissatisfaction that occurred in rooms A, B
and E when the windows and doors were closed was caused by overheating, which
could be avoided by window opening or by controiling the heat output from (he
emitters and hence reducing the heating costs with the help of a thermoslat or a
weather compensated heating sysicm.  [For room C however these measures were not
adequale because the emitter was already turned off during the test period. Although
in the latter period of tests, a window was opened on the roof, the room was still
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uncomfortably warm in most days. The roof window was effective in reducing the
indoor temperature only when the outside was windy such that cooler outdoor air
would be blown into the room. A possible way to decrease the indoor temperature
in cold seasons is to introduce air directly from the outside of the building rather than
from the corridor, using the existing ventilating fan. Due (o its location a
comfortable thermal environment is difficult to achieve in room D in hot sunny
summer days unless it is mechanically ventilated or air conditioned.

3.2.2. Air movement

Figure 5 shows that the overall impression of the air movement was on the side of
being stagnant. For room A when a window and/or the door were parlly opened, the
impression of air movement shifted Lo being slightly draughty. Thec main cause of the
draught was considered to be low temperaturc as air velocity and turbulence intensity
were not very high.

Figure 5 also indicates that the overall impression of air movement is similar to that
felt at head level, i.e. when the head feels stagnant the overall response of the air
movement will be stagnation. This is also true for diaughi. {n these iests ihe feet
were morc sensitive to air temperature bul less scnsitive to air velocity than the head.

3.2.3. Odour intensity

Odour was detectable in most cascs see Figure 6. However, no satisfactory
correlation between odour intensity and CO, level or air change rate could be
cstahlished. In tome cases when the CQ, level was low, or the air change rate was
high, odour was still perceivable while in other cases when the CO, level was higher
than 1000 ppm the odour intensity was not detectable. This seems to suggest that
there were other pollution sources such as building materials or furnishings which
could be more significant than the odour emission from the occupants. The
judgement could also be affecled by fatigue of the olfaclory sense due to long term

cxposure to the pollutants.

3.2.4 Air freshness

Figure 6 also shows that the rating of air freshness was in general slightly stuffy. The
assessment of odour intensity and air freshness shows that the air change rate is not
a good indicator of indoor air quality since the air reaching the breathing zone could
be contaminated as a result of poor mixing in the room.

ENERGY SAVING POTENTIAL

Since the neutral temperature given by Fanger’s equation is higher than that found
from field measurcments, energy can be saved by decreasing the room temperature.
The potential for energy savings is described here.

In most office buildings, heat losses in cold seasons are mainly due to conduction and
ventilation. These heat losses are proportional to the temperature difference between

476



indoors and outdoors (T; - Ty). Thus, for a comfort temperature based on laboratory
models, the amount of heal loss, g, is

q o< (T - Tq)

and for the comfort tlemperature which is based on (he field measurements, the heat
loss, qp, is

qr = (Ty - Ty)

where T; and T are the required room temperatures predicted from the laboratory
model of FFanger and from the field measurements respectively.

The amount of energy saving is then
(Qi-q) o (Ty-Ty)

Hence the ratio of energy saving based on the room temperature recommended by the
current standards is

(Q- qd/q; = (T - THATy - Ty) )

In the UK, the average ouldoor temperature during the hecating scason, T, is aboul
6°C and for the whole year is 18°C. Assuming the room (emperature predicied for
neutrality is 22.6°C, the ratio of encrgy saving is oblained for several differences
between predicted and measured neufral temperatures and (his is given in Table 3.

Itis scen that lowering the room temperature by 1K represents about 6% reduction
in space heating cnergy for T, = 6°C. Tor a temperature reduction of 1.1K, the
maximum value measured in this investigation, (he polential of energy saving is
6.6%. To take full advantage of this saving, it is necessary to control the heat supply
to an office by installing an individually adjustable (hermostat or by using a
personalised environmental system.

CONCLUSIONS

The results show that in naturally ventilated office rooms the air velocity at foot level
is generally higher than (hat at head level. The turbulence intensity in the room
however does not seem to correlate with the air velocity. The CO, concentration
does not represent a good indicator of the sensation of freshness in the rooms. This
was attributed Lo the poor mixing of outdoor air with rooni air in naturally ventilated
rooms.

From the present investigation, it scems that the thermal models based on laboratory
lests at steady state conditions can not accurately predict the thermal environment for
naturally ventilated offices where (he conditions are transient and where the occupants
invariably change their activities. For the cases investigated, Fanger's equation for
thermal comfort generally overpredicts the neutral temperature and under-predicls the



comfort requirement when the air temperature deviates from neutrality.

Heating energy can also be saved by lowering the room temperature from the
currently recommended values by, for example, 1SO 7730(4) without compromising
the thermal comfort. Besides, a Jower indoor temperature can reduce the occupants’
complaints about the feeling of stuffiness.
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Table 1. Rating scales for thermal sensation (TS). air movement (AM), odour intensity (O1)

and air freshness (AT7).

RATING TS N AM ” -.*w(‘-)ikﬁ ALl

-3 cold

-2 cool too draughty not detectable || very fresh

-1 stightly cool draughty slight fresh
0 neutral acceplable moderate neutral
1 slightly  warm Stagnant strong slightly stufTy
2 warm very stagnant very strong stuffy
3 hot

Table 3. Enerpy savings during the UK heating season due to a lower room temperature.

(- T (K) (4, - q)lq, (%)

0.5
1.0
1:1
2.0

3.0
60
6.6

2.0




Table 2. Physical and thermal properties of room environment,

Room No. A B C D E ABCDE*
Dimension (m)
Length 5.4 11.6 4.2 4.4 7.6
Width 2.3 2.9 3.5 2.3 2.4
[Teight 2.6 3.4 2.6 2.6 3.4
Eflecctive volume' (m') 29.3 108.2 37.5 25.0 62.0
Normal occupants | 3 2 1 3t
Average air change rate 0.86 0.86 7.60 3.03 3.81
(hh
Averape air supply rale 7.0 8.6 36.9 21.0 21.9

(1/a per person)

Mean air velocity (in/s)

Head level 0.059 0.071 0.098 0.063 0.066 0.071
Foot level 0.064 0.100 0.111 0.086 0.130 0.095
Cverall 0.060 0.022 0.099 0.067 0.008 0.080
Turbulence intensity (%)
Head level 39.4 59.2 43.8 38.6 47.8 44.5
I'oot level 28.7 44.4 4.0 3.0 %1 3729
Overal! 34.7 S4.3 41.2 37.1 39.6 40.3
Mean air temperature (°C)
Jead level 23.1 23.8 25.7 27.1 23.1 24.5
Foot level 21.4 21.7 24.5 25.0 21.7 22.8
Overall 22.4 22.9 25.1 26.2 22.4 23.7
Difference between air 0.6 0.7 -0.7 0.6 0.7 0.5
temperatire and radiant
temperature (K)
Relative humidity (%) 45.8 45.7 42.9 47.6 45.5 45.5
Measured neutral
temperature ('C)
Hear lovel 77 4 27 4 737 7?8 21.1 2.7
Foot level 21.4 20.4 21.1 22.1 21.0 21.0
Overall 22.0 21.7 22.5 22.7 21.4 21.7
Predicted nentral 22.8 22.8 22.3 22.9 21.4 22.6
temperature from Fanger's
equation ("C)¥
Difference between 0.8 1.1 -0.2 0.2 0.0 0.9

predicted and measured
neulral temperature

(K)

Notes:  * average of the dada for ronms A, B, C, D and 1
+ the volume excluding the space occupied by obstacles
$ the occupants are not the normal office users
# based on 0.8 clo and |.5met for rooms A,3,C and D, 1.0 ¢lo and [.2met for room TE, 0.83 ¢lo and 1.4met
for all rooms
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Abstract
Convective heat transfor coeflicients (chie’s) presently used in building thermal models hive

mn most cases. been based upon experiments for small free edge heating plates. Recent rescarcl
Ium slmwn that in some cases there can be up to a 300% difference between chite’s used

J o some

weongistency between the prodictions mad

ilding thermal models for the same thermal conditions in a room or a building.

This paper uses ntest come based on solar heating of the infernal surfaces ol a room in
building using a building theemal model. A range of chte values are used Lo prediet th
envitonment in the room (such as surface and air temperatures and comfort conditions) for th
cases when the floor the ceiling or a wall is heated by the sun, Included amongst this seleetio

I
a

chic’s were cently mensured by the anthore for the hoated albhceos of o)

losune,
I. Introduction

Swrlace convective heal triansler coctlicients (chie’s) wie an integral part of building therms
models. Towever, there is no really accurate chie that can be used in every thermal model. Th
-most common chte’s curvently utilised i building thermal maodels, e those found e th
ASTIRAL Handbool | 1], CIBSTE Guide |2] and the rather elabarate formnla by Alamdari an
Hammond [3]. However, these coeflicients have all been based upon experiments using small
free cdge heating plates. Recent work by the authors 4] has shown that the chte’s for a heates
surface in a room are inllucnced by the conditions in the room such as the addition of a (a
praducing o wall jet over a heated surlface and also the temperatures of the other surfaces i th
room,  These Tactors were not taken into account in the frec-cdge healing plate cxperiment
reported in the literature.

IUis clear that the surlace chte provides an huportant thermal Jink between the mass of th
buailding and the air volume.  Therelore in practice it has an influence on room lemperatur
contiol and thermal comtort in buildings,

In a study of thermal modd s by K Lomas [3].in swhich 4 chle values  were used within th
thermal models ESP and TTTB2 it was found that the estimated annual heating energy deman
varied by around 27% depending on the chte used Also when the two thermal models leste
were iniplemented with the same chte one produced an estimated annual heating energy demans
within 1% ol the other model. This suggests that to provide consistency in the results, one set o



ceurate chte’s should be used in all models. Towever, that paper also states that the choice of
hte had little impact on the peak daily air lemperature predictions.

The authors have carried out extensive experiniental work in a test chamber (o produce
ccurate chte’s lor use in building thermal models. They also showed that one expiession for
hte for a surface will not always describe the real hewt transfer from the surlace particularly if
iixed convection is being modelled.

This paper presents the results of a number of simulations which have been carricd oul to
ompare predictions made using three chic’s; the ASIHRAL cquations, CH3SE’s constant values
nd the authors valucs in the building thermal model “ROOM™. Although a popular choice of
hte. Alamdari and Hammond's cquation was not considered due to it's complexity and could
ot be direetly entered into the “ROOM™ input data (sce Section 2).

.. Thermal model simulations

The building thermal model “ROOM™ was used (o carry out the simulations required to
redict PMV values in a room.

To assess the importance of the chic’s an thermal comfort, a test case was needed that would
nvolve heating the floor. ceiling and wall of a room. The test case would also have to be
calistic. The heating of the surlacc would require the sun falling over it and so three scenarios
verc devised to allow solar heating on cach surface. However, a number of specifications were
ommon to each scenario. These were a well insulated room of dimensions 6m x 6m x 4m high
wving a low thermal capacity (U value of each surface = 0.3). T'he room was divided into 14
urfaces and was simulated in cach of the 3 scenarios. The stle position was also common 10
ach scenario: this was London (latitude = 51.7°N). To keep an average air temperature between
1-25°C the air change rate and the supply air temperature needed o be specified for each test
nd these arc desceribed below.,

scenario | . “Solar patches on a ceiling - internal light shel(, Fig (1)’.

Using “ROOM™ ninc surlaces represented the cetling and 5 other surfaces represented the rest
ot the room. A single glazed window was allocaled (o the west wall and a refleclive shelf
ositioned on the inside ol the window. Two tests were carried out for this set-up, one for the
nonth of July and the other for February. The air change rate was sct to S ach at a supply
emperaturce 19°C for July, and 1.5 ach and a temperature of 22°C [or I'ebruary.

yeenario 2. *Solar patches on a {loor’

In this case Y surfaces were allocated to the floor. The west wall now became a whole window
vith no reflective shelf. T'wo tests were carried out for this set-up, onc for the month of July and
he other lor February. The air change rate was sct to 10 ach and the supply air temperature 10°C
or July, and 1.5 ach and a tempcerature of 1 5°C (or February.
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Scenario 3. *Solar patehes on a wall’

Nine sutfaces were allocated to the east wall. The window on the wesl wall was set high up o
this wall. One test was carricd out for this set-up for the month of December. because the sul
shone only on the cast wall during a winter month, The air change rale was set to 1.5 ach and th
air femperature to 21°C,

The chic for cach suiface was determiined by enteting a value Tor the coetlicients a & b in th
equation:
Y
n, :’u(/\l)
where h, = conveetive heat transfer coefficient, W/m*K
Al = surlaee Lo air temperatuie dillerence, I
and  aand b are the coellicients.

1“ar cach of the three seenario’s “ROON™ was run using the chte’s in Table (1).

Table 1. Chic's used in “ROOM™ for the simulations

The authors chtc’s. ASTIRAE equativns, | CIBSE constint values.
Wall: ho= |_8_77> . ],\ n 201 Nii = 0. ’2 (l‘l )M 3.0
o l)l) 121\ /
Floor: A 2_”5 (A1) Nu=0.12 ( )Il" 4.3
o /)(I(!}(l
Ceiling: o= 2T Ay N =022 (G,,)m 1.5

As venltilation has been used in cach stmulation it was useful to make some assumplions as
the position and size of the inlet (o evaluale a mixed convection heat transter coethicient tor 1h
surlace directly under the influence of the jet. For the sun patches on the ceiling in the month o
July (scenario 1, summer case) an inlet was assumed to be at the top ol one of the walls so as (
allow a jet Lo spread over the ceiling. In this case the authors chte for a jet acting over a ceilin,
was used for the ceiling chte in the “ROOM™ input data. However, the natural convection chte’
were entered for the remaining surlaces of the room.

The same applicd to the tests with the sun patch on the Qoor for the month of July (scenwio 2
summer case). The inlel was assumed to be at the basc-ol a wall so the jel acts over the floo
The chtc for a jet acting over a tloor was used as the [loor chte in the "ROOM™ input data, bu
the natural convection chie’s were entered for the remaining surfaces of the room.

The comfort predictions were made for a plane at 0.6m from the floor (scated level) for ligh
office work activity and light office wear clothing. The PMV valucs were then plotted for cacl
case and presented i the results.



. Results

In Fig. (2) the results show that the PMV values are quite close with small dilferences in the
'WIV values oceurring between about 11:00 and 14:00 hrs. 1t should be mentioned however that
he cciling sun patches only heat a small area ol the ceiling. As the simulation is carried out for a
ummer month, a high ventilation ralc is reguired resulting in a considerable air movement.
herclore. in such cases. natural convection expressions may not be suitable for calculating the
ieat transler [rom the room surfaces.

In Fig. (3) one can sce that the 3 sets ol PMV results are again close.  In this case the
rentilation rate is low as a winter month was simulated but the sun patches on the ceiling apain
mly cover a small area. Therefore the naturat convective heat transler from the ceiling ts small
nd has little effect on the comf{ort in the room.

As mentioned in section 2 the plane at which comlort is caleulated was at seated level (0.6m).
leat gain by natural convection [rom the ceiling would probably have a greater elfect on the
"MV values at a planc closer (o the ceiling. Although this would not be a typical situation.

From Fig. (4) it can be secn that the difference between the PMV values Lor a heated (loor are
lightly higher than those for the cases with the sun patches on the ceiling. Onc reason for this
ould be that as the whole of the west wall is glazed in this case. then the sun patch on the floor
overs a much larger area than in scenario | were the sun patch is on part of the ceiling.
lowever, there is a high ventilation rate in this case (section 2) which suggests that heat
onveetion will be dominated by lorced convection.

‘The winter simulation for the sun patches on the floor produces the results shown in Fig. (5).
n this casc a much lower ventilation rate was used than the summer simulation and as a large
rea of (he floar was heated by the sun patch we can say that natural convection has a greater
{lect on the comlort in the room. This can be seen in the figure by a greater difference in the
"MV valucs predicted using the present values and the CIBSE chte’s than in the carlier
imulations. The dilfercnce between the results from ASIIRAL’s and the present chte’s is much
maller.

Figure (6) shows that the PMV values calculated using the present chic’s are close to those
btained using the CIBSIE chte’s early in the day. However, later on in the day the present values
ire closer to the ASHRAL values. The sun patches on the wall in this case covered only a small
wea thus the natural convective heal transler to the room is small. Therefore, the difference in
he chte’s has a little ¢ffect on comlort in the room for this case.

A point to mention regarding all these results is that during the winter simulations the solar
sain is much lower than during the summer simulations.

Figwe (7) shows the PMV results obtained using the authors™ mixed convection coetficients
ara heated cciling compared (o those predicted using natural convective coellicients. The PNV
values oblained using the naturad conveetive chte’s are higher than those obtained using the
nixed convection values between 13:00-17:00 hours but are lower between 10:00-13:00 hours.



[he comfort results in [ig. () show that the PMYV values predicted using the natural convectio
chie’s are higher than those calculated using the mixed convection chte’s.
4. Conclusion

I'rom the results we can conclude that when natural convection dominates the heat transfc
from the room surlaces. the chte value used has a significant influence in predicting the comlo
levels in a room.  However, in many ol (he test cases considered natural convection did no
dominate the heat transfer from the room surfaces because the solar heated area was small an
the ventilation vate was high.

1t was shown that natural convection chie’s generally produce greater PMV values in a roon
compared o those using mixed chte’s. Although the heat transfer from room surfaces is greate
with mixed convection the elfect of air velocity on PMV is mote dominant, thus producing lowe
PMV s,

['he signilicance of these findings (o users and developers of building thermal models is tha
consideration should be given to using the correct chte in the model.  For more realisti
simulations, acenrale chte’s, such as those given in Tahle 1, chonld be used in building therma
models when natural convection is dominant and mixed convection coefticients should be use
when a room is venlilated.

S. Acknowledgement
The Engineering and Physical Sciences Rescarch Council, UK is supporting this work unde
Grant Reference GR/J47606. 'The authors acknowledges Arup Research and Development fo

providing their ROOM program for this work.

6. References

. ASHRAT. 1993. ASHRAT FFundamentals, American Socicly of HHeating Relrigeration
and Air-conditioning Engineers, Inc., Atlanta, USA.

2 CIBSE. 1979 and 1986. CIBSI: Guide, Section AS and A9, Chartered Institute ol
Building Services Iingincers, London

3. Alamdari, I. and Hammond, GP. 1983, Improved cortelation’s for Buoyancy-driven
couvcction in rooms, Buildig Seyv. Eng. Res. Technol., Vold, No 3, pploo-112.

4. Hatton, A. and Awbi, 1. 1996. [leal transler [rom room surlhces, roc. of
ROOMVENT 96, vol 2, pp 395-402, Yokohama, Japan.

S. f.omas, K.J. 1995. The U.K applicability study: an evaluation of thermal simulation

programs for passive solar house design, Building and Environment, Vol.31. No.3. pp.
197-206.




Jrusare

- ~
)l‘ﬁqvu n Nygnantm
- Fra s

l"/
STLr LU wfadasam  w S agEnps am
=, | =
= (,r* T - 4
wlosor Srfieam b R LTTL) o B CTAT]
g gt ; " :
~,,\ g ~ _iesgag B
mdfa0 aliaae e
~ - e
S NS
L] o <700y
-~ S
g i 3m 1
o~ s s -,
LTt Fen, i = lsuam
iy B
~ -
)’
O . ~
\\' -
Mt oE

igure 1. Selected room for scenario 1,
0.5

A
>
0| o ~
L]
L]
P
05 : ) .
: e
- 3
R S —
o ASIRAE
" s CIBSE
15 Hotton & )
B e e e
9 1 1 1 13 14 15 18 17

Hour of the Day
igure 2. Comparison of PMV values
redicted for a room with sun patches on the
eiling in the month  of  July.

| —— e T O S —
o "o
]

05

® ASHAE
a CIBSE
Hation & Awbl

9 7 10 17" 12 13 14 15 16 17
Hour of the day

igurc 3. Comparison of PMV values
redicted for a room with sun patches on the
eiling in the month of February.

1 e, I e
" .
05 . i o
.
.
0 -
; " &
s i
05 i e e
e ASIHRAE
. A CIBSE
v Hatton & Awbl
-1 O .
L e e ——
9 10 1 12 13 14 15 16 17

Hour of the day
Figure 4. Comparison of PMV  values
predicted for a room with sun patches on the
(loor in the month of July.

3 .
.
k A
2 L]
A .
1 & .
> H
s o T
g ;
-1 ’% : Ta ASIRAE
s CIBSE
) Hatton & Awbl
S B IS —
9 10 1 12 13 14 15 16 17

Hour of the day
Figure 5. Comparison of PMV values
predicted for aroom with sun patches on the
floor in the month of February.

| ST
0.2 N
0.4 J
0.6 : g
-0.8 ke
-1 R |
12
4]l A
1.6

PMV
/
/

-1.81 JERVEARNS RPN EATROURS SISO [T | FITEPRPE I
9 10 1 12 13 14 15 16 17
Hour of the day

Figure 6. Comparison of PMV values
predicted for a room with sun patches on the
east wall in the month of December.



0.5 N

A
0 a " 3
e ‘. h
s e
0.5 Fd
>
£ .
4 /
& X Naturad
15 ’ - .. Mixed
2 v nda sceaibrans daaio o v diiaa i boie i wla s g

9 10 " 12 13 14 16 16 17
Hour of the day

Figwre 7. Comparison of PMV values
predicted using mixed and natural chtc’s for
a room with sun patches on the ceiling in the
month of July.

. .
05| AN,
&
0
3 s
a
-0.8 2
I- 4 Naturat
e Ml
-1
-1.6 L Y toseatesasdaasat s cantaua -
9 10 " 12 13 14 15 16 17
Hourol the day

Figure 8. Comparison of PMV value
predicted using mixed and natural chtc’s fo

a room wilh sun patchcs on the tloor In the
month of July.



DYNAMICS OF AIR FOLLUTI®N CONTROL
FOR AN OBSTRUCTED ENCLOSURE

H.R. Hamidzadeh and F. Delfanian
Mechanical Engineering Department
South Dakola State University
RBrookings, Soulh Dalkota 57007, USA

RACT

A dynamic model for prediction of pollution in an obstructed
osure has Dbeen developed. The mathematical model 1is based on
led lumped parameter modeling of total volume of enclosure. The
e space representation is established to compute time response of
ution in the saystem. The computed results have been verified by
aring with results of an established model vased on computaticonal
d  dynamics. The effects of incoming pollution from oukside,
uced indoor pollution from sources, and percentage of recivculated
have becn investigated. The developed model ccousiders maxinmun

wable indoor pollution and determines the required incoming {low
- in terms of percentage of recirculated air. BAs results of these
ysis a design guidelines for determination of optimum flow rate and
lement time versus percentage of recirculated air are presented.

INTRODUCTION

An accurabte determination of Uthe indoor air pollution and the
ilation systems is often expected when designing a building.
efore, a knowledge of the amount of pollution ar all lLimes and the
ired fresh aiv supply has been of practical importance as well as of
theoretical interest. The problem of dynamic response of the indocor
ution has been studied by several investigators. T most analyses
ribution characteristics of air ventilation system and aiv gualily
rol have been considered on the basis of comnputational (luid
mics (CFD) .

The other alternative approach is the lumped parameter method, also
ed the macroscopic model . In this technique, the whole enclosed
um can be divided into a number of sub-volumes. The time varial ion
ontinuation in sub-volumes can be formulated based upon continmity
wciples. The approach, due to ease of analysis, i1s very versatile in
liction of pollution concentration in different regions and ils
ersion.

Attention has been confined in subsequent publications zo oblain
rical solutions for prediction of pollution in an obstructed

.osure. For extensive literature review see references (1), (2),
- In these analyses, the tiwme variation of indoor pollution has been
licted using models based on computational £luid dynamics. Although

se models are expected to provide accurate solutions, they require
»ssive computational time, and in most cases they are limited to
»le cases.
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Where q is the steady state flow rate, P 1is the percentage
recirculation, and S, is the generated polutant in the i‘" cont
volume. Also, the state gpace wodel will be given by the follow
equation.

(€ - LAl ey (6l sy [B1c, {
where

. d

c) - — {cC

el - —— (c} (

{C} is the concentration vector representing pollutant concentration
all control volumes. [A] is the state matrix, [B] is the input matr
[G] is the source matrix, {S} is the pollution generated for e
control volume, C;, is the input pollution of the fresh air. The amo
of contaminated concentration as a function of time are determined
solving egn. (2) using Matlab programming.

3. VALIDITY OF THE SIMULATED MOLEL

The lumped parameter model is compared with available data for
similar geometry of the system. 1In this case for a specific flow r
of 0.004 m'/s time variation of concentrated pellutant at each cont
volume were determined and are presented in Fig. (2). For comparis
recirculation source, and incoming pollutant are not considered. A 1
initial condition for pollutant concentration at each control volume
assumed. The mean computed concentration from this case is compa
with those determined using computational fluid dynamics (2). |
comparison indicates that for the first fifteen minutes excell
agreement is achieved. However, for a longer period the results dive
from each other. This comparison is presented in Fig. (3) It
believed that due to very low incoming flow rate (natural ventilati
the computational- model provides better accuracy because of
distribution of pollutant concentration within each control volu
Nevertheless, authors trust that at high flow rates (forced ventilati



Among the invesltigators who liave contributed Lo this area, Yamanoto
al., (4) have presented a direct solution to a multizone indoor
aminant distyibution model. They provided an analytical tool to
uate problems of indoor air quality and analyzed pollutant migration
“he building.

This paper presents mathematical formulation of a lumped parameter
1 for obstructed enclosure. The validity of the presented model is
nined and excellent agreement 1s established by comparing the
1ined resultg with the available data based on computaticnal fluid

unicg. Also, the efflfect of percentage of reciirculated air on time
onse of pollution conceutration at different rvegions for given flow
> has been studied. In addition, the design chart iyelating the

mum required flow rate and the settlement time for maximum allowable
lution concentration versus the amnount of recivculated air for
ous height of obstacle have been detevmined.

STATE-SPACE SIMULATION

The physical system being considered is an enclosure with a
Lition. A portion of the exhausted air is being recirculated and
>d Lo the supplied fresh air. The system includes a pollution source
certain regions. Figure (1) depicts the schematic drawing of the
21 and the sub-volumes considered for the analysis. Average
sentration for the i'" control volume is presented by ¢, and V,
reclively. The govrning eqguations, conservation of mass, for
-reo)l volumes are giveu in egn. (1) .

Ilow f’mh
evi 4 ! cva
i n
V2 Cvs
h
Ny T (e e s R e e i g
¢ : il
-»2| R A ey | cve it | A
1 L2 | L2
“ . = »la - - . -—

Figure 1. Schematic model for the obstructed enclosure
(H=2.5m L =4m h=1m a=0.2m

[(100-PYC, + BC.) g = V,C, « q € - 8, (1.a)
LTV, 6, qC, - 5, (1.b)



beltter agreement can be achieved.

4. EFFECT OF RECIRCULATION ON POLLUTANT DISPERSION

Assuming that the 1level of pollutant entering the conside:
enclosure, and indoor sources is zero the dispersion of pollutant
each control volume for a constant 5 air change pr hour (ACH) we
determined. A typical dispersion curve for 20% recirculation (P = ¢
is illustrated in Fig.(4). The results indicate that concentration
every control volume decays rapidly except in the first control volt
for certain time. As it is shown when concentration in this volu
reduces to the level of recirculation, the slope of the dispersion wi
be momentarily reduced by a considerable amount.

5. DESIGN REQUIREMENTS FOR INDOOR AIR QUALITY CONTROL

The required minimum air flow rates for different percentages
recirculation as well as settlement time for maximum allowal
concentration are investigated. In the analysis, CO, is considered
be the only pollutant substance. The maximum allowable 1000 ppm in ¢
enclosure, as recommended by ASHRAE (5), is assumed. In addition,
concentration of 345 ppm for incoming fresh air was considered. The L.
response for each control volume for an optimum flow rate at a speci]
recirculation percentage is computed and is presented in Fig. (5).
provide design guide-lines, variation of optimum flow rate for (929%
allowed pollutant is illustrated in Fig. (6) .

6. CONCLUSION

A lumped parameter dynamic model for determination of pollut:
concentration at different region of an obstructed enclosure
introduced. This model is capable of considering the effect
recirculation, and possible pollutant sources within the enclosure
The computed results compared well with the available results obtair
using computational fluid dynamic. The model was used to predict
optimum required flow rate for a set maximum allowable pollutant in
enclosure.
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CLIMATIC CONDITIONING OF BUILDINGS IN MAGIR EB CONTENXNT:
HNYDRAULIC FLOOR FOR COOLING AND SOLAR HEATING

A MOKITTART* . H KAZEOU Y BOUKEZZI*, L KADI*, G ACHARD**

Laboratoire de Thetmigque du Batiment, Institut de Génie Civil. USTO. B3P 1505 EI Menaouer. 31000 Ovan,
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ABSTRACT Considering the generous availability of solar energy in Algeria. one
can expecl good performances of solar heating by using Direct Solar Teating I'loars
The additional advantage of such a heating system is that the same floor hydroulic
loop could be used Tor heating and cooling  In this study, the performance of such
systems has been analyzed, using the TRNSYS simulation (ool Results for an
Algerian climate show the influence of the main sizing parameters and indicate that a
large fraction ol heating needs could be covered by solar encray. When cooling is
considered. an important decrease in resultant temperatue can be acheived with a
relatively elevated Nuid inlet temperatune

ntroduction

The technigue of (loor heating obtained these last years a excess of importance. The main
dvantages of this technique arc related to the fow temperature ol the heat source due to the high
urface of emission a high degree of thermal comfort and as the performance of heating floor is
ccordingly more elevated il the temperatiie of Muid is lower [ 1], the utilisation ol the solar
nergy ameliorate then considerably the conditions ol comfort The Solar Direct Heating Floor
DSHIF) is the most recent (echnique ol heating by the sun, it was developed in French Tor year
980 hy the Superior School of Engincers of NMarseille (ESIND and since made prool” of
implicity, of comfori and ol cconomy ot encroy

The use of low temperatures (abont 40°C) i heating mode brought professionals to imagine
working in summer contfort with water sent at about 187°C “then. the cooling Hoor owes ils
xistence to the heating by the Noor  This system, heating and cooling tloor, allows Lo assute a
limatic conditioning, during the extremes ol both summer and winter

This study is intended to give a modelling of the behaviour of an experimental cell which is
cing acheived at Oran in Algeria

rescription of the direct solar heating Noor

The principle of the ditect solar heating floor is ol cheulating directly i a network of pipes
rowned in the floor a fluid heated by some solar collectors without using the intermediate
orage tanks. The [loor is then an clement of the building structure and an element of storage
he system thus obtained offers many advantages with regard (o the classic systems ol solar
cating on the plan of costs. of the hability | 2|

In the modelisation of the heating floor. we choose the utilisation of TRNSYS soltware,
ecause its exibility, its modular shmcture and the importance ol its domain of application. The
cat transler by conduction is tricated by a convolution model: method of « Z-transform »
ocNicients far the walls and method of CTE [3] for the floor, the both being derived from the



method of thermal response factors. The following assumptions were interjected in order (e
simplify the calculations:
- the temperature ot fluid is snppased the same in all the points of the toop; it is the arithmetic
average between entry and exit temperatures,
- 1he thermal propetties of the heating floor are supposed independent of the temperature,
- there are not thermal losses on the periphery of floor,
- the conduction transler is supposed bidimensionnel and the study is limited o a half right section
by reason of symmetiv oftered by the disposition of heating pipes

The coupling ol the heating oor with the building is achieved via the equivalent tcmperature
of floor and the conduction flux in the slab {3] This Qux is calculated in the heating floor module
of TRNSYS software with the assuption of high and low cquivatent temperature of loor known
treated It is then like a variable ol entrance of building module of TRNSYS which gives a new
value of the equivalent temperatuies in rctuin This process is lhen repeated until the
convergence

nental DSHE system at USTO
sents an experimental cell in progress of realisation at the

Simulation of the exper
ted building reg
Institute of Civil Engineering ol the University ol Sciences and Technology of Oran (USTO,
Algeria) and composed two rooms of same dimension which only one is equipped of DSHF. The
global sucface is of 40 m2 The experience has for objective of testing and of knowing the
behaviour of DSHE in the Algerian climatic conditions Concerning the solar installation, we used
a heating slab of reintorced concrele (10 ¢m) where the network ol pipes is put directly on 4 ¢m
ol'insulating material (polystyrene) The solar collectors are of -1 m2 area are installed on the roof
and tilted 45° to the south. A derivation 1oward a hot waler tank is foreseen in order Lo valorise
the maximum ol the solar energy (in summer) which will assure the pre-heating of the Domestic
ot Water (DIHW), a daily volume of 1501 is delivered (o the users at a lemperature of 60°C

The auxiliary system is considered like a system completely independent ol the DSHI, it will
bring the quantity ol necessary encigy in order to maintain the interior temperature to its required
value which is lixed at 187°C. Nole that we study i (his article only the room cquipped with
DS supposed in contact, with outside, by all its wall . the case ol [loor in contact by its inferior
surlace with a sanitary cavity is also considered

Hourly meteorological data were used for the simulations The lollowing measured vatiables
at Oran (fatitude 35,03°N) were considered Tor the specific year of 1992: - the external ambinnt
temperature; - the direct and dilTuse components of solar Now; - the wind speed and direction; -
the temperature of sky: - the temperature ol cold walel
The incidence of twao parameters on the energetic performance of the solar installation is studied
in this aiticle solar collectors arca and (hickness of the heating slab

We could note that the reduction of the thickness ol the heating slab accompanies a reduction
of energetic performances of solar system  Indeed, in analysing the economy* ol healing  energy
(ECO TIEA) brought by every slab (Fig 1), we note that it is accordingly more elevated when the
thickness is big. This is due to the fact that when the thickness is reduced (reduced energy
storage), the energy which is given up is badly used Knowing that the quantity ol energy given to
the floor is practically the same when its thickness varies, this energy is dircetly given up to the
ambiance with a delay time and a deadening lunction of thickness of the slab. In analysing now the
total economy brought by the solar installation (heating and DIIW), we will say that it is
noticeably the same for all the slabs (Fig 1), beecause the absence of the regulation limited the
quantity of energy given Lo the lToos

The simu

* The cconomy af encrgy is the difference between the encigy requitcinents hefore and alter introduction of sotar
mslallation devised by the energy regquitements withont soli installition
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v summary figure, we could note that

the reduction of performance** of heating for the slab ol 07 ¢m is of 9% with regard to the slab
30 cm. This is only of 7% for the slab ol 10 ¢cm

the reduction of global performance is of 3.5% for the slab of 07 ¢cm with regard (o the slab ol
0 cm and only of 3% for the slab ol 10 ¢m. This mean that by reducing the thickness of more
an 50%%, the reduction of energetic performance is only of 3%

The utilisation of an important thickness is not necessary, a heating slab of 10 cm will be an
iteresting compromise on condition Lo see the consequences of the use of this sfab thickness on
1e comfort conditions,

In [ollowing the evolution of the interior temperature and surface (loor temperature (Fig. 2),
/e note that a maximum of interor average temperature of 25.5°C and 28 3°C at the surface are
btained in the month of November  With such temperatures, we could aflirm that some
itolerable overheats are felt in additon to the temperature of surface ol floor which exceed 28°C,
mit of surface lemperature of heating floors. With a slab of 30 cm. some sensations of
vetheating are also felt because we note a maximum interior average temnperature of 24.5°C and
7.3°C at surface

We conclude therelore that a slab of 10 cm with 4 m2 of collectors Ieads necessarily to some
verheats that we must avoid. The solution is of supplying the DSHE with a system of regulation
3] which
cuts the circulation of fluid as soon as the temperature of {luid returning [rom heating floor
xceed a limit value (TRIZT) that we fixed at 25"C,
allows again the circulation ol fluid as soon as its temperature is inferior to TRET-AT (AT is set
y 2°C) and if the temperature of {luid coming out from collectors is inferior to a critical value
30°C)
ipure (3) allows to compaie the levels of intetior temperatures obtained before and afler
itroducing the 1egulation system. We note (hal the levels of temperatures obtained with
itroducing the regulator are less elevated than those oblained without this system We note that
1e interior maximal temperature decreases from 25 5 to 20 7°CC and the temperature of surface
om 28210 21 8°C

<“The reduction of performance is the diffeicnce of cconomics brought by the heating slabs of 30 cm and (¢) of
ickness deviscd by the cconony ofenergy brought by the stab of 30 cm
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The mtroduction of a control system on fluid return temperature leads (© an improvement of
comfort It is  however important (o anafyse its inlluence on the energetic performances of the
DSHE. We note that the encigetic perlormance for the healing falls with the introduction ol
regulation system. However, this reduction accompanies an increase of perlormance for the DHW
precesses system which and an increase of global performance for the two (Fig. 4) This is due (o
the fact of introducing the repulatar, imits the quantity of enctgy given up to the heating floor
The encrgy no valorised is thus exploiled in the DFW tank contrarily Lo the case of the absence of
the regulation where this enerzy contributed (o create some overheats when the DITW tank had
again some needs

Concerning the collectors arca, we could see that an important colleclors area reduces
constderably the auxiliaty energy tor the two processes. heating and DWW This phenomenon s
causcd by the fact that in increasing the arca of collectors, we increase the quantity of energy
given to Lhe heating slab and to the DITW tank  So. the econamy of energy brought by the solar
mstallation is accordingly dimmer (han the arca ol collectors is least (Fig. 5) Il scems important
to note that the utilisation ol 2 m2 of collectors (10°% ot the area of heating Noor) generates an



zconomy ol energy ol about 60%5, so an economy supetior to the onc generated by 20%% of
zollectors in French climate. [n order to satisly 45 to 50% ol cconomy only, as in France, we say
hat a ratio (collectors area on healing {loor area) of' 8 to 10% is widely suflicient in Algerian
slimate. We are going (o see now if this area (2 m2) could be used without the system of
-egulation. For this purpose. we are intercsted us to a sequence that we found very unfavourable
on the plan ofoverheats: | (o November 10, the hottest wecek in the petiod of heating of the year
1992, where we analysed the daily evolution ol the interior temperature and the floor surface
Fig 0)

Savings in energy needs (%)

ECOHEA ECO HsW ECOTOT

]ElWltlmul Conlrol EIWith Conirol l

Fig. 4: Influence of (the control on (Wid return teinperature on the yearly evolution of enerpy (heating and
hot swater) savings, Stab of 10 cm and 4m2 of solar collectors at Oran (lat. 35°N).

We can note that a surface of 2 m2 of coliectors could be used without fearing the risk of
overheats since the interior temperature never exceed 23°C and the surface temperature 24 5°C
But, like the climatic data are variable, we could not avoid the very sunny periods In this case, it
s more prudent of foresecing a svstem of regulation allowing to avoid all risk of averheats
whatever the area of collectors used

We choose the utilisation of 4 m2 ol collectors (20%a of the area of heating floor) in order 1o
have the maximum ol the solar energy and minimise (he auxiliary energy

Savings in energy needs (%)

ECO HEA ECO HSW ECO TOT

Im m2 M4 m2 E8 m2 ]

Fig. 5: Influence of sotar collector arca on the yearly savings on energy needs. Slab of 10 cm at Oran
(It 35°N).
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tioin of ihe hiydraulic floor system for cooling

In this case, we use some relative data to the direct solar heating loor installed 1t is a matter
of heating floar conception (composition. thickness and modelisation) and the hypotheses
retnrning there  The lonely difference resides in the absence of  collecturs tinstead of feeding the
floor by collectors, another source called "cold source” (akes place at once it is needed. The
installation depends on cold source Nevertheless, some difficulties impose as for its choice. Face
to this problem. we suppose in o case (o have a constant cold departure temperature

As a matter of fact, owr work is hased essentially on the possibility of cooling with on
hydraulic circuit in the floor of the room in Algerian climate This, we have used the software of
thermal design TRNSYS under Mediterranean climate (Oran)

The main problem intervening to the level of working of cooling lloor is tied to the problem
of condensation [4]. As a matter of fact, a loo low surface loor temperature could lead to
condensation on the Hoor [t is advisable to regulate the entrance Hutd temperatuie in the slab
starting from a limited lemperature (dew temperature Dt) This last is determined thinks to air
psychometric chart  Other comfort condittons must also be fulfilled - the suiface floor
temperature (SN mus( be upper than 18 3% | S| in order to avoid the sensations of cold weather
lo the feet; - the dry resulting temperature (Drt) must be located between 22°c and 25°¢ The
physiological comfort of human body is defined by that temperature. enceforth, we define the
summer comtort by: the absence of condensation and thermal ourly simulations were achicved i1
order to study the condensation and the thermal comlort [n order to analyse the problem of
condensation, the day aof August 05" is considered (Iig 7) We consider separately two entrance
temperature of fluid, 19 and 21°c Concurrently to this analysis, we study the thermal comtort
The phenomenon of condensation is accentuated for an entrance temperature of 19°c.The dew
temperature are elevated of about 23°c. The risk of condensation is diminished with an entrance
temperatute of 21°c, however, it is not eliminated Ve lind this risk at 3h in the morning, A higher
entrance temperature, of about 22°c, will separate this problem. Globally, we could say that the
criterion of comiort was respected © - a surface [Toor temperature upper than 21°; - the dry
resulting temperature does not exceed 25”c. Nevertheless, in order to avoid the problems tied to
the condensation during all the period of cooling, we must augment (he entrance lemperature of’
fluid in the loor (a maximum of 22°¢)
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Fig. 7: Influence of fluid inlet temperature on (he daily evolution of cell temperatures. External ambiant
temperature (Et) is also vepreseuted. (a) Inket (eop.= 19°C; (b) Inlet temp.=21°C,

“onclusion

“he simulations achieved Lo the course of this work showed that the atilisation of the technique of
direct Solar healing Floor in an Algerian climate is very promising. The energy requirements
overed by the solar are of 90%5 about the total needs of building with a ratio of coliecting of 0.2
nd of 60% with a ratio of 0.1 only This mean that the ratio ol collecting is diminished and the
nergetic performances are improved with regard (o the climate of I'rance 40 to 50% with a ratio
£ 02). We also showed that the utilisation of a thin slab (10 c¢m) reduces only to 3% the
nergetic performances with regard to 30 cm of thickness (slab advocaled by ESIM) provided
hat this must be supplied with a system of regulation which avers indispensable whatever the
hickness of heating slab and the area of solar collectors used The influence of other diflerent
aramelters must be studied belore analysing economically this techuique comparing to the other
echniques of traditional heating Also the theoretical study of cooling floor achieved in climatic
ell in Oran put in evidence that the process could in actual fact give satisfaction in matter of
ooling of the ambience, a lowering air and dry resulting temperatures of 4°c is possible with an
ntrance lemperature ol water relatively elevated, of some 22°c. The temperature of water must
e chosen in funclion of : thermal comfort and risks of condensation
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ABSTRACT

The effects of thermal performance of glazing and building structure on air conditioning
joad of dwelling house are analyzed in Fukuoka Japan. Then, guide line of optimum
window glazing unit using SAT as regional index in temperate climate is propased The
adequacy is shown by (he relation of SAT to simulated heating and cooling load of one
room model with a south window. At the simulation, effective sulat heat gain in winter is
counted in connection with thermal performance of building structure. By SAT-Glazing
relation maps, it is shown that Low-E double glazing unit is adaptable through year over
the wide area of SAT in lapan.

I. INTRODUCTION

Optimum thermal performance of window glazing {or dwelling houses in temperate
climate should be designed so as to save both of heating load in winter and cooling load in
summer. Window performance is determined by two clements of thermal insulation and
sun shading. The thermal insulation is generally accepted to be desirable because it
contributes to reduction of heat transfer caused by temperature difference between indoor
and outdoor. However, if the air and wall temperature of indoor are higher than those of
outdoor in summer, such condition is often appears at night, thermally imsulated window
is disadvantage for saving cooling load. Sun shading contributes to reduction of cooling
load, but possibly increascs heating load because of retaining of indoor heat. In addition to
such seasonally contradictory effects of window perfonmance, the regional difference of
outdoor temperature and solar radiation intensity makes the required thermal load
different. Thermal performance of building structure, particularly thermal capacity. is
another important factor to, change the amount and balance of heating and cooling load.
Such complicated relations are discussed on the basis ol numerical simulation of heat flow
through 10 kinds of glazing and thermal loads of dwelling house which has the glazing

Tabic 1 Thermal and Oplical Performance of Glazing (Notmal Incident Augle)

Kinds of Glazing

W@ W @ B ® (GO O R ()

Solar Heat Gain Coelficien 0.87 0.77 0.5 0.44 077 052 040 031 0024
Solar HeatFransmittance  [keal/ b)) 6.1 2.9 22 2.2 2.6 .4 L 5 LT L3
Visible Ray Transmittance 0.90 0.82 0.68 0.68 082 068 0.68 0.30 027 027
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unit facing south in Fukuoka Japan. Then, the authors propose the method of assessmen
of optimum window glazing unit by region in terms of SAT (Solar Air Temperature) a
the the chmate index, overall expression of outdoor air temperature and solar radiatio
intensity. The adequacy is shown by the relation of heating and cooling load to SAT of I:
cities through longitudinal location in Japan. Here, the effective solar heat gain throug]
glazing, the part of solar heat gain which rises the room temperature to the setting poin
(22°C), is counted as the contribution to heating load reduction. Then, SAT- Glazin,
relation maps are given for wooden and RC structure,

2. CONDITIONS OF NUMERICAL SIMULATION

2.1 Simulation Method

Simulation program for room temperature fluctuation and thermal load, THERB'
used. Time-varying of surface heat transfer coefficient, long wave radiation balanci
among indoor surfaces, solar radiation incident-angle-dependency of glazing therma
performance and multiple reflections of transparent solar radiation among indoor surface
are strictly dealt in the program. Non-stationary or stationary linear equilibrium equatior
is applied to heat flow calculation through opaque wall or glazing, respectively.
2.2 Housing Model and Conditions for Simulation

The specifications of selected glazing units and the thermal performance are shown i
‘l'able 1 and Figure 1. No.(@) and ®) are insulation type of Low-E glazing unit with Low-I
film coated on room-side pane, and @ and @) are sun-shading type with Low-E film o
outside pane. Figure 2 shows one room model of multiple-layer dwelling house witl
wooden and RC structure which has a south window. Temperature of adjoining rooms i,
dealt with the same as objective room. Standard-Climate-Data of 18 regions by SHASE °
is used as outdoor climate. Room temperature is set at 22°C constant in winter (February
or under 26°C in summer (August).

~2) ;
1

3. RESULT AND DISCUSSION

3.1 Influence of Glazing and Building Thermal Performance on Air Conditionin;

Load :

Figurc 3 shows thc hcat flow through glazing and the ratios of each glazing to single
clear pane glazing (No.(D) in February. The heat loss is consisted of convection anc
radiation from room to inside pane surface, and the heat gain is mainly of solar radiatior
transmittance. The former is considered to convert directly into heating load, while, some
extent of the latter contributes to the reduction of heating load. The amount is the effective
solar heat gain which rises the room temperature to the setting point (22°C) depending or
the thermal performance of building structure. Figure 4 shows heating load calculated or
the consideration of the effective solar heat pain and the ratios to single clear pane glazing
for wooden and RC structure. On thc comparison of two figures, the difference of ratio:
among glazing units of heating loads of wooden and RC model is much smaller than tha
of heat loss through glazing. This means the substantial contribution of solar heat gain or
heating load reduction for all glazing units. In Figure 4, heating load of RC structure witl
the high thermal capacity is larger than that of wooden structure in case sun shading typ
glazing (No.@®, @~@) is used.

Figure 5 shows the heat gain through glazing and the ratios in August. Both of direc
and diffuse solar transmittance are remarkably reduced in case of Low-E and reflective
glazing units. The heat gain is considered to convert directly into cooling load. Figure ¢
shows the cooling loads of wooden and RC structure. The difference of ratios among
glazing units of cooling loads of wooden and RC model is smaller than that of heat gain



Heating Load [Mcal/month]

[Mcal/month]

Cooling Load

Table 2 Linear Correlation Coefficient of Thermal Load to SAT and Air Temperature
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hrough glazirg, padicularly in case of glazing with high insulation performance (No.®
5)). This indicates the rctaining effect of indoor heat by the insulation performance of
lazing. In Figure 6, cooling loads of RC structure with the high thermal capacity are
lightly lager than thosc of wooden structure for all glazing units except single clear pane
No.(D). Summarizing on summer, sun shading effect of glazing on cooling load reduction
s diminished to some extent by insulation performance of glazing and heat storage of
uilding structure.

.2 Correlation of SAT to Heating and Cooling Loads

Figure 7, 8 show relations of heating and cooling load of wooden structure to 18
egions’ SAT by glazing. Table 2 shows that the values of linear correlation coefficient
vith SAT are higher than those with outdoor air temperature in all cases. The values of
ooling load to air temperature is comparatively low especially in high insulation type
lazing (No.®®). This causes by that cooling load is primary depend on solar radiation
ntensity but not on air temperature, although higher the air temperature, larger the cooling
oad. Therefore, the linear correlation with SAT, which equivalent solar air temperature is
dded to air temperature, gives substantially improved results. We can conclude the
ropriety of using SAT as climate index for selecting optimum window gazing units.

.3 The Relation between Allowable Area by SAT and Glazing

Here, we set a guideline of allowable heating load consumption in winter for all regions
s the amount less than the heating load of Sapporo (the main city in cold region) in case
lazing 3-12-L3 is used. As for in summer, we set it as the cooling load of Fukuoka
howing the highest SAT in 18 cities in August in case of L3-6-3 is used. Glazing 3-12-L3
atisfies the insulation performance in coldestregion in Japan by the Energy Conservation
tandard, while, L3-6-3 has been assessed to be the most suitable grade both for insulation
nd sun shading performance in Fukuoka by our previous study".

On such bases, the adaptable area for each glazing in termns of SAT of winter (February)
nd summer (August) is presented as Figure 9 combining Figure 7 and 8. Figure 10 is the
nap for RC structure by the same procedure. Some of useful information from the maps
re obtained as {ollows:

(1) There is no through-year adaptable city for clear double glazing units (3-12-3) in
case of wooden structure, while there are two cities in case of RC structure.

(2) Sun shading type Low-E glazing unit (L3-6-3) is adaptable for wide area of 13 of 18
cities through year.

(3) Heat reflective single glazing (R3) is adaptable where the priority is given to
cooling load saving under the climate of high SAT in summer and not so low SAT in
winter(city @ in case of RC structure).

(4) In Tokyo or Fukuoka, four kinds of glazing (L3-6-3, L3-12-3, R3-6-3, R3-12-3) are
adaptable through year.

. CONCLUSION

Propriety of using SAT as climate index for selection of optimum south window
lazing was shown. By this guideline, complicated effects of glazing performance of solar
eat transmittance and shading on thermal load consumption could be reasonably dealt
vith. Furthermore, it was clarified that Low-E glazing unit, particularly sun shading type,
as the adaptability throughout wide area in temperate climate of Japan.
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Absltract

A simple tnditect way of performing energy and cnvironmental auditing of buildings is here
presented. It is bascd on the proper application of a recently released Italian standard aimed at
the energy saving in climatisation of buildings. Its structure, that can be casily turned into a
computerised frame. cnables such standard (0 be employed as a complete analysis tool for
prediciing the thermal behaviour of buildings. By means of the application of this model, the
ellectiveness of the adopted technical solutions can be uselully ranked in lecms of saved energy
for climatisation purposes. Another relevant leature of the method is the possibility of getting
environment related information, in terms of amount of released COs, resulting from the nse of
the selected equipment. An application to a simple building module, located in a southern Italian
town, is also presented.

1. Introduction

Building energy auditing represents onc of the best known procedures which allow to achieve
information about the energy performance of a diwelling. Above all it is very useful in verifying
the energy savings resulting from retrolit measures and in delecting occasional or systematic
occurr ences ol high energy consumption.

Many auditing tools are currently available to technicians. They can belong to the highly
sophisticated simulation models like, for example, DOE (1) or ESP (2), that provide estimates ol
cnergy consumption on the basis of the knowledge of thermal and physicai characleristics of
buildings and equipmenl, along with information concerning local climatic data. Other tools can
also refer (o the so-called energy signatiwe procedures, like PRISM (3), that predict the building
energy consumption by means ol a proper regression curve (generally linear) of the heating
energy demand versns the outside temperature. Alternatively, some manual methads can alen he
employed, mainly referring to energy mspection procedures (4).

However. at present. building auditing represents a very time and work spending operation,
due to the complexity of the above mentioned available tools, at any level of detail. On the
contrary, technicians do require easier methods, in order of getting fast information about the
consequences of the adopted design choices, even at a rough stage of precision.

In the recent years. several domestic lechnical rules have been released by most of the
industrialised countries. wilh the aim of promote energy saving in the climatisation of buildings.

N
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Many of thesc rules need a computerised [ranie and allow (he therinal analysis of buildings to be
performed with an enough detailed level. As that, this kind of models can be directly adopted
like auditing lools. since they arc capable of providing almost the same range of results. A newly
released Nalian rule can be assumed as a typical example of such kind of methods. It can he
casier operated in comparison wilth the classic auditing methods. In addition, as il will be
emphasised in the following, the method can be also utilised for drawing environmental
information concerning the consequences resulting from the working of the HVAC system.

As a matter ol [act, the new awareness concerning the environmental implications of the use
of energy at nrban scale, strongly affects the structure of the standards that are nowadays to be
‘ompiled. Most of these standards are now so comprehensive and well defined that they can be
usced, not only for checking the law-related compatibility of the design choices, but direcily as
working tools Tor selecting fayout and plans,

2. Using an Halian standard as a computation (ool

The recent Itatian fase n™ 1071991 (S). for example, released in the aim of accomplishing the
national erergy plan (PEN), candidates tsell like a prominent one in the European context, with
respect to the energy use for chimatisation of buildings. 11, in fact, could be directly employed for
desian proceduwies, refering to the envelope and to the ITVAC system of a given building. This
faw in lact. rejecting the older approaches that only estimated the heating loss through the
building envelope. makes use of a limitation to the encrgy demand of the system, defined by the
building and the heating and air-conditioning equipment. The method relies on a global energy
balance, taking into account different conlributious (primary encrgy used in the HVAC plant,
solar radiation, internal loads) and various types of heat losses (transmission and ventilation
through the building. losses of the HVAC syslem due (o the separate steps of production,
regulation, distribution and emission of the required heat).

The rule ussumes as relerence paramelers the “normalised encrgy demand™ of the building,
FEN (kd/m’ DD), and the “alobal mean seasonal efliciency™ 1, to both o which limit values
are imposed. An accurate analysis of several complex energy issues is also involved in the
procedure, like the estimation of the solar gains and (he detailed treatment of the conmiponents of
the climatisation system, among other things.

Ihese features obviously ask for the use of a computerised ptocedure. A comprehensive
nomenclature of the several paramelers involved in the procedure is given in the (ollowing
lable (I). Vigs. (1) and (2) illustrate (he logical sequence and the calculating operations to be
accomplished in order of getting the final enecrgy parameters that charactetise the selected
building. that is the normalised energy demand. FTEN, and the global mean seasonal efliciency,
N Obviously these parameters cau be directly adopted as energy auditing indexes.

Table . Nomenclature of the symbols used through the procedure
Pa: useful power of the heater: Cd: heat loss volume coellicient; V: building velume; DD: degree
days; n: number ol houtly air changes: I average solar irradiance on an horizontal surlace; a: thermal
internal gains; Q;: demand of primary cnergy vequired by the TIVAC system; Q: primary energy
required for the thermal canversion in the furmnace: Qg primary energy corresponding (o the electric
consumption ol the auxiliary systems: Q,: thermal energy generated by the HVAC system; Q¢
thermal energy transmilted from auxiliary systems: Q0 clectric energy required by the burner; Q,,,:
eleetric enclgy required by the circulating pumpy; 1)y, uselul thermal efficiency; .., Italian electric

511



board efficicuey: Qy,: nsclul encrpy demand; Qe useful energy demand in the actual working duty
cycle (non continuous): Q. overall heat losses by (ransmission and venlilation; Qg,: thermal encrgy
duc to the solar radiation ahsorbed by the opaque surfaces; Qg thermal energy due (o Lhe solar
radiation falling on the glazed swlaces; Qy: thermal energy due lo the inleral gains; Q: thermal
cnergy exchanged by trausmission with the outdoor environment; Qg: thermal energy exchanged by
thermal energy exchanged by ventilation and infiltration; Qy:
thermal cnerpy exchanged by transmission and ventilation with adjacent non-heated confined
enviromments: Q . thermal energy exchanged by transmission and ventilation with zones characterised

transmission with the ground; Qs

by a constant (and known) value of the air temperature: N: number of days in a month; 1I,:
dillerence of temperature between the interested elements or thetmal zones; Hyg:

coetticient; A0,

heat loss

overall thermal losses coefficient: n,: efliciency of the HVAC system; ng: efficiency of the distribution
svstem; 1 efficiency of the regulation system: n,: efliciency ol the heating elements; n,: utilisation
lactor of heal gains; I7y: reduction factor of the transmission heat losses (depending on the intermitient

working regime);

o2 reduction lactor of the thermal energy due Lo the solar radiation and the internal

heat gains (depending on the intermittent working regime); k: coefficient taking into account (he
working proliles: qq: overall daily inmadiance on the surfaces with j exposition: A equivalent area of

the surfaces with j exposition

useful thermal energy demand

pimary energy

- """L—" Z Z Qnm

Q

$PASON ypanihszones

[

g = (65 4 3-10gi0-Pn )%

conventional engrgy demend

FEN =
\'*DD
Q
= e UmPDD)
VDD

[ Ny ™ Ny

OT
c.Z2=L
VAT
\
[ 00l-t a )lse4
FEN —— (C +031n)—|]u[—+—]
AT AT J mg

FEN <FEN

Fig. 1 Procedure for the computation of the energy paramclers for the auditing process.
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A An apglication

Using a commercially available electronic sheet, the Halian standard is here managed as a
tully comprehensive design tool Tora whole system represented by the envelope and the heating.
ventilaimg and air conditioning equipiment. As sclecting parameters, we assume here both (he
scasenal encrey demand. Qg and the enviranmental suitability of the design choices. With
this aim and i order of showing the feasibility of the method, a very simple building is here

adopted. Tor which the energy demand required for (he climatisation and the released amount of

COx o the heating phnt are computed.

Fhe sinulated building iy a simple parallelepiped module (4x5x3 m?) supposed to be located
in the climatic condition ol Palermo, Ttaly (38°3 north Iatitude, 751 DD): both mean monthly
temperatures and mean monthity solar irradiance can be assumed as typical of the whole

Mediterrancan area, as il is reporfed in Table (2) for the heating period. All external surfaces ol

the envelope are supposed to (ace the outdoor condition, while the indcor temperature is sel at
20007 the ventilation rates e st at 005 chanpes pec hotwr according to the Talian rte, Some
main llumm,ll features of the crivelope ae alse reported in Table (3).

Fable 20 Maincclimatic paconeters o the heang seasen of Palerme o L

Ootdoor | Solaciradianee on Sotar irsuliiowe on

lemperatue l souh surlace horizental suface

. (O | L TT0 N I 1S (1

l‘lllll(ll‘\ .t i Y fiu
Fehruary 1.6 13, ¥ (R
March [ 13.1 Wi
| December . 12.0 o 68

Table 3. Thennal charactenstics of the building module.

Vertical I 'Taor Cetling, West [ st
swliacees ) Fwindow ~doer
Overall transiiittance (W/m k) 0,85 .00 0.90) 4,50 3.0

Linear transmittance ol the related (iermnl| 0 133 0.010 0.010 0.150 0150

After all the calculation described in Figs. (1) and (2) has taken place. the most relevant
results for the given building, to he assumed as auditing information, can be splil into (wo
different categories, that ate respectively refated to encray and envitonment issues.

As represenlative parameters ol lhe encipy perionmance of the building we adopt here the
whole scasonal average clficiency of the heating plant. 1. and the normalised energy demand,
FIEN. As representalive parameters o) the envitonmental performance ol the building we select
the primary sceasonal encrgy demand, Q (directly finked to the amount ol fossil fuel and
electricity requitecd by the heating plant) and the quantity of carbon dioxide released through (he
heating period of time. These patameters are labels that fealine the building and are considered
as the most relevimt indexes i order of auditing the building. by means of the indirect way here
introduced. Table (4) reports the prolile of the simulated building, both in terms of energy and
environmental issucs.



lable 4. Energy and environmental fabels of the selected building.

Lnergy profile

Avcrage elficiency of the heating ﬁl:ml. g 0.71

Normalised energy demand, FEN {(kJim*/DD) o 117.73 |
- Environmental profile
P1 imzixy seasonal energy demand, Q (MJ) 530S
priviary energy required for thermal comversion, Qc (M) S128
preiary energy corresponding to the electric consiumption of the anxiliary systems, Q. (M) 180
‘0, 1cleased (kgC) 114.2

ihe tolal amount of ieleased carbon dioxide is evaluated by means of the emission factor
computed through the whole cycle of the pertinent fucl (7). In the hypothesis of oil (or any oil
derivative) employed as fuel for the furnace heating plant, the corresponding emission factor to
be adopted is 21.52 gC/MLIL

4. Conclusions

An indirect method, based on the application of an energy saving standard, has been proposed
for a quickly auditing of buildings. The method. implemented on a commercially available
clectronic sheet, can be uselully employed i the early stages of the thermal analyses, when
general information about the performances of buildings are required. It only needs data
referring to the thermal characteristics of the envelope, to the features of the HVAC system and
to the climatic site.

Another relevant characteristic of the procedure is the possibility of obtaining information
about the environmental impact of the building (at least in terms of greenhouse gas ieleased),
once that the heating plant and the used (uel are defined.

The [inal result of the method is a lable whete the energy and the enviromnental profiles of
the building are reported by means ol four relevant parameters.
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INFLUENCE OF RADIATION HEAT TRANSFER ON SPACE HEATING AND
COOLING LOADS

S. Hokoi, Ph.D.* | M.Matsumoto, Ph.D.**
* Department of Architecture and Envitonmental Design, Kyoto Univ., Sakyo, Kyoto 6006, Japan
** Department of Environmental Design, Osaka Sangyo Univ., Nakakakiuchi, Daito 574, Japan.

ABSTRACT

The influence that radiant heat transfer has on spacc heating and cooling load is investigated
based on the fundamental equation of radiation inter-reflection. The analysis shows that in a space
with a uniform cnclosure, even when each wall has a diffcrent emissivity and different adjacent
outdoor tempcrature, the radiative heat transfer has no net effect on space hcating load. In this
case, only the convective component of the combined convection-radiation cocfficient of heat
transfer should be used in the calcuiation of hcating joad. Exaimple calculations shiow that there
would arise a significant discrepancy between an accurate space heating load and a value obtained
through the use of the combined cocefficient of heat transfer. Also shown is that a peak load error
of more than 80 % might be possible at the warming-up period of intermitlent heating if the
combined surface coefficient is used.

1. INTRODUCTION

Usually the combined surface cocfficient of heat transfer consisting of convective and radiant
components is uscd to calculate space heating and cooling load and/or room air temperature. To
obtain reliable results, however, convective and radiative heat transfer must be dealt with separatel:
This involves a calculation of a surface-by-surface conductive, convective and radiative heat
balance for each room surface and a convective heat balance for the room air’. In particular, a
complicated equation of inter-reflection must be solved for the rdiative heat {tansfer. The
computational algorithms®®” and simplification of the treatinent™® have been proposed and
investigated from a practical point of view. Among others, Hutchinson® re-cxamined the standard
value of the radiant fraction of heat transfer through the air film adjacent to the insidc surfaces of
walls, floor and ceiling. Through the analysis of the cubic room encloscd by a uniform
construction and external air with a uniform temperature, he showed that a significant reduction of
the equivalent film coefficient for radiant transfer is possible.

In this paper, the intluences of radiation heat transfer between room surfaces on space healing
and cooling load, room air temperature arc studied for a better understanding of the radiant heat
transfer process. The intent of the present paper is to re-exainine the. radiant fraction of heat
transfer, and the importance of inter-reflection of radiative heat transfer under a transicnt condition
will be stressed.

2. FUNDAMENTAL EQUATIONS
Following are the fundamental equations used in this paper.
(1) Heat Balance of Room Air Enclosed by Surface S

A/ ((j;: —co Vnlt, () —t,O] + J h6)t(s, )—t()]ds + Q) o

thl’C, -1



t,(t) : room air temperature [°CJ, ¢ : ait specific heat [J/kgK], ¢ : air density (kg/m'],
t. (1) : outdoor temperature related to air exchange [°C), n: air exchange rate [1/s],
h (s) : convective heat transfer cocfficient al intetior surface [W/m’K], V :room volume [m’],
Q(t) : heatinput by the air-conditioning system and intemal heal source at time t [W],
A : inner surfacc area of walls [m?], s : position at the inside surfacc of wall,
t(s, t) : inner surface temperature of wall at time t ["C], t: time [s].
(2) Heat Balance at the Inner Surface of Wall

at,

h (s)[t,() —t(s, )] +q(s, ) = — -

where, (s, t) : net radiative heat flux absorbed by wall [W/m?],

2 : thermal conductivity of wall material [W/mK], t, : wall temperaturc [°C].
One-dimensional heat flow through the wall is assumed here. Ey. (2) reduces to the following fonn
at stcady state :

h(s)[t,—t(s)]-+q(s) =

2

1
(s)
where, t(s, t) : outdoor temperature [°C], r(s) : thermal resistance from inner surface to outdoor.
(3) Long-Wave Radiative Heat Transfer between Room Surfaces

If every surface is assumed to be completely diffusive, the equation expressing the radiation
inter-reflection is given as,

G(s, )= [ e (sOE.(s', )F(ss")ds'+ [ [1— & (s")]G(s',t)F(ss')ds' 4)

[t(5) —t5)] 3

where, G(s, t): irradiation [W/m®], £ (s) :emissivity of inner surface of wall [-],
F(ss')ds : shape factor, E(s, t) : emissive power of a blackbody [W/m’].
(4) Nct Radiative Heat Flux Absorbed by Wall
q(s, t)y= £ (s)[G(s, t) —Es, t)] ©)
(5) Sum of the Net Radiative Heat Flux
By making use of Egs. (4) and (5), the following equation can be derived:
S q(s, t)ds =0 0)
A

3. INFLUENCE OF RADIATIVE HEAT TRANSFER ON SPACE HEATING AND
COOLING LOAD IN THE CASE OF UNIFORM WALL RESISTANCE

A space enclosed by walls with uniform thermal resistance and convective film coefficient is
considered in this section. Under the assumption of uniform thermal properties, the characteristics
of radiative heat transfer between walls can be understood easily as will be seen later. First, the
steady state is cxamined. Next, non-steady state conditions are dealt with.

3.1. Space Heating Load at a Steady State

With regard to space hcating load and room air temperature, the following relationship is valid :
The net effect of radiative heat transfer on the space heating load is 0. Therefore, a convective film
coefficient must be used instead of the combined convection-radiation coefficient of heat transfer in
the calculation of space heating load and room air tempcrature.

This can be explained as follows (see Fig. 1) : The influence that radiation inter-reflection has
on the heat transfer process on a wall surface is equivalent to the surface heat generation with the
magnitude of net absorbed radiative heat flux q(s, t). A part of this heat flows outward through the
wall, and the rest flows into the room through the inside air film. The sum of the outward heat
fluxes over all enclosures is the heating load caused by the radiative heat transfer. The outward heat
flux is determined by the ratio of thermal resistances, one from the surface to the outside air and the



other ront the surface to the toom air (interior film Convection /

resistiance). Since this ratio is assumed here to be A /:1(5)
conslanl af cach wall, the sum of the outward heat //

flux tcmains conslant 1o natter how nonuniformly b ‘

the surface heat generation may be distributed. 777 777
lurthermore the suwim of this equivalent surface heat ) :”4"1," /‘—’,."
generation is () because the sum of the net absorbed : 1/’ "“/‘,"

heat cavsed by radiation over all surfaces is 0 (Eq. Lf ! L1

(6)). Therefore, the sum of the outward heat flux vTransmission

caused by radiation is also 0.
This proof requires no assumptions on the external ~ Figure 1 Graph illustrating the separation of

ait temperature distribution, surface cmissivity and ils absorbed heat into convective and
frequency characteristics and the linearization of transmittcd fluxes

tadiative heat transfer. Thus, the stalement given at the beginning of this scction is valid even in the
following situations :

(1) surtounding external temperatures are differcnt from wall to wall,

(2) cmissivilics are different from wall to wall,

(3) nonlinear dependence of radiation on surface temperaturc (4th power law) is taken into account,
{4) the dependence of radiation on wavelengih is also iaken into account.

Also by miaking use of this result, some insight inlo the validity of using the combined
convection plus radiation surface cocfficient of heat transfer and its adjusted valuc for practical use
can be obtained. The fact that the conveetive lihn coefficient (conventional value of 2.3 to 3.5)
should be used in a building with a uniform resistance means the overestimation of heating load
when predicted by the nsual thermal calculation with the combined sutface cocfficient (the
conventional value of which is 9.3).

3.2. Space Heating Load at Non-Steady Statc

The conclusion obtained in scction 3.1. has its equivalent under the tiansient state. That is, the
net cffect of radiation heat transfer under non-steady state is () if the theaual propertics of Ui wall
and the convective heat transfer coefficient is uniform along the enclosure”. “Ihis selationship is
valid even if the surrounding cxternal temperaturcs and their emissivitics are difictcnt frem wall to
wall.

4. NUMERICAL EXAMPLES
4.1. Objectives
Since the results in section 3 arc valid only at i space surrounded by a unifonn cnclosure, it is
necessary to examine how far these can be applicd to an actual siluation with non-unifornn
enclosures. Here, by comparing the heating loads of a simple room obtained by Uie followieg thice
methods of thermal calculation, the impottance of the radiative heat transfer is investigale:!
(1) Radiation heat transfer is calculated exactly by taking account of inter-reflection,
(2) heating Tnad is caleulated by making use of the conventional method of thermal calculotion
wherc the combived sutface coefficient is used, and
(3) the same mcthod is used as (2) except that only the convective surface cocfficient is used
4.2, Mcthod of Wumerical Analysis and a Room Analyzed
The fundamental equations uscd here are Eqgs. (1) through (5) and the nonsteady hicat conduction
equation. For the numerical computation, each wall and glazing is divided into rectanpular cells (2
%2 in the following example). Furthermore wall depths aie divided into scveral slices for finile
difference calculation  Fxnlicit finite diffeience method 15 uced to <olve one-dimencianal heat



onduction equation.
The roor shown in Fig. 2 was analyzed. [t
. : s NG
as dimensions 5 % 3:<3 m” and the walls and .

lazing face the outside (o1 the next room). The
vall is [<b cn thick RC {thermal conductivity 1.6
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0°C. respectively. The convective, radiant and 5. y Ry
he conthined surface coelficients of heat e
mnsfer were set at 4.6, 4.6 and 9.3 (W/m*K), ‘i‘ ——=am "l
espectively. Here a constant value of 4.6 is
nerely given to the radiant coefficient h . A Fig.2 Schematics of room employcd in simulation
ralue close 10 this is often used as a standard Broken lines denote the ccll partition.
‘alue for design purposes in Japan.
}.3. Results and Discussions

Fig. 3 shows the time history of heating load where only one-fourth of the wall with 5243 m?
wea is glazed, In this caleulation, the initial temperatutes were all set at () °C and the room air
cropetatuie was raised to 20°C at time t2z (0. Solid line denotes the heating load where the
adiation inter-rellection is taken into consideration (hereafter callcd an exact solution) and the
roken line shows the result of the usual thermal calculation with the conventional combined
urface coclficient of 2.3 (hereafter called conventional cocfficient solution). The upper figure
hows the heating loads and the lower one shows the percentage deviation from the exact solution.
[he results of conventional theimal calculation with convective {ilm cocfficient (called a convective

olution) deneted by chain lines aie almost coincident with the exact solutjions.

Alter 30 hours when a steady state is almost achicved, the conventinnal cocfficient solution is
1 (kW) compared with exact sototion 3.4 (kW) and overestimates by 46 %. The difference is
arger than B0 % at the begioning of air-conditioning and remaing still large with 65 % even after 2
10urs, which is much Farger than the steady stale errov of 46 7. As shown iu this figure, just after
he change of roam air temperature, the ratio of the heating loadls obtained by using the combined
ind convective coefficients is close to the ratio of their values (h +h )h = 9.3/4.6 = 2, since the
nitial temperatures of all enclosures except for the window are sel at )°C.

Fig. 4 shows the result where a wall with a surface arca of 5% 3 m?is glazed and the wall
pposite to the glazing is a non-adiabatic partition wall. The air tempcerature of the neighboring
‘oom adjacent to this partition wall was sct cqual to the room air tenperature being analyzed. There
s more non-uniformity of thermal properties of the enclosing walls in this situation than in the
otmer cxample, thus the deviation of the convective solation from the exact one may be expected
0 become larger. The errors of the conventional cocllicient solution at steacly state and at the
beginning of the air conditioning are 50 % and &0 %. respectively. On the other hand, the crior of
he convective solution is negative in this case and takes its imaximun value of about - 1.8 % at the
steady state. This discrepancy is not so large from a practical point of view. Furthermore, since an
zrror at the starting time of the air conditioning is also negligible, it can be said that the simple
conventional methad of thermal analysis using the convective film coefficient instead of the
conventional combined one is practical where the degree of non-uniformity of the enclosure is not
arger than the present exawmple.

5. DISCUSSIONS
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Figure 3 Comparison of heating loads
One-fourth of an external wall is glazed. The upper figure shows the heating
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Figure 4 Comparison of heating loads
One external wall is entirely glazed and the opposite wall is a partition.



Although the situation where a convective film coefficient should be used instead of the
ymbined surface coefficient of heat transfer has been investigated so far, it must be noted that this
not always the case and there are several situations where the usual combined surface coefficient
wst be used. The following comments secn appropriate with regard to this point.

Consider a room whose internal walls are all adiabatic. The external temperature is assumed
igher than the room air temperature (cooling case). By exchanging radiation with exterior walls,
\e adiabatic walls have a net radiation gain so that they will have a temperaturc above the room air
‘mperature, thus supporting convection to the room air from other than the exterior walls. Thus,
ie "film" coefficient must be increased by some amount to account for this radiative effect
cpending on the relative size of the transmission walls and adiabatic walls. In the case of a very
nall transmitting wall area, the temperature increase of the internal walls is also very small thus
:ading to the result that the internal wall temperature almost equals the room air temperature. The
ppropriate radiant coefficient in this case is the standard one.

[n the case of a multi-room space, it is not possible to obtain an exact heating load by using a
onvective film coefficient. Consider a partition wall that separates two symmetrical rooms. Here
ie boundary condition at the center of thc partition wall becomes adiabatic if the conditions of the
djacent room are the same as the room of interest, which results to the infinitcness of equivalent
icrmal resistance of the partition wall. Since the thermal resistances of the other walls are usually
nitc, Ure condition of unifonn resislance will not be satisfied.

. CONCLUSIONS

The influence of radiation inter-reflection on space heating and cooling load was investigated in
1is paper. The conclusions of this paper are summarized as follows :
1) Radiant heat transfer has no net effect on the space heating and cooling load if the thermal
=sistance of the enclosure is uniform. This means a convective film coefficient should be used
1stead of the combined surface coefficient of heat transfer for the calculation of the space heating
vad. This is valid even if the outside temperatures adjacent to the extemal walls are different from
lace to place and the emissivitics of wall surfaccs are different from each other.
2) The possibility that the use of the conventional combined surfacc coefficient of heat transfcr
1ight give too large a value of heating load at steady state, up to 40 %, was shown by a simple
1eoretical analysis. Numerical examples showed that a space load error of more ..1an 80 % might
e possible at the starting time of the air-conditioning if tie conventional combined surface
oefficient of heat transfer is used.
3) It has been stressed that the inter-reflection of radiant heat transfer is important and the thermal
nalysis with a convective film coefficient is effective under certain circumstances.
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PERIODIC HHEAT FLOW THOUGH VENTILATED WALLS:
L INFLUENCE OF AIR-SPACE POSITION UPON ROOM TEMPERATURY,
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Dipartimento di Fnergetica, Universifa® di Pisa. via Diotisalvi 2. 56120 Visa (laly)
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Abstract. The thermal behaviour of a room cquipped with diflerent types of ventilated walls
and subject 1o external temperature oscillations is analyzed. The results obtained confinm that the
(ypes of ventilated walls. found in a previous study to be preferable {rom the encipy point ol
view under steady-state conditions. exhibit acceptable behaviour also when such temperature
oscillations are present,

I. Introduction,

Ventilated walls have been recently attracting a good deal of research attention because theit
polential applications to climate control affect both the energy saving and comfort of buildings
In another paper presented at this Congress (1), the Anthors seported the tesults of a study on
the energy behavior of a room equipped with four dillerent types of ventilated walls of equal
thermal resistimce with three different ventilation schemes.

More precisely. the walls dencminated as types | and 3 had a layer of insulating material
between the air space and the outer (ace, while in walls 2 and 4 the same layer was positioned
between the air space and the external wall face. Moreover, in walls | and 2 the thicker brick
layer (therefore of higher thermal capacity) is included in the outer face, while in types 3 and 4 it
is in the inner one. Regarding the ventilation schemes of the interspace-to-room system, in case
A, all the ainllow into the interspace, of thermal capacity c (i.e. the product of the air mass low
by its specific heat), is collected from the outside and is used Lo turnover the air in the room: in
case B the tumover air s introduced directy in the roum, has thermal Tow defined as g, and is
later used to ventilate the wall at the moment of cjection; in the limit casc Y, wall ventilation is
effected using a large airflow that is independent of room-air turnover (c>>g); finally. also the
reference case R of a non-ventilated wall (though with the same thermal resistance) is
considered.

The energy analysis developed in (1) has suggested a good compromise to be the choice of wall
2, with ventilation A during winter and B during summer. This report deals with ventilated-walls
under conditions of periodic heat flow by analyzing the same structures with varying extcrnal
temperature, solar radiation and air-conditioning system power. Indeed, under non-steady-state
conditions, the arrangement of air spaces in ventilated walls is determined, not only by the ratio
z between the air-space-to-outside thermal resistance and overall wall thermal resistance. but
also by the distribution of thermal capacities within the wall (2,3). Furthermore, ultimate
solution of the problem will depend on the thermal characteristics of structures within the room.
Regarding the analysis, the operations {ollowed to derive the main relations used are outlined in
the appendix (2).



. Statement and solution of the problem

In the case in which thermal stress is a petindic function of time. with mangudar fiegnency o
nd period x/2n. it is also necessary to consider the room’™s interal structure (vertical and
wtizontal partitions), as it has a consderable influence. Complex thermal variations 1 of the
oom can arise from temperature oscillations of the extemal air in the shade T oscillations of
he radiation component (T.~Tq) of the sok-air external temperature, or from oscillations ol the
vower Q, of the air-conditioning system (i.c. "equivalent temperatue” Q). We can thus wiile
2):

) To= LTt (= 1) 4 QR

vhich can yield the frequency spectrum of the room’s thermal response. Eq.(1) is a lincar
unction completely characterized by the thiee parameters [y, Ly, La which are dimensionfess.
complex quantities with modulus of one or less. Then, the actual trend of the inside temperaiu e
rersus time can be obtained by calcualating the Fowrier antitranslorm of Eq.(1):

gy o= e

l|(‘t) o .;“['(m’) e
vith m indicating the maximum number of harmounic functions present in the expansions of T
. and Q,. For some harmonic components, the cocllicients L; (i=1,2.3) depend on the chosen
centilation scheme. as well as the elements of the transfer matrices of the two laces of the
entilated wall and those of the elements transfer matrices relative to the structural compaonents
verttical and horizontal partitions) which make up the room interior. Regarding the ventilation
chemes R, A, B and Y; an expression forthese coeflicients is presented in the appendix.
On the basis of Eq. (1), it seems that situations where coeflicients 1., and 1., are small in
nodulus are preferable; in this way room temperature is less influenced by sudden climatic
hanges (variations in T, and/or T.-Ty). On the other hand, large values of Lz seem prefcrable, in
yrder to be able to "correct” room temperature variations with limited use of the climate-control
ystem. Eq.(1) is a generalization Eq.(1) from (1), to which it reduces under stationary
onditions (w--»0); under such conditions, only temperature diflerences must be present in
2q.(1), and so it must hold that L.;=1. In the particular case in which a constant temperature is
mposed within the room (T;=0), Eq.(1) takes the form:

i I.
QsR| =--L Tn - “Z’(T\« - Tn)w
L, L,
vhich quite similar to Eq.(1) of (1), and depends only on ratios (1.,/1.3) and (1.5/L3). Even morc
articularly, for a passive room (Q,=0), (3), without no air turnover (g=0), and a non-ventilated
vall, we can write: Ly=1., (see Appendix); then, ftom Lq.(1), we can deduce: I'= L, T..

. Numerical results.

As a sample application. we have considered a relerence room of 3x4x4m, with a single
xternal wall of 3x4m?, and volume of 48m*. The ventilated external wall is the same that is
sonsidered in (1), the inner structures are made up of a partition of light 0.08 cm brick with
slaster on both faces and by tile-lintel floors 0.20m thick; the air in room has been represented
y a pure thermal capacity M (per surface unit of external wall) assumed to be M=8.4 kJ/m’K.
I'he geometric and thermo-physical characteristics of the materials have been reported in Table 1
»f (1). Regarding the thermal conductivity and difTusivity of the tile-lintel floor, we have
issumed values of0.80W/mK and 3.6 10™ m?/s, respectively.

n contrast to the steady-state case, under oscillatory conditions, the reference case depends on
vall type; so we actually should utilize four diflerent reference cases, one for each wall type.



However, since wall types 1 and 2 and types 3 and 4 differ only in that the position of the
insulating layer and interspace have been switched, and since these two layers are essentially
resistive, with a very good approximation we can state: 1R=2R and 3R=dR. More substantial
differences exist between the first two types of walls (1, 2), as well as between types (3, ),
which differ in the placement of the 0.25m brick layer and the 0.08m light brick.

Figure 1 shows the curve of IL,\ versus (he period y (in hours) for all examined cases, for an
air-turnover rate of n=0.5. The values of |L|| for the reterence case (R) and case B, for

examined values o y, depend very little on wall type and are very close to ecach other. Thus, the
graph presents cases R and B by a single curve (bold). From figure I, it can be seen that the
values relative to case 2A (considered optimal for energy saving) result clearly lower than those
of the reference case; thus insuring better control of room temperature in response to outside in-
shade temperature variations during winter, From this point of view, duting sutmer ventilation
pattern B oficrs no great advantage with respect to the reference case; it is evident that case 2Y

yields values smaller |L.| than case R only during short periods (<7.4 h).

Figure 2 plots |L2| as a function of x, with n=0.5, for (he various cases examined: it should be
recalled that in case V the L; value is always zero and the intemal environment is completely
dissociated from the ciTects of insolation. Now, consider the differcnces between the values of
|L2| {or ventilation scheme A and those for the corresponding reference cases: these are always
positive and generally iuciease with rising x. Instead, the |LZ| for ventilation pattern B arc all

inferior to those of the corresponding reference cases. Here again, the diflference between case B
and corresponding reference case increases, albeit slightly, as a direct function of .

With regard to variations in the intensity of solar radiation, we can confuin that during summer
(ventilation pattern B), only a small improvetent is achieved with respect 10 the relerence case,
while a clear worsening, still relative to the reference, is evident during the winter (ventilation
pattern A) but however, this produces limited effects, becausc of the poor insolation
characterizing this season. As the air turnover rate increases, the trends of the curves

representative ol the various cases, do not change qualitatively. At constant x, the valucs of |L||
and |L2| for any given wall and ventilation type increase as a function of n. As the air tumover
rate increases, so does the influence on the intcrior thermal behavior of both the in-shade
temperature and insolation, ‘L3| is relatively independent of wall type and adopted ventilation
Ji

with n=0.5 and n=2, practically equivalent in all the cases considered hete (case 1Y presents
higher values, but is of limited importance here). As the air turmover rate increases, the value of

system, but depend considerably on the air turnover. Figure 3, presents as a function of y,

il,ji decreases. The higher n is, the less sensitive is the room’s thermal state to the action of the
conditioning system; the difference between the Lj values for n=0.5 and n=2 increases, though
only slightly, as a function of y.

tigures 4 and 5 plot the phase trend (in degrees) respectively for factor L, and L, as a function
of period y (in hours) relative to wall type 2, with n=0.5. Regarding figure 4, it is evident that
the phase trend of L,, in relation to configurations A and Y rewmains iufetior (o those of the
reference case R, while the phase tor conliguration B practically coincides with that of case R.
The Lz phase trend (Iig.5) is quite different (configuration Y has been excluded, because 1.,~0):
here the discontinuity in the curves is only apparent because of the effects of periodicity. The L.,
phase of configuration A results greater than that of the reference case, and the difference
between the two phases, although particularly notable due to the high-order harmonics, remains



ensitive 1o the fiundamental harmonic case (124 hows) For example. for the case ol g 24
owurs and in the reference case, there is a time delay ol about 8 hourse while Tor configuraiion A
his delay is about 10 hours, Such behavior must be considered positive, becanse it tends to shifl
he temperature peaks caused by variations i insolation towards the nighttime. when comfont
eyuirenients are minot.

nally, it is note-worthy that, for coeflicient L., as well. the phase relative (o configuration B is
ery close to the reference case. The curves plotted in the previous figuies do not change
ualitatively with increases in the air turnover what can be seen is that phases Ly and L increase
ppreciably with increasing n, for any given x and configuration. The greater is the air turnover,
he greater also is the time uceded for variations in (he in-shade air temperature and insolation to
ke themselves felt within the room. The 1.5 phage does not depend very much on ventilation
attern and practically comeides with phase Ly relative to the reference case. Phase 1o increases
vith increasing "n"_ reducing the promptness the conditoning system’s eflects.

. Conclusion,

The linear structure of the problemn is such that, for any given configuration, room thermal
ariations tum out to be lincar combinations, suitably weighted by complex coeflicients, of the
xternal air temperature in the shade (coefTicient 1), the insolation (coeflicient 1.,) and the
ower of the conditioning system (coeflicient L), see relation Ey (1). For control of the interior
emperalure, situations are desirable in which coefJicients Ly and Ly are “small™ in modulus. but
vith a “*considerable™ phase in order to limit and delay (he influence of climatic changes on the
ierior (temperatute of external air in the shade and insolation effeets). On the other hand.
oeflicient Ly should be “high™ in modulus, but “small™ in phase, in order to 1ender the action of
he conditioning systemt more eflfective and prompt The analvsis performed reveals the
requency spectium of the moduli and phases of the above-mentioned coeflicients regarding the
our types of walls considered and the more  suitable ventilation schemes for summer and
vinter. In particular, regarding wall type 2. considered optimal with 1espect to cnergy saving
1). we have observed the following: that cocflicicnt I, is practically the same as that of the
eference case when considering the summer and ventilation pattern B: that for ventilation
attern Y, the values of {7, arc lower than (he reference case when considering solely
scillation of short petiod, while the its phase turns out not much inferior to the reference case:
hat in winter with (ventiladon pattem A). wall 1ype 2 is preferable to the reference  case with

espect to both (4,1 and phase 1a: that coeflicient Ly is quite independent of wall tvpe and
entilation scheme for all the cases examined

hus. we can conclude that wall type 2, aside liom being optimal with respect 10 encigy
onsumption, also demonstrates behavior, which thovgh not satisfying all requitemenis o
nodulus and coellicient L, phase. s overall quite aceeptable for the various examined ventilation

atterns under periodic heat flow.

Appendix.

We would like provide a briel outline of the calculation of coelficients [ (i = [.2.3). delincd
mplicitly in Eq.(1). Through this appendix all yuantities are relative to one unit ol external wall
urface. l.et the 2x2 matrices with elements £ 15, Gy, 1l and L, Fo, Gs, T1; be the tansler
natrix belonging respectively to the external and intermal wall (aces. Each of these matvices will
e calculated as the ordinate product of the twnsfer matrix of the single-layers making up the
ace in question. The fust and last af thesc layers will be considered a purcly vesistive tvpe
epresenting the thermal houndary resistance (2.4). In the following we nse the definitions:

VG LA C N P Nl 1) ', n=(1-¢"Yos.
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The internal part of the room is formed by P structural elements (vertical and horizontal
partitions). In many cases, the a given inner wall of area Sn is symmetrical and separates spaces
having the same temperature. In these cases, the surface passing through the middle of the wall
can be considered to be adiabatic; thus only the half-wall facing the room results important for
the thermal problem of room itself. So, if we define as g, and h, the third and the fourth elements
of the transfer matrix relative to the n" inner half-wall, and we represent the air and objects in
room as a purely thermal capacity M, the influence of the room’s intemal structure is explained
by elements of type (2,4):

A, = joM + Z]g—\
l||
where the summation must be extended to all internal p structures and v, represents the ratio
between the surfaces of the n" stiucture and the exteinal wall. Regarding the ventilation patterns
examined in the work (R, A, B,Y), let us consider the following relations (2):

F 1 1 1 1
R: /\=g+i[l~lZ —-—'J+/\n. L, =-—~(g+—) R R P
F, N INGAEY AN AR,
I F,
A: A=g+—|H, + —(m-D-1|+A,
ry, L N J
F,+F -N) 1I- 1 I-
L= g s MEHR-N) 1o L,,r——"—’_'—+—ﬂw 1, ek
A F,F, N *TALF, N | AR,
1 F 1 1-n -7
B:A=g+—|H, +—(n-0)-n|+A,. L :.-( +-——-), L=—3 L o=.—
& F,[ AEAL "] N CAREY *TAN 7T AR,

H | |
Y: A=g+F—z+An 5 LI 27-\‘({1'*’—]:‘—} 5 LZ:O . L] =—
2

2
The stationary case can be obtained from the previous relations as the limit case foi ©—0, that
is, the limit for low frequencies. It can be clearly seen that
N - R, Ao —> 0, o > [cRa(1-2)]"

and thercfore

E, =H,=1, Iy =2R,, G)=0, E,=H=1, IF=(1-z)Rt, G20
and, [inally, through the expression for L; shown abave; e can easily obtain the limit-case
expression of A, = L; (cv—0), which obviously corresponds to tliose used in (1).
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VENTILATED WALLS: AIR-SPACE POSITIONING
AND ENERCGY PERFORMANCE

C. Bastoli. M. Cianii. G. Tuoni
Dipartimento di Energetica. Universita’ di Pisa, via Diotisalvt 2, 560126 Pisa (lialy)

Tel 39-50-569611 - Fax 39-50-569600

Abstract: The encrgy hebavior of walls having a ventilated air space is aualyzed. Varying wall
Lypes and interspace arrangements are considered with the aim detcrmining the configurations
best-suited to the winter and simimer seasons

1. ntroduction

Ventilated walls (double masonry walls whose interspace allows airflow) were initially
designed to It bumidity deain from the imterspace. Later, resolving problems linked to air-

conditioning and cnergy saving. became the main goal of rescarch (1-5). A recent study (1),
aunalyzed the enerpy efficicncy ol difleient conliguratinns ol ventlated walls under steady-state
conditions (including the case of a tansparent external fice exposed 1o sunlight) and arrived at
thice patticularly elficient systems of interspace-to-room air circulation,

I'he presem svork examines the encrgy expenditwe for climate control for (he said thiee
configimations. as el as for all possible arrangements of the ait spaces. Although the
arrangement minioizing enerpy varies. particularly according to the outside temperature and
degree ol msulation, it is nevertheless possible (o find different configurations best-suited o the
wter and sominer seasons

2. Statement and solution ol the prohlem.

W Tais the extemal ait temperature in the shade, I. the toom temperaiure and ]\ the well-
known sol-air temperature delined as:

="1o+al o,

where a s the wall’s olac-radiation absorption coefticient, 1 the radiation intensity, and «, the
external botmidary surface heat wansfer cocllicient. he overstricken guantitics denote average
values over time (c.g. average monthly valucs).
Furthermore, let R, and R; be the (hermal resistance between the interspace aad the extemal and
intermal air, respectively. and R RoPR; the wall's overall thermal resistance. In the steady state
the interspace positioning within the wall is determined by the dimensinaless patameter 72 RU/R,
that represents the ontsvard (raction of thetal resistance: obviously 0< 7 <1
The steady-state problem has been studied and the thermal power Q: necessaty lor room
conditioning coleulated for all possible room-interepace air civeulation schemes (1), 10we neglect
the contribution of irradiation inside (he interspace, the results obtained by (he previous authors
may he summarized (with modilications in notation) by the relation:

! i T 7") g o
(1 QR, = (T~ T~ (1,-T,)
)\.\ =2y,
where coeflicients A, and 2, depend on the ventilation scheme and the propeitics ol the
ventilated wall through the quantities:



7, v = pRi, oo =1 z(1--2)y. n=(1-¢ ") /e,

n which g is the thermal airllow into the room. Ilere, insiead of g we will often utilize the
wmber n= g/Vc', expressing the room air turnover, where V is the room volume and ¢' the
specific heat of air per unit volume. tHerealler, we refer to thermal flow as the product of air
nass flow by its specific heat. For our putposes, it is also useful Lo infroduce the specitic thermal
cquirement:

ecause we compare different walls with the same overall resistance and conbfigurations in which
Ul inward (low is new turnover air. We introduce the envitconment parameter € defined as:

vhich expresses the relationship between insulation eflects and the inside-to-outside thermal
aradient (in the absence of insolation T, Toand £=0) | 1] Thus, iq.(1) may be written as:

S I

2) FIS= - .2
3 )

So the specific thermal 1equirement 'I'S is a function of ratios /A, and X, /A, and of the inside

N
S

ind outside thermal ficlds through the environment parameter &
A aritical parmmeter considered in the following analyses is called the performance parameter S.
lefined as:
G = Qi = Q

i 0,
where Qg is the thenmal power needed for room conditioning without a ventilated inferspace.
hough with the same heat transter coellicients, I swhat foltows. this case will be adopted as a
elerence madel. and shall be denoted by R. Obviously, if we compare walls having equal overall
resistance, parameter S must also be defined in terms of specitic thermal requirements.

I . }
it ‘ s =

c ¢ oy
Fip. 1. Ventilation pattems

For canvenience. by winter season we refer to the period of the yvear during which Tes T
ST (0<821), while summer is defined by Too Fa e T (E Q). During winter. al or very near
nidday the sun-air temperature for southern walls may reach peak values higher than the room
empetature. Moreover, in genceral the average sun-aiv temperature value assures that paraweler
2 18 less than unity. As the analysis developed in (1) demonstrates, ventilation pattems A and B
md borderline case Y are very important (see Fig 1). In case A we consider allowing all the
mterface air, taken from the outside at temperature To. to enter into the room at thermal How ¢
as air timover (c=g). In case B3, all the stale air from the room at temperature T is cjected to the



interspace (¢—g). At times it may he uscfull ta eject to the outside all the air allowed to [lowed
into air space; if the interspace aitflowv is very high (c>>g), borderline case Y results. in which
room’s thermal behavior is independent of insolation. For such ventilation models, we have:

R L=k =—-s FIS=1+y-¢&
: I +y
. — |
A A =LH]L/——Z—)~7J—. A= FIS=14+y —q —(I+—]]—— 11J§
’ I+y - I+y-7 .z
(3)
- i
By 7, =y, Ay === FIS=1+y - n-(1-n)E
I+y-m I+y—m
-z - 1
Y: A =0, A, = e FTS= - -+y
i T l+y(l-2) -z

3. Numerical results.

We consider the very common case where the outer wall is made up ot three layers ol
different materials: the first brick (I.), the second light brick (Lg), the third in thermal insulation
(1s); and the inner wall has two layers of plaster (In). The thermo-physical and geometric
characteristics of the materials are reported in Table I (d thickeness of layers, k thermal
condnctivity and [} thermal diffusivity). The assumed reference values for the intemal and
external boundary surface coeflicients of heat transfer are 7.7 and 25 W/m’K respectively, and
that for the specific thermal resistance of the interspace 0.13 m’K/W. We have considered a
reference 1oom of 3x4x4m with a single outer wall of 3xdm® and volume of 48 m’”.

Tab.I
Material d (cm) k(W/mK) | 3 10° (mrs)
Bricks (L) 25 0.45 0.50
Light bricks (Lg) 8 035 0.58
‘Thermal insulation (1s) 5 _0.054 | 2.8
Plaster (In) 1 0.70 0.44

The outer wall can assume four configurations depending on the order of the layers, with the
constraint that the interspace (J) and insulation layers must be between the two brick layers. The
arrangements are shown in figure 2 and numbered from | to 4 (insulation is represented by the
shaded area, plaster layers are not drawn for clarity). More precisely, the layering for the
different wall models are the following: In-L-Is-J-Lg-In, type 1; In-L-J-Is-Lg-In, type 2; ln-Lp-
Is-J-L-In, type 3; In-Lg-J-Is-L-In, type 4. Hereafler, for each wall type we will consider the
threc ventilation patterns spccified above plus the reference one; thus yiclding a total of 16
cases, each of which willbe denoted by a number, indicating the outer wall type, and a letter (A,
B, Y, R), for the ventilation pattem (e.g., IA denotes the case of outer wall type I from figure 2
and ventilation pattem A). Under steady-state conditions we obviously have only one reference
case (cases NR with N=1....4 are all equivalent) which will be indicated simply as R.

Figure 3 reports the FTS trend as a function of the environment parameter & for different
possible cases and n=0.5. Figure 4 illustrates an enlarged detail of figure 3: E indicates the



tersection point of the straight lines corresponding to cases 4A and 2A; F the intersection of
ses 3B and 4Y, and G the intersection of cases 2A and 3A. The graph shows that, with the
cception of ventilation pattern Y, during winter (0SE<1) the ventilated wall is always preferable
rer the non-ventilated one (case R); while during summer (£<1) ventilation pattern B is always
ore suitable. Ventilation patterns A and Y. on the other hand, may result superior for only a
wrrow range of values of &. More preciscly, during the winter, [or 0 <& < &g (§: = 0.0350), the
ost suitable arrangement is 3A. while for £ < § < & (& = 0.276) it would be 2A, and for § >

99) (2) 3 (4)
I'ig.2. Outer wall configurations

uring the summer, for £ > &g (€ = —0.795) the most advantageous arrangement is 3B, whereas
r€ <Epitis 4Y.

the air turnover rate increases, the linear trends of the various cases do not change
ialitatively. 1{'n incieases, the abscissas of points F, G and I decrease; in particular, for n=2. &,
-3.20, £;=-0.0122, &;: = 0.0811: that is to say, as air turnover increascs. so does the range ol §
llues for which the case 4A yields better results during sunmiuer and case 3B is prelerable in
nter,
nally, it can be seen that the value of specific thermal requirement, FTS, concerning cases 4A
i 2 (for £>E).), those relating 10 cases 2A and 3A (0<E<E):), as well as, for £<0, cases 3B
1d 2B and 2Yand 4Y, are very similar; all this lead the conclusion that in practice the best wall
type 2 with ventilation pattern /\ in winter and ventilation pattern B or Y (for high insolation
ilues) during summer.

gure 5 illustrates for wall type 2 alone the performance parameter S as a function of §, for
0.5 and n=2; it can be seen that with n=0.5 the curves for ventilation patterns B and Y
tersect at £=€y =-1.18 (for n=2 the intersection would be occur at £€=E,=-3.98). The graph
veals that during winter, with ventilation pattern A, parameter S increases as £ increases, and
at for any given value of €, it decreases with increasing n. For n=0.5, paraweter S varies from
minimum value of roughly 13% at £=0 (no insolation), to a maximum of over 60%, for £=1.
hich corresponds to insolation: I=a( T; - Ty)/a. In summer, for n=0.5, the most appropriate
:ntilation pattern would be B, if £,<E<0, while if €<, it would be Y. Parameter S increases
lickly as & decreases, and at £=0 reaches a minimum, equal to about 13%. For n=2, except for
xy high insolation values (I>a. ( T 'lc) €/a). the most favorable pattern is B; again,
irameter S increases as £ decreases and reaches a minimum of 10% at £=0.



L. Conclusions

fhe practical case examined in this paper illustrates the design ciitesion for the arrangement
ol ventilated aii space dealt with extensively in (1). Four different types ol walls were studied,
all with the same thermal resistance but differing values of parameter 7. Clearly. fiom (he
practical point ef view. the wall type must be fixed once and for all. while the ventilation patiern
vy be varied according (v the climatic conditions (winter/ summer). The simplifications
adopted allows the analysis to be performed through simple relations leading to casilv-read
graphical representations. In particular, of the walls studicd. the best confipuration results to be
sccond, because it assures a suitable arrangement both in summer, when veatilation B (or Y for
high insolation) is preferable, and in winter. when ventilation A is preferable. Encrgy savings
over comparable non-ventilated walls are, in the worst-case scenario of no insulation at all,
grcater than 10%. and could easily attain values over 20-30% for any reasonable level of
insolation.
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A SIMPLE COMPUTER CODE FOR ESTIMATING ENERGY LOAD IN
BUILDINGS AS RESULT OF MECHANICAL VENTILATION
S. Vitale
ENEL S.p.A. - CRAM, Via Volta 1, 20093 Cologno Monzese (Milan), Italy
E-mail: vitale@cram.enel.it

Abstract

Mechanical ventilation in buildings requires appropriate systems for heating and cooling. The
costs of energy demand represent a high percentage of the global costs for climatisation. As a
part of a project concerning these subjects the development of a computer code for
evaluating energy load due to mmechani 1 ventilation in buildings is in progress.

The mathematical model is based on ¢ .plified equations to fit dynamically the psychometric
curves. Inlet air flow rates are evaluated according to the more recent alian regulations,
Energy amounts are calculated at hourly time-step taking into account time dependent
operating conditions chosen by users such as set-point temperatures, relative humidity,
ventilation rates, use and occupancy of the rooms, scheduled time of operation. Meteo test
reference years for the main [talian situs we used as default hourly climatic data.

1. Introduction
Within the frame of a research programme co-ordinated by ENEL Spa on air quality in non-
industrial buildings, it was necessary to use an instrument for a quick estimation of thermal
loads due to external air changes as a [unction of the expected climate trend, the choices
made for running the systems, and the use of rooms. Literature already includes many
soflwares developed for this purpose, but their use is not always simple for non-expeil users
and the references to national regulations are not always up-dated. In order to have a product
amplying with our requirements, we are developing the “VELA” (Ventilation Load
.wnalysis) code. Reference norms are the Italian ones and in particular refs. (1), (2), (3)

2. The mathematical madel

In its present version, the code allows to dynamically estimate, with an hourly caiculation
cycle, the energy requirement arising from the treatment (heating/cooling and at the same
time humidification/de-humidificatien) of external air by a central system, without taking into
account thermal dispersal. F¢. the calculation of humid air mass-enthalpy ./ (J/kg) of the dry
air/steam mix, the formulation reported in ref. (4) was chosen, obtained by assuming, as is
comnionly done, that the value of air enthalpy at 9°C and 101.325%10" Pa pressure, is equal
{o zcro:

J=cp, * T+2490.7 *10* * X +cp, *T* X (1)
wherein;

X = air water content (kg/kg)

CPa. CPv = specific air and water heat (J/kg K)

T = air temperature (°C)



For air water content, the following equation may be adopted which, during the concerned
inlerval, approaches the values that can be obtained from the psychometric curves, ref. (5),
having fixed temperature a*  imidity values:

X=U*3.59 %107 * exp(0.0684 * T)/ 100 )
wherein U is the relative humidity.

Considering the subscripts i, e and r referred to internal, external and recirculating air
respectively, the thermal load E (J) for the cimulation period is determined as

2
Ef= '[(Mi'Ji"Mc'.'c—Mr‘Jr)dt (3)
t

Heating and humidification during winter and cooling and de-humidification during summer
are the only air treatments taken into account.
The mass of internal air M, (kg/s) treated during the time unit is expressed as

Mi=p *Q, )
p = air density (kg/m")
Q, = air flow to be treated during the time unit (m%/s)

In the field of air conditioning both air and steam may be considered as perfect gases and
therefore for dry air, one obtains

p=10333 /(2927 * (T +273.15)) (5)

The air flow Q, to be heated or cooled is calculated as follows:

Qn=cl*Qop*N (6)
wherein

) = altitude correction coeflicient

Q., = specific air flow per person (m'/s)

N = reference crowding for design purposes

The correction coeflicient c; is obtained by linear interpolation of the values of Table (1)

Table 1. Values of altitude correction coefficient

Altitude a.s.l. (m) ci coeflicient
0 1.00
500 1.06
1000 1.12
1500 1.18
2000 1.25

Lacking certain data on the N number of people permanently present in rooms, the following
relation may be used:

5|
)
A



N=N*$ )

N, = crowding index per surface unit (1/m?)
S = useful floor suiface (m°)

The surface S is estimated considering a conventional occupied volume V (m*) as a room

portion defined by the following surfaces:

— flocr;

— ahorizontal surface placed at a height of 1.80 m ahove the floor,

— vertical surfaces places at a distance of 0,60 m from each of the room walls or the
apparatuses for environment climatisation

The values of Q,, and N, (number of people present for design purposes per each square

meler of useful floor surface) may markedly difler, according to the use destination of raoms,

Table (2) shows some reference valies:

Table 2. Reference values of specilic air flow per person and crowding index

TYPE Qe (10°m/s) N, (1/m%)
Individual offices 11 0.06
Open space ollices 11 0.12
EDP centres 7 0.08
Meeting rooms(-":) 10 0.60
Reading rooms-libraries(-+) 5.5 0.30
Museums(+) 0 0.30
Living rooms, bedrooms 11 0.04

For rooms to be used for public entertainment or meetings, marked by (+) in the Table (2),
instead of Q,, the Q. real flow is utilised, obtained as follows:

if V/NsIS  then  Que=Qup (8a)
CISC If V / N > 4s then ()npc = anmin (8b)

wherein Q,,emin is the minimum air flow allowed, calculated according to the following Table

3):

Table 3. Values of minimum air flow allowed

Qo (10”'m"/s) Qo (107 078) |
up to 7 4 ‘
7 to 10 5,5
10 to 12.5 7
over 12.5 8.5

Lastly, if 15 << V/N < 45 onc obtains

anc = Q"p + ((Ql‘pmin - an ) / 30) & (']5 + V / N) (80)

N )



3. Code use

The computer code is written in MS Visual Basic™ language and is composed of some masks

with curtain menus for input preparation and for the graphic visualisaticn of the results. The

following input data are required:

— Choice of a simulation site from a database of the standard years of the main ltalian sites;
utilised data include relative humidity, hourly temperatures and site altitude

— Surfaces of rooms to be conditioned and their use destination, room crowding. According
to use destination and expected crowding, the air flows are calculated in difTerenl manners.
As an alternative to crowding data, already tabled indexes are proposed. These
calculations are carried out according to what is provided by ref. (1).

—~ Subdivision of the period to be simulated into one or more heating, cooling or in-between
season periods. The chosen minimum duration of each period must correspond to a week
Periods provided by ref. (3) are proposed by default depending on the climate zone of the
site.

— For each period so determined the standard week must be defined, namely for each days of
the week one must specify the hours when the system is running, which hours need not
being consecutive, in relation with the particular needs of users.

— Choice of the temperature and relative humidity to be achieved by external air to be
treated during heating or cooling periods.

When all of the required data bave been defined, it is possible to start the computation phase
or review and modify any defined input parameter, also by means of the use of a printout of
the whole of the selected data and the diagrams of meteo data of the concerned site.
As output, the code provides in form of diagrams and tables, for the diflerent use destinations
and the various periads, the energy requirements of air treatment systems for heating, cooling
and humidifying rooms. Data are recorded every hour and the possible visualisations range
from those of daily trends to those concerning the whole year. Heating and cooling
requirements as well as sensible and latent energy loads may be visualised also separately, For
the purposes of the work session, the case can be filed and added to a reference database.
liled cases may be consulted quickly, as a short description is associated to the {ile name, and
input data of the stored file may be utilised for new simulations, making therefore the loading
phase easier.

The simulation concerned the computation of the thermal load of a central system, due to
sensible and latent heat. Two identical buildings were chosen in Rome and in Milan. For the
definition of running limits of thermal systems in winter, 1eference has been made to DPR 26
August 1993 no. 412, ref. (3). Input data are shown in the Table (4)

As the specific heat of dry air at the atmospheric pressure of 101.325%10" Pa in the
temperalure interval from -40°C 1o 80°C ranges between 998.3 + 1021.4 (J/kg K), a cp,
value equal to 1004.6 (I/kg K) was assumed. As specific heat of steam cp,, the constant value
1925.6 (J/kg K) was adopted. Internal air recirculation is not considered.

In the calculation of the specific air flow per person Q,, and the reference crowding N, Eqs
(7) and (8a) were used, as the V/N< 15 condition had taken place.

Diagrams show some results of the simulation. In particular, Figs. (1) and (2) show the
monthly average temperature and relative humidity of external air for the two sites being
examined. Thermal load tiends for the various months of the year are shown in Fig. (3). It is
possible to distinguish the heating, cooling and in-between season periods during which the
system is not running



Table 4. List of input data

Site

Milan and Rome

Surface assigned to offices

30 modules of 20 m’

Surface assigned to meeting rooms 200 m”
Surface assigned to EDP centres 100 m*
Surface assigned to libraries 100 m*

Room crowding

as per UNI 10339

Days ofuse ot'the system

Monday to Friday

Hours of working of the system

6:00a.m. to 7:00 p.m.

Winter and summer temperature set-point 22°C and 24°C

Winter and summer relative humidity set-point 50%

Duration of simulation vearly

Duration of heating period Milan: 15/10 - 15/4
Rome: /11 -15/4

Duration of cooling period 15/6 - 15/9

5. Conclusions

The “VELA” code for the computation of energy consumption of HVAC systems in non-
industrial buildings has been shortly summarised. In this first version the enthalpy differences
ensuing from ventilation and humidification/de-humidification of :xternal air are considered
according to the Italian regulations in force. Further implementations shall concern the
refinement of the evaluation of energy contributions, taking into account contributions such
as the power required by fans and conditioning terminal units, the presence of possible heat
recuperators, etc
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ABSTRACT

Glazing 1s one of the parameters that most influences the building cuergy conservation, s¢
it should be taken into consideration especially in non-residental buildings. since the surface of
plass arcas is very important in this typology. The aim of (his paper is to analyse different glass
area shapexs as well as the influence they have on the energy consumption ol non-residentiul
building. Horizontal glazing {(with differeni heights) aud vertical glazing (with the sane area as
the horizontal ones), separaled by opaque areas are considered in a base case building. A
traditional wall and a curtain-wall arc also considered, and the different annual consumptions
per surface unit are obtained in winter and summer,

I. INTRODUCTION

In non-residential buildings the thermal interactions between the structure of the building, the
indoor air, (he internal heat loads and the solar radiation result on [tuctuations in heat surplus
or deficit (4), so the building energy performance is particularly complex in this type ol
buildings. On the other hand, considering the fact that glazing is the weakest spot ol building
envelope fram the point of view of thermal transfers, these transfers are more impaortant than
those which may take place through opague weas, both in sunoner and winter. Althougl glazing
plays such an important role in the local thermal condition passive control, it is usually treated
at the design stage as if its only fargel was 1o visualize, illuminate or be just a composition
element of the fagades.

Itis a tact that in many buildings, one third of the heat is lost only through the windows: the
internal heat sources may balance these losses through the glazing (2), nevertheless a more
realistic estimation of the thermal transmission through (he window becomes a necessity il @
proper design and a decreasing of heating and cooling energy consumplion are to be achieved.
On the other hand, the awareness exists that the theoretical basis of even the mast sophisticated
programs may not be totally appropriate for highly glazed areas, as it is the case of office
buildings, for both the radiation transfer and the building structure interactions are extremely
complex (5).

The Weighting Factor Method has been used in this paper (1). This method estimates the
instantaneous sensible load with a simple, flexible technique, considering the parameters thal
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ffect the building energy flow. The Weighting Factor Method represents z-transfer functions
1) and it accounts for the parameters which affect the building flow: it also allows heat gains
y be fixed at a constant temperature, from the physical description of the building, the
nvironmental climale conditions and internal load profiles.

As it was stated above, glass arcas have a great relevance, especially in (he energy costs of
commercial building, hence the effect of different plass shapes in a base case commercial
uilding has been studied: horizontal continuous windows with variable height, and vertical
iscontinuous windows with fixed height and variable widlh, so as they can have (he same
urface as the former ones. »

.1 Base_case building

A ten-lloor office building localed in Madrid is taken as a base case building in (his paper;
| has these characteristics: 40m x 26m floor; 37m height, whicli corresponds (o @ gross surface
er floor of 1036 m?, uselul conditioned of 795 m2 The location of this building is the most
isadvantageous onc because the largest (agades look out into the cast and wesl.

Months {rom November (o March correspond to the winler season, all the others
orresponding to the summer season.

In the estimations, a constant interior lemperature of 20 "C and RH 50% in winter. and 25
C and RH 55% in summer is taken into consideration; (he exlerior (emperature is variable, so
ie calculations are carried out hourly.

With regard to the exterior conditions, meleorological variables are generatcd hourly from
eliable meteorological data; on the other hand, an auxiliary programme has been used. Relating
he daily slarting data, the maximum and minimum temperature, the total daily irradiance on
orizontal surface and the day absolute humidity at maximum temperature hour arc considered.

The heat transmission coefficient ol opaque arcas (K-value): -horizontal- roof Kr=0.43
N/m2.K, light color (cream); floor levels above open space Kf=0.66 W/m*.K. -Vertical-
raclitional wall with seven layers and with a total thickness of 23.5 cm, with insulating material
4 cm, 244.6 kg/m? and Kw=0.61 W/m2.K, and a curtain-wall with four layers and a total
hickness of 5.3 cm, an insulating material 5 cm thick 89.6 kg/m? and Kw=0.42 W/m? K. bolh
nedijum color (green and blue, bright red, light brown, wood and concrele). With regard (o the
netallic windows wilh different types of glass, which are studied in this paper, hey are
lescribed next.

Glazing having no shading devices, except the shadows cast by selback. The results of the
nergy consumption calculations are oblained per useful or net surface unit, and a [ree height
f 2.80m in all floors is considered. The internal loads are fixed by: occupation 55 pers./floor;
sentilation 2000 m*/h floor; itlumination 7.95 kW/(loor. The characteristics of the glazing
-onsidered in this paper are: colorless; insulating 6-+6 mm with an air space 12 mm and 6 mm
hick, and Kg=3.7 and 4.0 W/m2.K respectively; single 6 mm with Kg=5.8 W/m?.K. Each of
his glazing is atfected Dby its corresponding corrective coefficient of the solar gain factor (c.c.).



2. ANALYSIS OF RESULTS

The energy consumptions (e.c.) per conditioned surface in summer and winter for the base
case building, with windows of different height, hw=1.00m, I.{0Om, 1.20m, 1.30m, all of them
round the perimeter of the building, are estimated. These glass areas are then transformed from
continuous to discontinuous, with the same fagade surface than the previous ones. In order to
do this, the glazing height is: h=2.10m, from floors to lintels. This shape change done, taking
as variable the external vertical opaque surfaces (traditional wall and curtain-wall), different ¢.c.
are observed. These consumptions are achieved from different types of glazing with their codes
into brackets, the first symbol for the continuous glazing and the second for the discontinuous
one: 6+6 mm colorless insulating glass with a 12 mm air space ([1) (a); the same glass with
a 6 mm air space (+) (x); 6 mm colorless single glass (<) (v).

When the e.c. values of each of these types of glazing are achieved, a regression line,
oblained by the least square method, is adjusted, and in this way a line equation is oblained,
representing the variation of these consumptions for glazing with a surface even smaller or
higger than that of the glazing considered in this paper.

In Tables 1, 2, 3 and 4 ihe e.c. corresponding tu sumimer and winter with traditional walls
and curtain-walls, insulating glazing with a gap of 12 mm, the four different heights and the
transformed ones with the apostrophe, the equations and the medium variation are showed. In
order to simplify, and just for the Tables, vuly values corresponding to 6+6 mm insulating
glass, with a gap of 12 mm, are represented.

In Figures 1, 2, 3 and 4 the values obtained tn summer and winter with a traditional wall and
curtain-wall are studied. On the axis of ordinates in the diagrains, (he consumptions per
conditioned uselul unit surface (kWh/year m?) are represented; on the abscissa axis, the fous
heights of continuous windows, which coincide in the same way with discontinuous shape-
transformed windows wilh hw=2.10m, both cases having an equal glass arca, arc represented.
In these Figures, nol only the lines corresponding to the e.c. showed in the Tables for
conlinuous rectangular horizontal windows, insulating glazing with a gap of 12 mm () and
shape-transformed discontinuous windows, willi the same glass (a), are represented, but alsc
those corresponding to insulating glazing, gap of 6 mm (+) (x), and single glazing (©) (v).

3. CONCLUSIONS

-The e.c. become higher if the glass arcas are Jarger.

-There is a linear relation corresponding 1o a law as: c.c.=ax + b this law is obtained from
the different types of glazing shapes studied. In case there are no glass areas: b > o, for there
is thermal transference even through opaque surfaces.

-The intervals of energy consumption for these shapes, depending on the three types of colories:
glazing studied, in (he summer season and with the traditional wall, vary from 0.92% to 0.78%
with the curtain-wall the variation is from 0.39% 1o 0.3%. In the winter season, with traditiona
wall, between 0.18% to 0.16%; with the curtain-wall the difference is not signilicant.

In short, the energy consumptions are always higher in summer, if vertical discontinuout
windows starting from the floor are used, than when the rectangular continuous ones of the same
area are uscd. These energy consumptions can show an insignificant variation in winter, if the
curtain-wall is considered.
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Tahle 1. Cnergy consumptions in Stunmer with traditional wall

Shape Height (n) E.C.(kWh/y.m?) Lqualion Mediumn variation { %)
1.0 2473
. 11 25.34 )
Horizontal 12 25.95 c.e.=6_13x+ 18.60
) 16,57 0%
by 24.96
R (e 2585
Vertical P 26.14 e.c.=593x+19.03
1. 26.74

Table 2, Energy consumptions in Summer with cuntain wall

Shape Lieight (m) E.C.AkWhry.m?) Eaguation, Mediun sarinting (96
1.0 26.16
1 26.75
Horizantl 5 2738 e =8.07x-4 20,19
13 27.95 a3
1o 26.24
114 2681
Verticnl P2 27.43 ce =6.0xv 12024
URE 28.04

Tuble 3. Energy consumplions in Winter with traditional wall

Shnpe Height (m) E.C.(kWh/y.m?) Equalion Medium varialion (‘)
1.0 14.92
I 15.35
Haorrotal 1 ; 15.79 e =4,24x4 10 S8
1.3 16.22 LR
1.0 14,94
4" 15.37
Vertical 1.2 15 .81 e =4,40x+ 10 54
Jls3* 16.26
Table 4. Energy consumplions in Winter with curtam wall
Shape Height (m) E.C.(kWh/y.m?) Equation Mediwm variation (%)
1.0 13 36
[N 13,88
Horizontal 1.2 14,24 c e, =4.90x4-8.46
1.3 14.83 20.05
(M 13,35
(N 2384
Vertical V2 14.33 voe.=4 93x+8.42
13 14.83
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Abstract

This project studied a new cooler system utilizing the Peltier
effect for Building. The major objective of this study was to prove
the baseline concept through experimental studies. The important
results from this study included design and fabrication of a
laboralory-scale cooling system. The cooling capacity of the TE-
Cooler was 0.4 ton of refiigeration. The experimental testing
system has been built to include a test chamber, heating element,
circulalion pump and cooling tower, and the instrumentation system
included walt-hour meter, temperature sensor, hygrometer, flow
meter, calorie meter and data acquisition system by the Hewlett-
Packard and the TE Model TS-205 The preliminary testing results
showed the system COPc of close to 0.4.

1. Introduction

Environmental pollution is becoming a greatest issue on earth
as global energy demand increases. Particularly, carbon dioxide
gas generated as a result of combustion of fossil fuels, depletion of
ozone layer as a result of use of freon gas etc... are becoming
cause of accelerated global warming. Thus, every country on
earth will soon have to be regulated by an international
agreement, " Green Round" , regarding consumption of fossil fuels.
This paper reviews principles of thermoelectric heat pump and a
power generator which respectively utilizes Peltier effect and
Seebeck effect of thermoelectric semi-conductor materials and
aims to develop a new cogeneration thermoelectric heat pump
and a power generator utilizing "solar power as main source of
heat". The paper reports on the design, fabrication and preliminary
experimental results of an air-conditioning system.



2. Theory of thermoelectric technologies
2.1 Peltier Effect

Peltier effect was discovered in 1834 by Peltier, a French man.
He found that when direct current is passed through a closed
electrical circuit comprising two dissimilar materials, one of the
two junctions become cold while the other becomes hot, indicating
that the circuit works as a heat pump as shown in Fig. 1.

Cooling

Heal Excnanan»

.............................. Efectrcal
Heal e ] rirlein il bt Insulation
Pumping
N Type P Type

I Semiconductor
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4 {1
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Energy Source

¥
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Fig. 1. Principle of Peltier effect and basic construction of Peltier
cooler

Fig. 1 also shows the principles of a most elementary
thermoelectric  cooler comprising P-type and N-type semi-
conductor materials. The N-type material has excess electrons
while the P-type material has on the hand insufficient electrons
while electrons originating from the cathode of the battery are
flowing toward its anode through the two semi-conductors in the
circuit, the excess electrons in the N-type material and the hole
in the P-type material carries heat energy from the cald junction to
hot junction (radiator). Thermal energy transported to the radiator is
expressed by :

Qp=S 1 Tc

where
Qp = Peltier cooling effect (Watts)
S = Seebeck coefficient (volt/°c)
| = Electric current (amp)
Tc = Cold junction temperature (°c)



2.2 Seebeck Effect

Geebeck effect which has direct relationship with Peltier
effect,was discovered in 1882 by Seebeck, a German, 12 years
prior to the discovery of Peltier effect. Its principles, as explained in
Fig.2, are as follows: when two junctions of an electric circuit
comprising two semiconductor materials, P- and N-types are
subjected to a temperature difference, an electromotive force is
generated in the open circuit and an electrical current is available
when the circuit is closed - phenomenon of Peltier effect in
reverse. Physists explain this phenomenon as follows : When
excess electrons atthe hot junction of the N-type material are
subjected to a high temperature, these electrons energizes on the
average above the Fermi level in the energy level. These
electrons in a higher energy level diffuse toward the low
temperature junction in order to reduce energy level, resulting in a
negative charging on cold junction while the hot junction becomes
positively charged. In counter to the process of this electron
diffusion flow toward the cold junction, a voltage is generated. On
the other hand, in the P-type material where holes are carriers,
the cold junction becomes positively charged while the hot
junction negatively charged, resulting in power generation due to
the electromotive force. Fig.2 schematically shows a case where
solar heat is used a heat source.
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Fig. 2 Principle of Seebeck effect and example of solar
thermoelectric power generator
3. System design and performance analysis

3.1 Modeling of air-conditioning system

In order to study on thermoelectric air-conditioning, an
experimental air-conditioning system of 0.4 RT capacity has been
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modeled as shown in Fig.3. An experimental prototype (Fig.4) was
built for performance tests, where heat extracted from air at the
cold side is first transferred to airr to be eventually dissipated to
ambient air.

When electric power is connected to part 1 of the thermoelectric
cooler, heat is extracted from the chamber air(Part1). The heat
extracted plus energy input to drive the cooler is carried away by
means of a circulating fancoil to be dissipated at the heat
sink(Part2). Air flow meter measures flow rate of conditioning air
in the chamber. A data acquisition system connecting with
sensors for measuring air temperatures at various was to monitor
data.

Controller

CHAMBE

Tem.
Sensor

Klectric
Flowmeter

ﬁl”ancoil
hissicnsa
Mlow

Meter

Circ. Pump

Fig.3 System diagram of Test cell of the Air to Air
Cooler System 1.5 Kw

3.2 Constitution of experimental setup and performance analysis

As shown in Fig. 4, a thermally insulated chamber approximately
of 2.88 cubic meter is installed in order to measure cooling
capacity. The chamber contains an electric heater which is used
to maintain the chamber temperature at constant temperature
while heat is being extracted from the chamber air. To
dissipate all the heat including heat input to the thermoelectric
modules, a fan coil unit is installed in which a circulating water
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COP

pump carries heat to the coil to be dissipated there. T-type
thermocouples are used to measure temperatures ;to measure
electric power inputs to the thermoelectric modules and to the
heater, power meter is used.

Fig. 4 Test Cell of TEC Cooler (KIER model : 0.4 RT)
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Fig. 5 COP Variation Depend on the Indoor Various Temperature



4. Conclusion

A prototype of an new air-conditioning system utilizing Peltier
effect which is basic to thermoelectric technologies, has been
designed and built for experimental studies. The experimental
results show (fig. 5) that COP varies between 0.29 to 0.48, which
supports the initial predicted system COP of the 0.4 RT unit.
Thus, it is expected that a practical thermoelectric air-conditioning
may be feasible via cascading modules, system design
modifications, etc. This study also suggests that the present COP is
substantially low compared to the conventional system. From the
stand point of environmental protection, however, further studies
are consideredto be needed.
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latural ventilation efficiency in apartment and Reynolds analogy in a
vater channel

. LIMAM, F. ALLARD
.E.P.T.A.B Univ. Of La Rochelle
. Marillac F-17000 La Rochelle

ntroduction: Within the frame of ALTENER/AIOLOS [1] programme of the European
:ommunity experiments have been carried out in order to study the efficiency of natural
rentilation in a real apartment. In this study, through the experiments occurred during
he last July and August, natural ventilation effects have been thrown into relief. The
;ooling effect induced by natural ventilation has been shown by the resultant
emperature results and the efficiency coefficients enable us to show clearly the quality
f natural ventilation in relation with the opening strategy. For the Reynolds analogy, the
iim of study was to define an experimental protocol in order to visualise air flow
)atterns in naturally ventilated building.

|. Site characteristics and building description

Porte Océane» is located just in front of the ocean. The building has a facade of white
stone and glass so that every inhabitant get a fantastic view on the ocean. The south
acade shows the searching for openings and transparency given by the integration of
arge windows and balconies. The local climate is typical of the temperate climate. In
summer there's a quite large amplitude between night and day (11 - 12 °C in August).
\Nights temperatures are cool. This apartment has got the advantage to present a large
yalcony in front of the ocean. Inside of the apartment there’ s one large room (26 m?)
vith a window (11.32 m?) like a loggia bay.

th

Fig. 1 : (a) The apartment(5™ floor of the building) (b)The window pane



The window pane is of 5.10 m width and is divided in 4 sliding sections of the same
surface. It's stiiking to notice that the window is front of the ocean, it's suppose to have
an important impact of natural ventilation if the window is opened. In the following
experiments, CMV (Controlled Mechanical Ventilation) is closed or opened. CMV is a
mechanical system which permits to exhaust pollutant in the kitchen, the bathroom and
the toilet. It's located near the pollutant source, at the ceiling. When CMV is opened, it
exhausts 0.7 volune per hour.

2. Weather characteristics during the experiments
Table (1) gives the wind characteristics (velocity and direction) for each cxperiment.

The first one is measured in meter per second. The second one is measured in degree.
0 and 360 to the North, 90 to the East, 180 to the South and 270 to the West.

Experiment | n® | Wind Speed (m/s) | Wind Direction (d2g.) Configuration
July 1 2.5 50 Window:: opened CMV, Doors: closed
Augusi 1 4 30 Window 1, CMV: opened Doors: closed
2 4 30 Window 1, CMV, Doors: opened
3 6 320 Window1&4, CMV: openerd Dnors: closecd
4 7 330 Window1&4, CMV. opened Doors: closed
[ 2] 330 Window 1&4, CMV, Doors: opened
6 6,5 340 Window?2&3, CMV: opened Doors: closed
7, 4 350 Window28&3, CMV, Doots: opened
8 2,5 200 Window?28&3, CMV, Doors: opened
9 3.5 75 Window1, CMV: opened Doors: closed
10 4 75 Window1,CMV, Doors: opened
11 1 75 Window1,CMV, Doots: vpetied
12 2 20 Window28&3, CMV: opened Doors: closed

Tab. 1 : The Configurations
3. Thermal behaviour of the building during summer
The experimental results are described in the two following patts, the first one shows

the results of the July experiments and the second one analyses those of the 12
experiments carried out during the August petiod.

3.1 Cooling effect induced by natural
ventilation: Our interest concerns Black Bulb Temperature, |——Exintint |
especially the black bulb temperature. T[T Whadawsigpeneg” T Lt Z BlackBUb
Indeed this temperature is the most
reprosentative to oxpress the thermal
sensation feeling of the user. As can be
seen in the first graph, there’s a 7 days
period with the same exterior conditions.
During the 3“ one, window 3 was
opened. Fig. 2 shows that the black bulb
temperature is lower when the window is

Tempezrature °C)

Time (Day of july)
opened, it's the direct effect of natural e - —— e ———
ventilation Fig. 2: July experiments results




An other important point is that the black bulb curve has an amplitude of 7 “C while this
f the exterior has an amplitude of 15°C. In addition, there’s a difterence in phase of
ibout 1 hour. That shows the apartment inertia effect, the apartment structure reduces
ind alters the important outdoor temperature oscillations. Indeed, the external walls are
nade of concrete blocks with an exterior insulation and the floor and the ceiling are
nade of concrete slab, so the apartment has a high inertia. It would be important to
ake this fact into consideration when the object of designing night ventilation for

2xample.

3.2 Natural ventilation efficiency:
lhe figure (3.a) shows the evolution
'Decay Method ) of concentration in the
centre of the room. We observe an
mportant decrease of concentration
ppm) which concerns the three cases
>f opening ( window 1 opened, window
2&3 opened, window 1&4 opened). In
cach case of opening (surface ok the
ypening is 2.83 m2or 5.66 m2); the
lecrease of SF6 is very quick, comé)ared
o the decrease concerning the
vermeability of the room.

The two following graphs (fig. 3.b and
3.c) show the CMV effect on the air
enewal. When CMV is closed, the
officiency coefficients for the central point
(61.78%) and kitchenette (60.81%) are
the same (difference of only 1%). But
when CMV is opened there's a drop of
kitchenette efficiency coefficient, mostly
20% (the central one is 57%). This can
pe explained by the fact that the
extraction opening is located in the
Kitchenette ceiling. It's striking to notice
that only central and kitchenette results
have been reported in the graphs
because on the one hand middle, east,
west and ceiling comportment and on the
other hand kitchenette and corridor are
the same. As can be seen in figures 4.a
and 4.b, for the same lapse of time
(about 20 minutes), the double quantity of
gas has disappeared when the windows 1
and 4 are opened (compared to the case
of one opening window). Moreover the
opening of two windows has lead to have
a good air renewal, so there was not an
accumulation at the ceiling.

Concentration (ppm)

Fig. 3 a: SFG concentration evolutnon»
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Fig. 4 : Tracer gas results (openings)

The geometrical average is calculated averaging on the 6 points which are uniformly
distributed in the room. Several remarks can be done : Firstly, the CMV impact is very
wealk, it represents only 1 or 2% modification of the efficiency coefficient. Secondly, the
fact of opening two windows is better than opening one window but it's atriking to notice
that, when the lateral windows are opened, the efficiency is 18% higher. This can be
explained by the fact that when the lateral windows are opened, a draught appears and
permits a better mixing of inside air.

Bathroom & WC doors | Experiment Geometrical averzige (%)
___cl(_xﬁ;e_d_ | 068,341
Window [ opened opened 2 09,21
I 71.03
Window 1&4 upened closed 3 - 87.45
closed §) 71,7
Window 2&3 opened 12 069,07
opened 8 71,34

Tab.2 : Efficiency coefficients

(9
The efficiency is calculated by : &= 2—<T_: (1)
~ C(1)
with : Tpis the local mean age 1= L E(O? ! (2)
_[7(,'(/ Yt
<t> is the room mean age <1>= AL (3)
f“(,'(r )t

C(t) : SF6 concentration at the measurement point. Finally, comparing the efficiency
coefficients of experiments 6 and 12, we can see that these two coefficients are similar.
Nevertheless the wind velocities are different (6 m/s during experiment 6 and 2 m/s
during experiment 12). So the conclusion is that, when the wind velocity reaches &
certain threshold, the ventilation efficiency stays on lhe same level even if the wing
velocity is still increasing.



. The scale model in the Hydraulic channel

he aim of this study is to define an experimental piotocol in order to visualize air flow
atterns in naturally ventilated building.

rom a fluid mechanics point of view, there is a ditect similitude between two flows with
1e same Reynolds number. Around 20°C, there is a ratio of 20 between the viscosity of
rater and air, which imeans that, for the same characteristic velocity between the reality
nd the model, the geometrical dimensions can be reduced by an order of 20 times.

he facility is a 20 mn long water channel of 1m2 section and a 7 Watt laser equipped
ith 30 m of optical fibre with different kinds of lenses [2]. The model, represents the
Porte Ocean » apartiment and moves automatically along the channel (fig. 6).

“ig. 7 : V= 0.5 m/s. 0 = 30", apeiture zoom Fig. 8 : The Balcony characteristics (inm)

'he velocity covers a range from 0 to 7 /s, representing external winds of the same
hatacteristics. The data acquisition consists of photographs ancl video.



The aim of these experiments is to study single-side ventilation in a full scale building,
under real climatic conditions, in order to: better understand the related phenomena,
collect data for the validation of existing models (theoretical models and computational
network models), and develop more accurate methodologies for the calculation of the
air flow patterns in this specific case of natural ventilation. A scale model is conceivec
to provide the flow visualisation by Reynolds analogy in water channel. Indeed, we are
interested in the velocity field of air, generated by an external wind in an apartment. The
visualisation technique used Rilsan paiticles (density 1.06) which is very close to water
density and leads to a very good transport in the flows (fig. 5).

The results consist of a video showing different configurations of air flow patterns in
single sided ventilation with various angles of incidence upon the opening (fig. 5 and 7).
It shows very clearly the different flow patterns that can be found in thesc
configurations : inertial flow in room with a small circulation in aperture zone (the
incidence value with respect to the normal of the opening in a single sided ventilation
case is 0° induced a piston flow phenomena (fig. 5); and for case 6 = 30° (Fig. 7) the
concentration of paiticles localised in ieft of the room. This video is obviousiy a very
good demonstration tool, but it is not sufficient to obtain quantitative data. There are
also still photographs with different exposure times in order to obtain trajectory
clements of the particles. These elements represent in fact velocity vector fields fol
different configurations.

Conclusion : In this study, through the experiments occurred during the last July anc
August, natural ventilation effects have been thrown into relief. The cooling effect
induced by natural ventilation has besn shown by the resultant temperature results anc
the efficiency coefficients enable ys to show clearly the quality of natural ventilation ir
relation with the opening strategy. These results obtained by flow visualisation in &
water channel demonstrate the suitability of this method to characterise the flow
patterns. This methodology offers good perspectives to obtain a very detailec
information about velocity fields.
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THE EFFECT OF THE INNER SURFACE MATERIAL ON THE INDOOR RELATIVE
HUMIDITY
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\bstract

The indoor air relative humidity is an impaortant parameter influencing the human
-omfort and hygrothermal performance of a building. From the comfort aspect not only
ime averaged relative humidity hut also its actual courses are important. With the aim
o evaluate the effect of interior surface materials with different hygroscopicity on the
esulting daily courses of indoor refative humidity the non-steady numerical calculations
Of the indoor relative humidity, considering time variable outdoor climatic conditions.
ndoor moisture production and ventilation rate were done

I. Introduction

The value of indoar relative humidily is a result of the simultaneous effect of the
ollowing factors: outdaor climatic conditions, venlilation rate, indoor moisture
roduction, indoor air temperature and the release or uptake of moisture by interior
surface materials. The numerical model used in this study enables to evaluale the
=>ffect of the particular factors on indoor relative humidity. The presented calculations
vere focused on the elfect of the interior surface material hygroscopic properties on the
~ourses of the indoor relative humidily in the cases of constant or time variable
sentilation rates.

2. Nunierical model

On the assumption of the well-mixed air in the roem the mass balance equation for
ndoor water vapour may be written as foilows (ref (1)):

. 462 G, v 26, 2B A - v (_ | "
’ 'ndAp .

("7t \'.v ‘ o pl
where p;is the indoor vapour pressure [Fa], p. is the outdoor vapour pressure |Pa), t is
ime [s], Ti is the indoor air temperature [K], G, is the indoor vapour production [kg.s ],
>.Gq is the sum of the moisture flows from or into the room construction surfaces, V is
volume of the room [m’|, (3 is the diffusion surface film coefficient [s.m™], A, is the area
of the surface where condensation or drying takes place [m’]. pats i the saturation
vapour pressure on that surface [Pa], n is the ventilation rate | s



According to he equalion (1), the indoor vapour pressure after small time increment At
can be written as:

ACA S TG NG, YA e b))
P AL Pl . v |

FAC0-(p (1) pi(0) (2)

The presented numerical model for calculation of the indoor air relative humidity
consists in the solution of the equation (2) coupled with 1-D numerical simulation the
heat and moisture transport through the room constructions. On the base of thal
simulation the moisture flow from or into the hygroscopic surface of the room is
calculated for each time step:

Gek = Pi-(Psk - Pi). Ax (3)

whﬁere Ps is the vapour pressure on the wall surface [IPa], Ac is area of the surface
(m
The numerical simulation of the heat and moisture transport (hrough the roon

constructions was done using the program NEV 3, based on numerical solution of twc
coupled partial differential equations for heat and moisture balance. The more detailec
description of the model used in program N&V 3 is in ref.(2)

he used numerical model for the calculation of the indoor air refative humidity was
verified by comparing the calculated courses of the indoor relative humidity with the
measured results. The experimental data were taken from ref. (1). The experiment was
done for two rooms with volume 40 m® and total wall area 50 m” The walls and ceiling
of the first room were covered with aluminium plates, the walls and ceiling of the
second room were finished by gypsum board with textured paper. The plastic flooring
was used in both of the rooms. The considered water vapour production was 0.2 kg pe!
hour during the first 3.5 hours and the ventilation rate was time variable. The courses
of the vapour pioduction and ventilation rate are shown in Fig. (1). The materia
properties used in calculalion were laken from ref. (3) The time step At = 200 8 was
used in numerical calculation. The comparison hetwvesn the measured indoor relative
humidity courses and the courses calculated by the numerical madel is in Fig. (2). The
calculated data coincide sufficiently with the measured ones.

3. Results of the numerical simulation

With the aim to evaluate the effect of lhe interior surface material hygroscopic
properties on the indoor relative humidity the numerical calculations of its daily course
for three rooms with different wall surface matenals and for two different ventilatior
strategies were done. The volume of the each of the rooms was 81 m’, the area of the
possible hygroscopic surfaces was 55 m’. In the first room the celiular concrete walle
were finished with 15 mm of gypsum plaster (vapour resistance factor j1 = 8), in the
second room the concrete walls were covered with 0.3 mm thick vinyl wall pape
(vapour diffusion thickness pid = 2.1m) and in the third room the concrele walls were



finishied with 12 mm gypsum board (i = 11) covered with 0.3 mm paper wall paper
(vapour diffusion thickness pud = 0.027 m).

The considered daily course of vapour production is shown in Fig. (3).Two different
ventilation strategies were considered :

- the constant ventilation rate

- basic air change rate with the additional ventilation by the window opening during the
water vapour production periods {Fig. (3)).

The daily mean ventilation rate was the same in both of the cases: n=0.4h''

The considered indoor air temperature was constant t; = 20°C. The daily courses of the
butdoor lemperature and relative humidities were used correspond to January in
Bratislava with the daily mean temperature -1.3°C and the daily mean relative humidity
78 % (Ref. (4)). The solar radiation was not taken into the account. The calculations
were done for one week period with the time step At =300 s.

The calculated daily courses of indoor relative humidity for the all considered cases
are shown in Fig. (4) As can be seen from the figure the ventilation strategy was very
important as for the daily course of the indoor relative humidity as for its mean value.
The hygroscopicity of the interior surface material decreased significantly the amplitude
of the indoor relative humidity variation. The effect of the interior surface material
hygroscopic properties was more significant in the cases when the constant ventilation
rate was considered. The ’active thickness’ that means the thickness of the surface
material moisture content of which was changing daily as a result of the release or
uptake the moisture into or from the indoor air was about 10 mm as in the case of
gypsum plaster as in the case of gypsum board with paper wall paper

4. Conclusions

The numerical model enabling the evaluation of the effect of the particular factors on
the indoor relative hurnidity was piesented

The examples of calculation confirmed that as mean value of the ventilation rate as
the ventitation strategy are important for the actual course of indoor relative humidity
The presented calculations confirmed the importance of the interior surface
hygroscopicity on the daily course of the indoor relative humidity. It is more signifficant
in the cases with constant ventilation rate

A lot of further calculations for various ventilation and moisture production strategies,
geometry of the room and longer time periods are necessary for more general
conclusions regarding the global effect of the particular factors influencing the actual
relative humidity courses
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ABSTRACT

Every building is unique. Therefore each project must be treated separately to find
ndividual energy conservation possibilities. On the other hand the building owners might
also have variaus plans for renovation and different requirements for the profit of ENCON
measures

The process of evaluating and implementing profitable energy conservation
measures in a bulding is often described as "the ENCON process” The total ENCON-
process has been derived to five main steps: Project ldentification, Scanning, Energy Audit,
Implementation and Operation

The aim of energy audit of office building is to define energy conservation
measures. The paper describes the existing state of building construction and HVAC-
system, which ENCON measures to implement and how, investment costs and profitability.
Based ot building stale desuiiplion and the actual construction parameters, the energy
consumption was calculated by the IKey Number Method and compared with the measured
energy consumption. Then the energy savings from relevant ENCON measures were
calculated and described, before the investment costs and profitability for each measure
were found

The summary of these calculations: energy savings, investment cosls and
profitahility makes up the ENCON potential of the office building

INTRODUCTION

Ihe aim of Energy Audils is to make an Energy Audil Report to be used as a platform for
carrying oul ENCON measures The paper describes the existing building censtruction and
the technical systems of office VVA building:

- Heating system

- Dumeslic ot water preparation
- Ventilation

- Fighting

- Various equipement

- Couling / Air conditioning,

which measures to implement and how, invesment costs, profitability and proposal for time
schedule for implementation of the measures



Building State Description
Building envelope characteristics

The VVA building consists of two buildings joined together, The main office building is L-
shaped with basement and three floors, the wall construction is made of bricks, with a flat
roof. The second building - "Semerek" - is also made of bricks. Is has no basement, but two
floors and a partially used wooden attic. The double glazed windows have wooden frames
without sealing, the main stair case has double glazed walls with wooden frames. The
entrance door is also of wood, with double glass. There are metal gate in the building.
Thermal gains are stopped only by some light coloured (mostly white) curtains in the
offices, there are no shading obstacles in other spaces of the building. Some windows are
permanently shaded of the other building. Building envelope characteristics are defined by
parameters:

Table 1. Building characteristics and parameters

Heated area: 5.200 m? Heated volume: | 17.500 n¥?

U - walls 1,3W.m?ZK"’ U - windows, average |29 W.m?2K"
U - roof 0,9Wm?2K' U - doors 41 W.m2K'
U - floor 0,5Wm?’K" U - gate 7,0wm?K?
Average room temperature: 21°C

Heating season: 15 October - 30 April

Energy supply efficiency: 88 %

Infiltration: 08h"

HVAC-systerns

The heating central for low-pressure gas boilers contains two SLATINA gas boilers with
APH 50 PZ burners. Each boiler has a capacity of 440 kW, totally 880 kW The installed
power of pumps is 3 kW. There is a two-pipe distribution systern with forced water
circulation and a closed expansion vessel installed in the building. The horizontal part of the
pipe line is installed below the cealing of the ground fioor, no insulation. The rooms are
heated by steel radiators with manual closing valves. Some thermoslatic valves are also
installed, but they seem lo be broken. There is a gas meter installed, measuring the total
gas consumption in the building. The operation of the boilers is controlled manually.
Heating is continuous, with manual set back during nights and in the weekends, but with no
outdoor compensation. The present construction of the heat distribution system is not
suitable for zone contro!

The hot water preparation is done by one standing storage-heater OVS 21, volume 1000 |

Two electric hot water heaters with a volume of 2 x 160 | are operated all year, installed

{9




power is 3 KW_ All of the tanks are insulated with appr. 100 immm mineral wool. The hot waler
preparation is manually controlled for a maximum termperature of 55 “C. The horizontal part
of the distribution pipes are installed under the ceiling ol the ground floor, no insulation.
The main domestic hot water consumers in the building: 48 kitchen and toilet taps, there is
no water saving sanilary equipment. The floors in common spaces such as corridors and
halls are being cleaned regularily

heated air at a rate of 3.600 m'/h. The air rate is conlrolled manually. Operation period: 8
hours per day, 5 days per week. The healing coil is electrically heated. All other rooms are
naturally ventilated by the windows.

Estimated simultaneous fan power 0,3 W/m’. Operation period: 40 hours per week. The
installed power of the 3 pumps is 3 kW (1 back up), estimated simuitaneous power: 0,4
W/Im?, operation period: 24 hours per day during the heating season.

The light fittings consist mainly of illuminaries. Estimated installed power: 50 kW.
Estimated simultaneous power. 5 W/m’, 40 hours per week.

There is appr. 80 computers in the building, installed power appr. 200 W per computer. In

addition there are some copy machines and oher electiical equipment Estimated

simultaneous power 2.5 W/m?, 40 hours per week

Appr. 300 persouns have their work n the building, 250 of them are in average present.
Estimated narmal occupancy period is set to 9 hours per day, 5 days per week. Heal load:
100 W per person,

Energy Consumption

Measured energy consumption

The following energy data have been supplied by NAF TA:

Table 2. Measuted energy consumption

Year: 1992 - 94 Electricity Gas Total
Energy demand ap- 243745 | ‘9o 706130 | v4us75
befare ENCON [kWhiyr] | 930 274045 '93: 797 930 1071975
- '94: 263 566 ‘94: 814 650 1078 216
Energy cost 9. 425 963 ‘92 222 4372 T T B4R 395
before ENCON [Skiyr] ‘93 439 175 '93: 257 979 697 154
- '94: 688 512 '94: 272 909 961 421
_Present energy prices | R
Energy price ur)if 1 Sl:llV\/h D N ék/m_ ] _ )




. The measured gas flow values (m®) have been multiplied by the normal gas
efficiency to find the gross gas consumption in kWh/yr, and the gross energy
demand for heating and domestic hot water. The efficiency of the energy production
process (boiler) has been accounted for in the Key Number calculations.

Calculated vs. measured energy consumption

The most important variables which will influence upon the energy consumption of an
existing building are climatic conditions and operation and use of the technical installations
and equipment.

Without any registration routines regarding operation and maintenance of the building, it is
impossible to know how the building and the technical installations have been operated
previously: In which way has the manual control of the heating system been done? Has
there been any leakages in the systems the last period? Actual room temperature the last
years? Etc.

To obtain a reference for evaluation of ENCON measures, the Energy Audit always should
include a calculation of the existing energy consumption, based on:

- a standard "climatic year"
- the existing building condition
- "normal" operation conditions

Table 2. Adjusted energy consumption

- Energy Budget, VVA NAFTA -

Budget ltem Calculated Measured Adjusted, measured
kWh/m?year kWh/m’year kWh/m’year

1 Heating 210 o +20
Sum 1 (gas) 210 150 170
2 Ventilation 5
3 Domestic Hot Water 10 .
4 ~fgansIPumps ) 3 o
5 Lighting B 10 . B ]
G_V:;rious ] 5 [ 1
7_(“3__‘ooling 5 .
Sum, 2 - 7 (electricity) 38 50 38 |
Total1-7 | 248 200 208 1

This calculated energy consumption is the basis for the calculation of savings of the
ENCON measures. Therefore will the measured savings never be equal to the calculated
savings, and the measured savings will be higher or lower than the calculated savings
depending on the outdoor climatic conditions and the previous operational conditions.



The energy consumption for 1994 has been used as a basis for the measured energy
consumption and for the adjustment made.

Energy consumption before and after ENCON implementations

The table below shows the energy consumption per budget iterm before implementation of
FNCON measures compared to the energy consumption after implementation, with or
without non-profitable measures. From an energy point of view, appr 40 % of the ENCON

potential is connected to non-profitable measures

Table 3. Energy consumption before and after ENCON implementations

. Energy Budget

_i?:Jdgot liem R Calculated After After ENCON, incl.
consumption ENCON, non-profitable
before ENCON profitable measures

measties
kWh/im’year kWh/m?year KkWh/m®year
| 1 Heating 210 143 96
2 Ventilation 5 5) 5
3 Domestic Hot Water 10 7 7
4 Fans/Pumps 3 3 3
5 Lighting - 10 10 10
6 Various 5 ) )
7 Cooling 5 5 )
Total 248 178 131
CONCLUSION

This paper presents us the ENCON Potential - a considerable energy saving potential in
the VVA building:

Profitable energy savings 362 000 kWh/year (= 28 %)

Economical savings
Total investments

132.800 Sk/year
700.000 Sk

. Total profitability (Pay Back) 53 years

If the non-profitable measures are implemented because of need for renovation, the total

energy savings will be 47 % of the total energy consumption.

The measures are ranked according to profitability; all of the profitable ENCON measures
are assumed to be implemented simultaneously as one project in order for the investment

to be valid. The figures have an accuracy of + 10 - 15 %.



‘able 4. ENCON potential of office VVA building

Energy conservation measure Investment | Saving Pay Back
[Sk] | | [years]
N Bewhiy) | (Skiyg |
1 | Water saving nozzles, kitchen and 20 000 17.000 10.000 1.7
bathroom — N | S, B
2 | New autornatic control system N 60. 000 | 62.500 _2_1909 | 27
3 | Energy Contraol Sy.stem . 65. 000 | 54500 | J!EQ___’}»fi P
4 | Sealing of windows | ~125.000 | 99.000 34600 | 36
5 | Replacement of burner _B80.000| 41.000 | 14.400 26
6 | Balancing of the heating systern _30. 000 9.000 3100 | 9,7
7 l’hermosta_ti(i radiator valves o 320. 000 79.000 ?7_7:(20_ 116
Total (Measure1-7) - 700. 000 [ 362,000 | 132.800 | 53 ’
Non-profitable measures: L B - B i
8 | Replacement of windows - 812. 000 | 68.000 | 23800 | 340
9 | Insulation of external walls 5670 000 106.000 | 37 100 bl 162
10 | Insulation of roof 2 520. 000 68.000 23 800 106
REFERENCES
1] Energy audit report VVA Nafta Gbely a.s., ENSI/ STU, Oslo / Bratislava 1995, p. 50
2] Dahlsveen,T., Petras, D.. Energeticky audit budov - ENCON proces
TZB Haustechnik, 1/1995, Alfa konti s.r.o., Bratislava
3] Dahisveen,T., Petras, D., Magyar, J.: Vysledky energetickych auditov

administrativhych budov - pilotiné projekty a.s. Nafta Gbely.
TZB Haustechnik, 5/1996, Alfa konti s.r.o., Bratislava
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OCCUPANT INTERACTION WITH A MIXED MEDIA THERMAL CLINATE CONTROL SYSTENM
IMPROVES COMFOR'T AND SAVES ENLRGY.

D. M. Rowe, B. Forwood, C. T. Dinh and W. (3. Julian
Department of Architectural and Design Science
The University of Sydney, New South Wales 2006. Australia

Occupants ol a suile of scven ol'fices intervene to adjust their thermal environments by manipulation of
ventilation throngh doors and windaws and hy operation ol supplementary cooling and heating equipment when
considered necessary. Intervention actions, space temperatures and energy consumption have been monitored
continwously tor twelve months. Lnergy simulation models have been used to compare the energy consumption
with wn cstimate of what might he expected with a conventional ducted aiv conditioning system for the same
space, JUis reported that the recorded energy consumption is approximately one quarter of that estimated Tor the
alternative system. Oceupants vate the space highly Tor satistaction with the thermal envitonment and air quality.

.0 Introduction

Sydney. Australia, enjoss a mild climate with beuign winters. mild spring and autumn weather and warm to
hot sunmmers, It is possible (o be thermally comlortable indoors for much ol the year without resotting to
mechanical intervention when biildings we designed for passive control ol encrgy Hows and windows and doois
can he operated o trim conditions as regoired. More or less similar conditions prevail in the heavily populated
regiona in Auwstraliac and de Dear rel (1) has denwastiated that this s su far same seasans intany other parts ol
the world. v most places, however, there will be oceasions when indoor conditions will move above or helow
aceeptable comfornt limits unless they can be madilied by the aparation ol some Torar of supplementary cooling
and heating equipment

Despite the Frequent availability of favouwable outdoor conditions it has hecome customary in many parts of
the world over the last thirty years or so Lo enclose buildings with fixed windows and (o rely on mechanical
cooling. heating and ventilation year tound to maintain hahitahle conditions indoors. This is made possible hy the
expenditure ol large quantities ol cheap energy to the extent that about hall” the energy consumed in a typical
office building is used by the clinrate control systein.

IC s now becoming evident, however. that these arrangements do not satisly o substantial part of the
accupait population. Dully rel.(2) has suggesied that “The obvions preference for the natral environmenr, and
the hatred of aiv conditioming. 1.¢ increasimy and is even beginning 10 be clearly seeq in North America. He poes
on o say "The North Anierican idea that the building is separated from nature, hermetically controlled and
cngineered i sucl a way that it provides a stable intemal environment. is not a sustainable idea.”

Rowe ref(3) has presented scotes for thermal comlort in twelve suites ol olfices which were studied in the
petiod from 1992 10 1995, The sample included fwo in more or less Tree tunning spaces. eight that are air
conditioned and twa that are ventilated through doors and windows and have occupant controlled, on-demand
supplementary cooling and heating. As indicated in Fig. | (he best scores for thermal comlort were achieved in
the latter two suites (anumhers 1 and T1).
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Fig. 1. Thermal comlott scores in (welve buildings. Rowe sef.(3)



This paper presents the results of continuously monitoring occupant interactions with control clements in the
uite identified as number |1 in Fig: | over the period of twelve months from I August 1995 (o 31 July 1996, It is
cported thal energy consumption is approximately a quarter of what would be expected if climate control were
rovided i the same space by ducted air conditioning with fixed windows. It is concluded that this very
onsiderable saving is due to the intermitient use ol the supplementary cooling and heating equipment. L seems
robable that a large propoition ol the occupants use passive conttols by preference o maintain their comlort
ondition and only resort to mechanical intervention when this is not successful,

As reported in the Sydney Morming Herald rel.(4) Australia has recently come under international criticism
or its reluctance (o aceept firm targets far the reduction of greenhouse gas emissions. i a world where opinion is
noving steadily toward an understancling ol the need for o the more sustainable relationship with the
nvitonment, a mixed media stategy for indoor climate control such as this paper describes represents a
casonable compromise between sustainability and comlort in builidings.

2.0 Ahout the Praject

i s s o i 00 e |

S»

Fig. 2. The project site.

Twelve people oceupy o suite of seven rooms used os offices in (he architecture building at Sydney
Jniversity. Total area is 210 . The rooms we ventilated (throagh windows and doors which can be adjusted as
equircd by the occupants. The raonms have been equipped with teverse. cycle refrigerated lancoil units which are
wailable for supplementary cooling and heating under ditect occupant control. Temperature set point, fan speed
nd direction of air supply are independently adjustable in each room. Backgiound heating is available during the
hree winter months ol June, July and August from the original installation ol hot water panel radiators, also under
lireet control of oceupants, The area under investigation is shown in Fig. 2.

[t will be ohserved that all spaces are located in perimeter zones and are subject (o direct influence of
utdoor conditions. Main ovientation is (0 the west with lesser exposures to north and east. External sunshades
rive some protection from solar heat gains, Ceilings at 3,500 mm. above the floor allow warm air (o rise above
he occupied zone. Heavy weight masonry construction provides thermal inertia (o damp outdoor temperatuie
wings,

Sensors on windows, external doors, fancoil units and panel heaters and (emperature sensors in cach room
vere monitored continuously to tecord status throughout a year ol operation I'rom 31 July 1995 Gl I August 1996
Znergy consumed by the relrigeration system has been recorded rom k\Wh meters on the supply at weckly
ntervals throughout the period. For comparison the energy that would be consumed by a ducted air conditioning
system for the same suite ol tooms was estimated using the encrgy simulation package ESPU ref.(S5). The model
perated an air cooled packaged unit with variable volume air distrihution and an outdoor air cconomiser cycle on
in hour by hour file ol Sydney weather data for the test relerence year 1981, As a check a simulation using the
same weather data was run independently using the American simulation package DOIJE-2. Occupants were asked
o indicate their satisfaction with thermal comfort over time on four occasions in April 1994, July 1994, August
1995 and February 1996 and the results were reported previously by Rowe rel.(3) as illustrated in Fig. 1.




3.0 Results

Mean indoot temmperatine was maintained on working days thronghout the year in the range from 20 to
25°C, During this period outdoor temperatures varied berween a low of 12°C in winter and a high of 37°C in
summer. A stiong tendencey was observed toward selection of indoor temperatures that were higher on warm days
and lowver on cool days. Temperatures in individual vooms regularly showed variations up to 2°C on either side of
the mean. The daily temperature range at 3 pmeis ilfustrated in g, 3.
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Fig. 3. Daily tange oF indoor and outdoor lemperatures at 3 pm

Use ol the Gaincail units is Hlustrated o ligare 4 which indicates the number of units in operation on cach
woik day al 3 pmowith the concurrent outdoor temperature. b is observed that on 72 ol 236 days (31 percent) no
units were inoperation at tns time of day and onanother 7+ days Galso 31 pereent) only one was i used Figure <
shows that all unite were inuse at this ime of day on only two days i mid Janvary with Tour or more units used
on 26 days (11 pereent) in the period between carty November and the end of Mairch. This patiem <
tendeney o i anits on only when it is necessary to madify conditions that are considered unsatisfactory.
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Use of windows and external doors ot the same time of day i illustiated in Fig, S0 Five of the tooms have
wo operable windows with one in cach ol the remaining two, I is noted that more than hall ol the windows are
nened on only faur vecasions during the year. The tefationship hetween outdoor weinperature and number of open
vindows is not as distinet as that ohserved with Fancoil units although there is adiscernible tendency (or more
vindows to be open on the milder days. “These rooms are provided with adjustable glass Touvres above the main
vindow sets and infiltration i< sulficient for adeqguaie ventilation even when both windows and louvtes are closed.
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Fig. 5. Number of windows open at 3 pmoon cach work day hetween T August 1995 and 31 July 1996,

Atotal ol 4115 kWh of cacrgy was consumed by the supplemetitary etrigeration systemn iy the year, Some
ol (his was used during winter months when the system was operated in reverse cyele mode 1o augment the
heating provided by the hotwater panel radiatars. Direet comparison with (he estimated total encrgy consamption
by the alternative packaged i conditioning system is not possible because the input 1o the hotwater madiotors
could not heisolated. Compensation foi ihis was introduced by accumulating only cooling cnergy in the energy
simulations. The situlation with the package ESPIUindicated - expected annual consumption fot cooeling ol
ISS19 kWh, The DOE-2 sitnulation yiehled an estimate of 15.760 kWh. Figure 6 shows (he inerthly distribution
b actual energy consimption and a compagison with estimated monthly consumption by (e packaved  air

conditioning system as simubved by the ESPI software model
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Fig. 6. Actual monthly energy constinption compared with estimated requitements For a conventional air
canditioning systei,



4.0 Discussion

The thermal comlont satisfaction score for this groap of fow men and cight women, although high, is not
perfeet, This is prabably due, at feast in pait, o the shared occupancy of two rooms by three peeple in each and
another by (wo with resultant compromises that are nol necessiry when a room his i sole occupant. A\ perleet

score may never be achieved even without these compromises. Nevertheless scotes [or thermal comfort in (his
building are higher than those found i cight comventionally air conditioned and two free tunning naturally
ventitated huildings

The results are the more exciting in the Tight of' the very low consumpiion of energy in comparison with what
would be expected from a conventional air conditioning sysient. No doubt this result is to some estent due o the
passive design ol the building with external shading, high ceilings and heavyweight consuuction. However mast
buildings would provide occupants with opportumity for passive thermal control Tor pait ol the annual weather
cycle. There is also little doubt that high comlort scores would not be recorded without the availability of
supplementary mechanical control elements for use when the need is perceived.

The results reported above aceod well with the Tindings of Bordass, Browley and Leaman rel(0) that
building occupants are better satislied with the indoor environmient, and use less encrey (o achieve the desired
result. when adequate conteol options are aviilable (o them and they can take action to tapidly convet a condition
that is pereeived as unsatislactory,

5.0 Conclusions

The need to use encray in i more sustainable way and o redpee greenhouse gas emissions is hring
recognised widely around the waorld as it becomes more certain that global warming is a reality. Concunently
many people are realising that the aetilicial climates provided by air conditioning in wodern commercial buildings
are less than completely satislactory.

This study ol a mixed media altice environment has shown that the occupants can achieve high levels of
therimal comlart hy manipulation ol passtve control elements with mechanical supplementadion when neeessary.
Indoar temperatines were maintained within the range from 19 o 260C. while outdoor tlemperatuses ranged
annually betweet 12 and 379C. This was accomplished by opening windows and docrs when conditions were
judged o0 be favonrable: or hy the wvse of reltigerated cooling and reverse cycle healing when they were
considered necessary, The result was achieved with an annual energy consumption estimnated to be about a guaiter
of what wonld have heen used by a well designed conventional air conditioning systen.

Although the scale of this experiment is small and the building construction Favours passive climate control
the results suggest that a wider application of mixed media technelogy is likely (o produce a more satistactory
thermal envitonment for the expenditure ol a fraction of the energy used Tor full scale aiv conditioning. at least in
the many small scale buildings that make up a farge part ol the urban commercial building stock and which tend
10 he the miostwastelul ol energy and the least comfortable.

Itis even possible to suggest hat the technigue might be applicd 1ol buildings it those concerned could e
persuaded 1o take a differentapproach to design. Mention of the idea that occupants ol these structures might he
allowed 10 open windows comimonly draws negagive responses. Yet early tall buildings ot the end ol the
nineteenth century were naturally ventilated. And in the last few vears a number ot former tatl office buildings in
Sydney have been converted o residential use and, puess what! they now have operable windows and doors onto
halconies because, one suspeets, buyers would reject a sealed envelope.

Much is said these davs abour “the intelligent building”, In his example sophisticaed intelligence i the
refrigeration equipment permits operation over a wide range ol loads. Thus individuals can use their intelligence
Lo establish conditions to their liking. I personal liking is for a gentie hreeze thiough i open window then so
much the better far persanal comtart and the gooad of the environment.
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A Camparison Between (he Laboratory and On-5ite ‘Testing
an the New Ventilation System Proposed (o be Used
in the Ship Hall of an VELCC During the Repairing Process

LI Sun, Kong HC, Xu WQ, Floh CN
Singapore Productivity & Standards Roatd
b Science Park Diive, Sinpapore 118221

ABSTRACT

A new ventilation zystem was proposed to remove the smaoke, beat and harmlul gases generaled
during the repairiug process of the ship hull of a very larpe crwde carrier (VECC). U basieally
transtors {resh air from the deck (top) to the botton of the ship-hull via an air duct and then
spread o the ensire ship hall by anoaic distiibotor hefore being sucked oul tugethaer with O
smoke and dust via the suction at the deck. Laboratory experiments swere perlorined using «
scaled-down maodel ol a ship-hull.  The ventitation elTiciencey of the new sy stem was determined
as compared (o the existing systenn Onssite Lesting using the prototype atr distributlor was alse
performed 1o measure the actual ventilation efficiency and to compare with the laboratory
experimenis. 1 he main advantage of this new system s that i s casy lo assemble and dismantle
making it stiahic when large scale. temporaiy veatilation is reqguired.

t. INTRODUCTION

Laboratory experiments were performed asing a scaled-down (= 1.12) wmaodel of o <hiy
Il The ventiladion efficicney of the new systam was determined as compared to the existing
system. An an-site testing ol the new system i an actual suip ol vaas performed to ook inle
the effectivencss of the new sy stem.

2% BRIEF DESCRIPTION OF THE TWO VENTILATION SYSTEMN

2.1 The new system basically supplies fresh air by fans installed on the deck of the VILC(
and deliver this fresh air to the aiv distributors at the bottom ol the ship hail via flexible plasti
ducts. The air distiibotor will then distribute the (resh aic throughout the entire hull, (orming a
upward-Nowing, general displacement type ol ventilation. Finally. the air suction fans, mstallee
over vartous deck openings, will suck the ait out of the hull and vent into the atmosphere

2.2 ['he old system comprises only of air supply with attached (lexible plastic ducting tc
deliver fresh air 1o the work zones. There were neither proper air distributing apparatus at the
terminus of the duct norany aic suction fans mounted nn the deck, The ow patterns in the shi
hull are therefore random and the dust and smoke generated are cirenlated within the hult.

3. CXPERIMENTAL SiETUP

Al Ihe dimensions ol the scaled-dovwn ship hull were 4.0 7m() x 2. 10m0w) x 2.50m(h)
giving a4 volume of 22m . The experimental sct up for this sealed-down model is shown i



1g.(1) with two air distributors and three suclions at the top (ref.(1)). The old systemn was
imulated using a smaller suction {low rale.

.2 The dimensions of the ship hull (central tank) used for the on-site testing were 55.7m(l) x
0.8m(w) x 26.9m(i) giving a volume of 31165m”. The cxperimental setup for the new system
ad four sets of air supply ans on the deck connected to the four air distributors at the bottom of
e hull via [Texible ducts (sce Fig.(2)). Six air suction faus were installed at the deck for exhaust
nd to balance the air flow rate. The setup for the old system was similar to that of the new
ystem setup. The only dilference was that the air distributors were removed.
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Figure 11 Experimental setup for Figurc 2:  Ixperimental sctup for
scaled-down model on-site Lesting

2 EXPERIMENTAL RESULTS AND DISCUSSIONS

1 Air flow rate/Air-exchange rate

The total air supply and suction rales in the scaled-down experiment were 88m'/h giving
n air-exchange rate of 88/22 = 4 times/hr. As lor the real-size on-site testing, the total flow rate
vas approximaltely 46,()()()[113/11 giving an air exchange rate of 46000/31165 = 1.5 times/hr,

.2 Yeleocily at different distance from aiv  istributor

2.1 The jets for both the scaled-down model and actual prototype air distributors were
lesignied Lo be circular jets governed by Eq.(1). (scerell(2)).
v, 048
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— reereiee e I2quation (1)
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where d is the diameter of the nozzle
x is the distance from the nozzle
v,, is the velocity at the nozzle
v is the velocity at a distance x from the novzle




I'rom Table (1), it was observed that the turbulence coefficient, a,oype. fOr the prototype was
about twice that of the model. The higher the cocfficient, a, implied that the distance rcached by
the jet was shorter becausc it had a wider angle of spread.

Table 1: Velocity at dilterent distances [rom the air distributor
Prototype air distributor Scaled-down air distributor (1/10)
Distance {rom air- | Velocity | Turbulence | Distance from air- | Velocity | Turbulence
distributor (m) (n/s) cocfTicient, a distributor (m) (m/s) coefTicient, a
0 30.0 - 0.0 12.8 -
i 1 11.0 0.1047 0.5 2.1 0.0445
2 6.0 0.1015 1.0 1.0 0.0480
k) 4.5 0.0917 1.5 0.7 0.0460
4 3.5 0.0893 0.0 20.0 -
5 2.6 0.0971 0.5 3.5 0.0416
6 2.5 0.0842 1.0 1.6 0.0468
i 1.8 U.1010 1.5 1.1 0.0458
8 1.5 0.1064 0.0 15 8 -
9 1.5 0.0946 0.5 2.5 0.0462
- - - 1.0 1.3 0.0455
- . i 1.5 0.9 0.0442
Average, a - 0.0967 - . 0.0454

4.3 Comparison of Using Concentration-Dccay Method

4.3.1 Scaled-down Laboratory Experiment (trefer (o ref(1) for more details)

Tracer-gas teclimique and concentration-decay mectliod were used to determine the
ventilation efficiency.  T'he monitoring point {or tracer gas (CO,) concentration, in the cotnyyon
pipe at M (see Fig (1)) where complete mixing was assumed, would measure the average raam
concentration of CO,. CO, was emitled at a constant raic until stcady stale concentration was
reached before it was shut off and the decay monitored. This was donc to ensure uniform mixing
of the CO, in the scaled-down testing chamber while not alfecting the air [lov pattern.

From Table (2), it was obscrved that the efficiency of the new system was double that ol
the old system (ref.(1)). It should be noted thatthe simulated old system stifl had flow rate whilc
the actual old system had no suction at all. Therefore, the improvement over the existing olc

system should be reasonably more than double.

Table2:  Results on measurement of ventilation eflicicncy in scaled-down chamber

Room Avcrage Ventilation Efficiency, 14

Flow rates at suction hoods (El, E2, I33) m™/h

2 air distributors at (44, 0, 44) m’/h

3 suction hoods at (10, 10, 10) m*/h

0.294 |

3 suction hoods at (29.3, 29.3, 29.3) m*/h

0.575




.3.2  Oun-site Testing (Real-size)

The dust monitor was set up at a location about 10m above the hull bottom, and near to
he wall to simulate a typical working zone. Dust was released using smoke machines placed at
he hull bottom and supplied through the flexible ducts till suitable amount of smoke was emitted
efore switching them olf and the dust concentration was monitored. The decay of the dust
oncentration was the main concern and the units of measurement was number of particles-per-
itre (p/l) for particles sizes >0.7;un and >1.0pum, averaged over time intervals of one (1) minute.

The nonnal atmospheric concentration of dust particle of size >0.7pm was 20,000 p/l and
or size >1.0um was 7,000 p/l. These figures were taken on an average of about 20 minutes

vhen no work was being carried out.

Fantle court varmis Nme

A ] | ‘ Linearisaion of smoke concentration decay versus time (tor
. ! the purpase of extrapolation)
= | i i S
. et | Treond urfare s}
{ | | | I ] IS o
} o L AT | o il | B
g ol T
» L v o " - " " L] : : o 2 ‘ 6 L] L] 2
(ve Ay b Thve, « tmb)
figure 31 Dust concentration  decay versus  Figure 4:Linearisation of smoke concentration
time for new (96" to 101™ mins and decay (of the old system for 162™ (o
112" to 117" mins) and old (158" 10 170" mins) by natural logarithmic
170" mins) systems method for extrapolation purposes.
Table 3:  "Three (3) minules simoke concentration decay comparison
Pacticle size >0.7pum Particle size >1.0pm
Particle C,/Cy No.of times | Particle | C,/C, No. of times
count (%) above atm. conc. count (%) above atm. conc.
(/) (20,000p/1) N (7,000p/1)
Cinow | 1,523,816 | 100.00 76.2 727,749 | 100.00 104.0
C2 new 40,545 2.66 2.03 13,065 1.80 1.87
Ciom | 1,372,811 | 100.00 68.6 412,567 | 100.00 58.9
Caog 790212 57.56 39.5 164,144 | 39.79 234

L. Comparison of smoke concentration decay alter a fixed time of three minule

From Table (3), it was therefore evident that the new system could removc the smoke at
i astonishing rapid rate comparatively with the simulated old system. A percentage decay of
2.66% (new systcm) against 57.56% (old system) [or parlicle size >0.7pm and 1.8% (new
system) against 39.79% (old system) for particle size >1.0pm were observed. It would thus be
nferred that the new system could remove about twenty (20) times as much of the dust
roncentration as compared to the old system in a time span of 3 minutes.



Also, within this 3-minute span, the new system could bring the dust concentration level
Lo only ahout two times (2.03 and .87 for particle sizes - 0. 7pem and > 1.0gun respectively) that
of the normal atmospheric concentration {sce Table (3)).  As for the old system. the dust
concentration was still at a high 39.5 and 23.4 timces, Tor dust particle sizes >0.7pm and >1.0pum
tespectively, that ef the normal atmospheric concentration.

b Comparison_of time_reguired _los_concentration Lo reach back to original_atmospheric
concentration
Table 4: Dust Concentration Decay for New System (i 12" 10 117" minutes)
Particle size >0.7pum Particle size >1.0pum
“lime (uin) | concentration % ol initial | concentration | % of initial
(particle/litre) concentration (particle/litie) concentration
112 1523816 100.00 727749 100.00
i3 T 543421 35.66 17427} 23.95
14 183868 | 1207 T 64297 8.84
=115 40545 2.66 13065 1.80
16 24847 63 7167 0.98
Y ~ T 1R984 1.25 812 0.80

Irom Table (1), it took only 5 minutes {or the new system Lo bring the concentiation lo
fali telow 20,000 p/land approximately 4.2 minutes for the concentration to fall below 7.000 pA
for particle sizes »0.7pun and > 1.Opo respectively.

For the old system, due to the Jong duration that was required for a (ull decay., a lincar
extrapolation of (he natural loparithm ol the concentration decay was employed using the last
few readings obtained (Fig. (3) & (4)). This was extrapalated to predict the time required Jor the
concenlration to fall back to the normal atmospheric condition. It was predicted to require more
than SO minutes and more than 39 minutes, for parlicle sizes 0. 7pom and > 1.0pm tespectively.
Thus. by comparing the time duration for the dust concentration level to fall hack to the normal
atmospheric level, it could be seen that the time required was generally on the average of about
ten (10) times faster using the new system as compared with the old system.,

4.3.3  Some comnents
There were some dilferences i tie scaled-down experinrent and the on-site testing:

. The scaled-down expetiment measured the global ventilation efficiency while the actual
size lest measuted (he local ventilation efticiency.  Although local ventilation efficiency would
be diffetent for different location, a typical work zone was chosen.  Also, global ventilation
efficiency (as in the scaled-down experitment) would generally be lower than a well ventilated
local area (on-site testing).

b. There were 4 air distributors, 4 supply and 6 suction fans for the on-site lesting while
only 2 air distributors and 3 suction hoods were nsed for the scaled-down experiment. Afthough



wcre were this proportionate differences in the number of air distributors, supply and suction
s, the flow rates for the two hull sizes were mn accordance with the dimensionless analysis, i.c.

= }{2 (for length)

¢, =2 =0002 (for flow ratc)

The turbulence coeflicient, a, {or the scaled-down air distributor was half that o the real-
ze prolotype air distributor. This would meaun that, given cverything else constant, the distance
1at the jet of the scaled-down air distributor could reach would be doubled.  This would also
jean hat although fewer air distributors were vsed in the scaled-down experiment, the jet would
ill be able to reach the wall as in the on-sile lesting.

CONCLUSIONS

1 The construction of the scaled-down and rcal-size air distributor using dimensional
nalysis was gencrally useful. The only ditliculty was the construction of the nozzle which
ould affect the turbulence coelTicient, a, which in turn affect the distance rcach by the jet.

2 Although two dilferent methods, globai and local ventilation efficicncy, were used for the
caled-down and an-sile testing respectively. both the results still demonstrated the effectiveness
fihe new system. This improvement was based on the respective simulated old system.

' RECOMMENDATIONS
el l‘urther on-site tests and monitoring should be carried out with the new system

2 Scaled-down experiments should be carried ont o measure the local  ventilation
[Miciency at the similar location as in the on-site testing for a better result comparison.
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ABSTRACT MCA isa partner in a research group which is being funded by the European
Commissions JOULE program to cxplore the application of passive downdraught
evaporaiive cooling (PDEC) in non-domestic buildiugs (1). As part of MCA’s task to
design a full scale experimental building, special components were designed to catch the
wind and distribute through the building spaces. To determine the most efficient form for
these components, a series of wind tunnel tests was underlaken at the University of Ancona,
ltaly. The following abstract describes the objectives methods and results of these tests.

1. Introduction

The efficient functioning of passive
cooling systems in buildings depends largely
on our ability to control intemal air flows.
The direction, speed and turhulence of the
wind changes constantly thus creating
unwanted fluctuations in the air-flow. It is
possibletoovercome this difficulty by careful
design of the building components.

y & |
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Fig 1 (a) unilorm air flow (b) twbulent air Mow

A full scale experimental building,
designed by MCA, has been constructed in
Catania in Sicily. The building consists of a
tower and two test cells in which we can ob-
serve the functioning of the PDEC system and
the induced air movement. A uniform stream
of air of low turbulence is best for the
evaporative cooling system. For this reason
components were designed, a wind catcher
and a wind straightener, 0 oplimise the
control of the air flow in the tower.

Quanlitative tests on scale models of the
Experimental Building were carried out to
assess the performance of the different
components both individually and in
combination. These visualisation studies
seeked to inform the design of a system that



can be adapted to dilferent situations, climates
and building typologies. An important
consideration in doing these experiments was
to explore practical instruments and methods
for designers to inform their designs at an
early stage of the project within acceptable
costs and with valid results.

Fig.2 The Experimental Building Sketch design

2. The Wind Tunnel

The wind tunnel that was used is located
in the laboratory of the Faculty of Mechanical
Engineering in the University of Ancona in
Italy. It was created to test aeroplane wing
sections and spoilers, but its dimensions and
capacity allow us to use it with architectural
scale models. In the wind tunnel we can
measure local windspeed and direction (mean
velocity), turbulence intensity and do visua-
lisation studies.

[Fig 3 The windtunnelin Ancona Universily
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The dilferent measuring tools are:

meuan velocity: an axial flow vane
anemometer, a Pitot tube

turbulence intensity-: a rapid sampling
anemometer

visualisations: smoke: helium bubbles,
paralin and talcum powder

The visualisation studies undertaken at
Ancona involved letting wisps of vapourised
oil into the tunnel which shows clearly the
airflow patterns. This givesinformation about
the capacily of the prototype to reduce turbu-
lences and to optimise the air flow

3. Models for testing

To retain similarity of flow patterns at a
reduced scale it is neccessary to increase the
velocity. The key parameter is the Reynolds
number:

Lxy length x velocity.

V  Kinetic viscosity

Ideally this should be the same at model
scaleas at full scalei.e. if thescaleis reduced
the wind speed is increased. The models used
in the wind tunnel must therefore be solid
enough to resist very high wind speeds. We
prepared 1:20 scale plexiglass prototype
models of the experimental building. The
models consisted of one tower onto which
different components could be fixed. This
gave us the flexibility to easily test different
configurations. As the plexiglass models we
built are at scale 1: 20, using the Reynold’s
number, we could simulate an air speed of 4/
S m/sec running the machine at a real speed
up to 200 Km/h.

4. Building Components
The components to be tested were wind
catchers, air straighteners and louvres.



4.1 Wind Catchers

The function of the wind catcher is, as its
name suggests, to bring as much air as
neccessary into the building. An ideal wind
caicher should function well even when there
is very little wind. The choice of which type
of wind catcher to use in the building depends
on:

Efficicncy

- Suitability for the site (i.e if there is a strong
prevailing wind)
- Cost aud materials

Seraphe veind bl —

P

Lig- Nalgal (dowdraughi coaling tower) designed
by Vlassan Fathy (Sowce 11 Fathy)

We examined three ditferent shapes for the
wind catcher to test in the wind tuvnnel:

- Mono directional

These can catch wind only from one direc-
tion bul give quite a uniform flow.

- Two directional

The wind is caught from two dircctions but
causes an uneven (low,

- Multi directional

The wind is canght from all directions but ithe
flow is much less uniform.

Fig 5 The wind catchers fested

The disadvantage of the mono directional
catchers is that it catches the wind from one
direction ouly. It would be costly and invoive
additional machines to develop a rotating
wind cateher. The advantage of the multi-
directional catcher is that it has a large
opening area and is tolerant of all wind direc-
tions but it causes an uncven airflow within
the tower. It is therefore our objective to make
the multi directional catchers work. To do this
we need a straightening device

4.2 Straightencers

The simplest devices for straightening the
air flow are a grid or honeycomb. These are
quite ctfcetive forreducing turbulence but are
not effective for making the flow even, They
would work well with the mono directional
catchers butwould be less successtul with the
multi directional catchers. Another way of
straightening the air is to have a constriction
{ollowed by gentle dilation. This is a classical
technique for producing a uniform fow tur-
bulence flow which gives the shape to the
wind (unnel. We felt that this was the right
iechnique to smooth the flow from the rulti
directional wind catchers.

The parameters for this device are:

1. the constriction ratio, which is the ratio of
the throat arca to the area of the tower plan.

(afb-see fip.0)

2. The dilation angle. This angle should be as
shallow as possible (around [0 would be
best).

3. A smoothly shaped inlet.

Fig 6'Meairstiaightenen
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S. Experimental Protocol 7.1 Wind catcher n° 1- asymmetrical mono

Before commencing the wind tunnel tests directional
we established an experiumental protocol. It This is an asymmetrical catcher that has been
was decided to evaluate the efTiciency of each designed for prevailing wind conditions. The
component individually and then in test indicates a small area of turbulence below
combinations of catchers and straighteners. the windward opening. This turbulence
gradually disappears and the air flow seems
6. Wind Tunnel Test Visualisations to be slightly asymetrical atthe bottom of the
June 1996 tower. (See fig.B)

Different wind catchers were lested first:

Wind catcher N° 1: asymmetrical mono
dircetional.

Wind catcher N° 2: symmetrical which cat-
ches the wind from two directions.

Wind catcher N° 3: a quarter sphere which
simulates a rotating device.

The second series of testsinvolved lesting the
different wind catchers in conjunction with
the different straighteners. Two types of
straightener were tested:

Straightener N° 1: Narrow constriction
Straightener N° 2: Wide constriction

7. Results of the visualisation tests
The results of the tests involving the different Fig& Visualisation of wind catcher n°
wind catchers and wind straighteners are

outlined here.
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7.2 Wind catcher 1n° 2 - symmetrical
bi-directional

This catcher is bi-symmetrical and allows the
wind in from two opposite directions.An even
air flow is concentrated towards the middle
of the tower’s section.

7.3 Wind catcher n° 3 - quarter sphere

This catcher aims (o simulate a revolving
system that can follow the wind coming from
any direction. The model simplifies this
system by using a fixed quarter of a sphere
on one side of the tower. The visualisation
shows hosw this particular gcometry tends to
creale a rotalion of the flow around the verti-
cal axis, with aspiral-like shape. A majorarea
of turbufence appears under the windward
opening and aminor one on the opposite face.
The outlet flow is less uniform than in
case 1. (See {ig.9)

7.4 Wind catcher n° | with Straightener
n° 1

The straightener is a Venturi tube whith a
constriction ratio of 50%.

Its effect is quite evident, especially if
compared with the efficiency of the head
alone. The flow is very dif fused and uniform

inside the (ower.

A small zone of turbulence appears
immediately after the straightener, on the
windward face. The outlet flow is uniform.

7.5 Wind catcher n° 2 with Straightener
n°l

This configuration seemed to be the most
successful. The [low is quite central and
uniform.

7.6 Wind catcher n° 3 + Straightenern® 1
The effect of the straightener seems (o be very
similar to the case n° 4,

Any dillerence in the outlet flow has not been
visualised.

7.7 Wind catcher n° 1 + Straightener n° 2
The straightener is a Venturi tube with a
constriction ratio of 80%.

‘The straightening effect is similar (o that of

casc 4, giving quite a uniform flow.

7.8 Wind catcher n° 3 + Straightener n® 2
Here again the air flow is more uniform using
the straightencr which has an B0%
constriction

FFig 9 Visualisation of wind catcher n°2 with stiaighlener n®|

g 10 Visualisation ol wind catcher n”3



8. Conclusions

The visualisation tests showed quite
clearly the effectiveness of each component.
Theheads alone, although efficient at catching
the wind, give quite a turbulent air flow. The
air straighteners have proved to work well at
reducing this turbulence.

For the Experimental Building in Catania,
given that the prevailing wind is east-west, it
appears that the most efficient combination
is the symmetrical head as with a straightener
with a narrow constriction. The components
have been constructed and installed in the
Experimental building and their pesformance
will be tested and moonitored this summer.
The design of this type will be developed in
more detail as part of a full scale building
design project.

The nextstep is to revise the experimental
protocol and measure pressure differences in
a second series of tests.
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ABSTRACT The aim of this study is to calculate numerically the heat transter
through a hollow tile with two air cells in the divection of heat (low. The top and
the botlom sides of the block are ndiabatic while the vertical ones are isothermal
liquations of conservation governing the convective flow in internal cavities and
the conductive  heat transfer in the surrounding walls are solved uaing the SIMPLE
algorithn, Radiation heat exchangee between surfaces of the inlernal cavities are
also accounted for. Paramelers thi characterize the {luid (fow i the cavities andd
the heul}mnxl‘er through the block are evaluated for Rayleigh numbers belween 107
and 510

{. Introduction

Hollow concerete blocks or clay tiles are often used in the construction of the building
walls and roofs However, theie are few studies (hal have processed numerically the
problem of heat tansfer through these structnes. Most methods used are basced on
simplified models that suppese 1hat the heat tansfer is Hngar and can be predicted by
using overall concuctances whase values are determined experimentally [1.2]. This
approximation s not  always valid especially in the ease of high diffetences beiween the
outside and the inside lemperatures To contribute  ta the resolution ot this probtem, a
munerical study has been presented by coupling between the conductive and the
convective thermal transfers in a hollow tile with one cell deep|3). The calculation
program has been tested by comparing its resulls with those obtained by De Vahl Davis in
the case of a differentially heated square cavity using the IRench Matk solution [4]. The
integration of the radiative heat exchanges between the inner cavily surfaces in the
simufation program of heat transfer through the block has been the subject of a recent
study |5]. However, hollow tiles used in practice are based on two or several air cells in
the direction of heat flow. In the present wark we extend the preceding study [5] to the
case of a hollow tile with two cells deep. Stream lines in the internal cavities, isotherins
in the block, average Nusselt number and heat flux are predicted for a range of Rayleigh
numbers. FEffect of the tepieratures of the block vertical sides on the heat transfer is also
discussed.

2. Mathematical model

A schematic diagram of the studied configuration is shown in Fig. 1. It represents a
hollow tile of width L and height Ll with two rectangular cells surrounded by conducting



walls whose thiknesses are indicated in Tig 1 The hotizontal sides of the block are
adiabatic while the vertical oncs are isothermal but at different temperatures Ty, and T, In
formulating gaverning equations 1118 assumed (hat the Muid and the walls propertics are
independent of temperaiure except for the density in the bioyaney teom. The fluid is
Newtonian, incompressible and fhe Boussinesq approximation is valid  Viscous heat
dissipation in the [lnid is assumed to he negligible. The fnid motion and the heat tansfer
we cousidered o be two-dimensioml and laminar. The fluid inside the cavities is
assumed 10 be nenparticipating and the cclls surlaces are considered 1o bu grav, diffuse
emitters and diffuse reflectors. Dimensionless  equations governing the congervation of
mass, momentum and energy in the internal cavities are given by:
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where U, V. P and € are the dimensionless variables associated tespectively with the
velocity compnnents, the pressure, and the fluid temperatare, Pris the Prandlt number, Ra
is the Rayleigh number Praf}(T,-TOLA2 and v is the fluid kincmatic viscosity. The
dimensionless eqution of heat conduction in the walls is:

g 20y 0°0,

~ia (3)
u, ot oX*

where oy and og are respectively the fluid and the solid thermal diffusivities. The
boundary conditions of the problem are:

* U= V=0 on the walls of cavities
*05(0,Y)=1 and 04(1,Y)=0 (0<Y =1L
*/0Y=0 for Y=0 and Y= H/L (0<X =l

The continuity of temperatures and heat {luxes at the fluid-wall interface gives:

0, & .
“(—’*':*Nkig—[“*‘N.Q. (6)
Ay n

where 1 represents the dimensionless  co-ordinate normal to the wall, Ny is the thermal
conductivity ratio kp'ky, N, is the dimensionless radiation to conduction patameter



chh4L/kw(']"|.-Tc), o is the Stefan-Boltzman constant and (; is the dimensionless radiative
heat flux which can be expressed at any surface i as:

4

|
Qri(r;) =e;(1- ?)1 (0;(r;) + ﬁ)d — e, 2 [ 3500 dF i an (7)

where g is (he emissivity of the surface i, yis the lemperature 1atio Tp/Te, Ji(1)) is the
dimeunsionless radiosity at the position r; on surface j and dFya;.qaj is the configuration
factor between the finite surfaces dA; and dA located at rj and rj respectively. By dividing
the walls ofthe internal cavities into finite isothermal surfaces equation (7) leads to a sct
of algebric equations where the unknowns are the dimensionless radiosities Ji(r).

The average Nussell number and heat flux at the hot surface of the block are given
espectively by: .
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Equations (1) to (9) are solved by the SIMPLE algorithm using 58x32 nonuniform
grid with 23x23 grid in each cavity. It has been found that the use of 76x42 grid leads to a
relative difference in the Nusselt number about 0.025 percent for Ra= 10" and 0.4
percent for Ra= 5.10° The time step used in the simulation is 10™*. Convergence is
obtained when the relative difference on all variables calculated in two successive
iterations becomes lower than 107,

3. Resuits

Results presented in this study are carried out for a hollow ciay tile characterized by:
L= 10cwm, H= 4,5cm, ex| - exy—ex3— lemy, eyp-eyy=0.5cm, €7 0.8, ky= I1W/K and
Pr= 0.71. The simulation is conducted by varying Ra, y, N, and T but their variation
should be restricted within the ranges of practical values corresponding to the processed
situation.

Fig. 2 shows the contours of the streamlines and isotherms obtained for Ra=5.10°. It
can be noted that the flow structures in the cavities are similar to those in a hollow tile
with one cell deep [3]. Near the adiabatic horizontal sidesthe temperature decreases
almost lincarly from the hot vertical side to the cold onc. The distortion of isothcrimy in
the central region (ey|< y < H-ey;) shows the two-dimensional nature o f heat transfer
which i3 due to thc convection in the cavities.

To account for the radiative heat exchanges between surfaces of the intemal cavities
for a given Rayleigh number, it is necessary to specify one of the two temperatures of the
block vertical sides. So, for different values of T, figures 3 and 4 show the variations of

the average Nusselt number Nu and heat flux Q as functions of the Rayleigh number Ra
and the temperature difference AT= (T)-T,) respectively. It can be seen that the heat

Yy



transfer through the block increases with thc Ra number (i.e. with AT) as expected. The
increase of Nuand Q with T, is due to the radiative heat cxchanges between the

surfaces of the internal cavities. However, one can note that the variation of T, has no
gignificant effect on the heat transfer for the range of practical temperatures (0<AT<40°C
and 283<T <323K). The use of a reference temperature T, of 300K in the simulation
constitute a good approximation. In fact, the maximum relative difference in the average
heat flux predicted using other reference temperature between 283K and 323K is less than
5 percent. Itcan also be noted from Fig. 4 that the variation of the heat flux as a function
of the temperature difference is almost linear.

Fig. 5 gives the variation of the average heat flux as a function of the radiation to
conduction number N,. One can observe that for lower values of N,, the heat transfer is
important and decreases rapidly as N; increases. For N, >4, the heat flux is weak and
decreases slowly to become negligible for N, >20. The variation of heat flux against the
temperature ratio y given in Fig. 6 is almost linear. This is due to the linear relationship
betweeny and AT (y= 1+ AT/T,).

4, Conclusion

Heat transfer across a hollow clay tile with two cells has been predicted for various
parameters of physical interest. Simulation results have shown that the heat transfer is not
only a function of the temperature difference between the vertical surfaces of the block
but it depends also upon the temperature of these surfaces. However, the effects of these
temperatures is not significant enough in the range of practical values. 'L herefore, the use
of a cold surface temperature of 300K in the simulation of heat transfer through the
hollow block constitutes a good approximation. The heat transfer through the block
increases almost linearly as the temperature difference between the external surfaces
increases. Then, based on the established results, it is possible to generate, by
identification, the transfer function coefficients that permit to predict easily the transient
heat transfer through the considered hollow block.
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THE TWO-DIMENSIONAL MULTI-LAYER TRANSFER FUNCTION
FOR AN EARTH-SHELTERED BUILDING

S. Amjad, A. Abdelbaki, Z. Zrikem

I.M.F.E, Faculty of Science Semlalia, Cadi Ayyad Universily, B.P. S-15,
Marrakesh, Morocco

ABSTRACT Tlis paper describes the use of the bidimensional multi-layer trans-
fer functions iethod for predicting the time-varying lheat transfer from an earth-
sheltered building to the ground. ''his method is based on the decomposition of the
studied system lu dilerent rectangular regions in the (z, y) directions. Each region
is characterized hy ils inpuls and outputs and by its appropriate transfer function
coeflicients. This technigue permits a significant reduction in the computation time
required to gencrate the transfer [unction coefhicients of the building coupled to the
soil. The procedure is tested by comparing its resulis with those ol the ADI method
for various situations.

1. Introduction

Transler function methods are generally used to predict transient heal conduction
through opaque walls of the building envelope. However, the application of this procedure
in solving the ground coupling problews 1s rather limited. Based upon the Seem’s multi-
ditnensional algorithm [1]. transfer function coefficients have been derived recently for two
underground sttuctures: a shallow-hasement [2] and an earth-sheltered building (3] It has
been found that the trawsfer funclions method results agree well with those of the I'TPE
and the AD[ methods. To reduce significantly the coreputatonal eflort to generate trans-
fer [unction coeflicients for buildings coupled fo the sall, an efficient. terzuique called the
multi-lager transler functions method has been developed [4]. This procedure is hased on
the decomposition of the system formed by the bnilding and the soil into superposed layers
following the y direction.

In this study, the multi-layer transfer [unctions method is applied to predict the two-
dimenstonal heat trausler between an earth-sheltered building and the soil by decomposing
the system into different rectangular regions v the (z,y) directions. This technique permits
an important reduction of the calenlation time required in the generation of the transfer
function coeflicients. Comparison of the results obtained using this procedure with those
of the ADI method is made in two typical climates [or a range of parameters of physical
interest.



. Mathematical model
The studied two-dimensional configuration is shown in figure 1. It teprescuts an earth-
heltered building of width 2a having a roof of thickness ¢, situated at a depth b below
he soil surface. The vertical wall height and thickness are respectively . and €. The
lah-below-grade floor thickness and depth are respectively e; and . A water table at the
emperature Ty 1s assuined to be at a depth d below-grade. The soil surface aud the interior
ir temperatures are respectively Ty(t) and T,,,(t). The calculation domain is limited by
= —L and +L. Taking into account the symmetry ol the problem, only one half of the
alculation domain is considered.

The equation governing the transient. heat conduction in the soil, the building walls, the
oof and the floor is expressed as:
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chere oy s the thermal diffusivity ol the considered medium. The boundary conditions of
he problem are given by:
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where ., by and h, are the heat transler coellicients at the vertical wall, the floor and the
roof surfaces respectively. \,, \; and )\, are respectively the thermal conductivity of the
wall, the floor and the rool.

As shown in figure 1, the systemn forined by the earth-sheltered building and the soil
is decomposed into rectangular blocks obtained by decomposing the system into Ny layers
in the y direction and Nz layers in the x cirection. lach block n is characterized by its
inpnts [[/]" and outputs [2]" and by its appropriaie transfer {unction coelficients witch are
generated separately using the Seem’s multidimensional algorithm [1]. We note that for each
block, the inputs and oulputs are respectively the temperatires and the heat Mlnxes at nocles
located ou the external sides of the hlock.

It is known that the transfler function relates current outputs to current inputs and also
to previous oulputs and inputs. Then, we obtain:

Nn my Nn
grt) =2 SETUNE GA) Y ekt ja) (2)
1=01=1 j=1

where A 1s the time step used to sample inputs which are assumed te be continuous and
linear between time t and ¢ -+ A Si? is (he transfer function coefficient corresponding to
the n* block, the k™ outpnt, the 1 input and the time ¢ — jA. el is the transfer function
coeflicient corresponding to the block n and the time £ — jA.

The continuity of the temperature and the heal flux at the node £ located al the interface
between 1wo adjacent blocks p and ¢ gives:

07 = 07 (3

¢ = L (4)

Il the node k is located al the interior surface of the building then:

er = MU = Tine) (5)
where f is equal to either h,, hy, or hy.

Substitutiug equation (2) into equations (3) to (5) leads to a system of equations where
the unknowns are the temperatures at the surfaces separating two adjacent blocks and those



i{ the nodes localed at the roof, the wall and the floor surfaces. This system is solved by
he Ganss-Seidel iteralive method.

). Results

The results presented here are obtained in two typical climates : a hot climate with
[1(1) = 204 7 coswt (°C) where wis the angular frequency of the annual cycle, Ty = 20 °C
wd d = 13 m and a cold climate with T}({) = 8+ Teoswt (°C'), Ty = 10 °C and d = 6 m.
u=2°C,a=3mb=08m,c=4m H,=3m e, =e,=¢;=04m L =9m,
k=1 W/mK aud oy = 645 107" m?/s. h is taken as 8.3 IV/m?K il the building is
minsulated and 0.41 WW/m? I if it is strongly insulated. The time step used is A = 864000 s
or the transfer functions method and A = 86400 s for the ADI one. The grid spacing used
n the simulation ranges [rom 0.025 m to 1 m for the two methods.

For an uninsnlated building envelope, figure 2 shows the temperalure distributions as
1 function of the z distance at. the depth y = 1 m and y = 4 m while figure 3 gives the
emperature distributions as a function of the y distance at £ = —3.4 m. These temperature
profiles are obtained [or two representative days: January 15 when the soil surface temper-
ature 71(?) is minimum and July 15 when Tj(t) is maximum. [t can be seen that there is a
very good agreement hetween the ADI and the multi-layer transfer function results (TT). In
[act, the maximum relative diflerence on the temperatures predicted by the two methods is
ess than 1 percent. The temperature profiles show that, in both climates, the heat transler
s important near the building and has a two-dimensional nature but. it decreases as the
and/or the y distances increase.

Figure 4 gives the annual variations of the monthly heat. flux through the envelope of an
minsulated building (A = 8.3 W/m?K) and a strongly insulated one (h = 0.41 W/m?K).
[t can be observed that there is a very good agreement beiween the predictions of the
wo methods and that the heat exchanged hetween the hulding and the soil is reduced
significantly when the building envelope is strongly insulated. @ther results (not presented
here) show that ouly the insulation of the earth-sheltered building roof plays an important
role in the hot climate.

4. Conclusion

A numerical prediction of heal transfer {rom an earth-sheltered building to the ground
has been carried out by applying the multi-layer transfer functions technique following the z
and y directions. The comparison of the temperature and the heat flux distributtons obtamed
by the transfer functions and the ADI methods shows a very good agreement between the
predictions of the two methods in the different processed cases. This procedure has reduced
considerably the calculation time required to generate the transfer function coefficients in
comparison with the multi-layer transfer functions {ollowing only the y direction.
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Abstract

A new thernmodynamic approach is presented giving relations between water droplet size
in a supersaturated air and chemical reactivity. Bifferent realistic examples show an increase or a
decrease of the chemical affinity with the size of the droplet. Supersaturation versus radius
curves show stablegand unstable domains. Finally, a generalized supersaturation formula is
given for charged droplets.

1. Introduction

The purpose of our work is to show the relations between the curvature of droplets and
the chemical affinites of reactions taking place in vapour and agueous phases and then to analyse
the consequences on the physical chemistry of the atmosphere. In this first theoretical approach,
we consider no surface-acti ve compounds.

The atmosphere is a very complex system covering injection, transport, chemical
reactions, phase transfer and deposition of minor species. All these processes induce a rich and
fascinating chemistry involving numerous components generally at extremely weak
concentrations. In the beginning of the studies on tropospheric physico-chemistry, scientists
were only interested in homogencous gas-phase reactions. Moreover, mass transfers from air or
solid phase to hydrometeors also lead to a complex cheinistry in the aqueous phase. There is
now a tendency to develop mulliphasic mechanisms taking simultaneously into account chemical
transformations in interstitial air, matter transfer across the gas water interface and chemical
reactions in the aqueous phase, ref. (1.5). Except for nucleation phenomena, none of these
studies allow for capillary effects. Using an a priori approach, our goal was to discover whether
this gap could lead to uncertainty in the results on the tropospheric mechanism. Therefore we
use the thermody namic approach in order to find the relations between the concentration of the
reactive species, the size of the droplets and the chemical affinites, ref. (6).

This new approach is based on the thermodynamic capillarity of macroscopic systems,
ref. (7.8). The system considered is composed of a mist of aqueous droplets (phase [3)
comprising a solvent and one or several solutes. The supersaturated vapour (phase o) also
contains several species. Transfer ol matter and chemical reactions take place in both phases.
Three processes studied using simplified examples are proposed involving chemical reactions in
the vapour and aqueous phases, respeclively. Moreover as a general rule, at equilibrium, the

partial vapour pressures, p.., of the solvent w (in our case water) is larger than the vapour
0 g 3 . . o
pressure, p,“, corresponding (o a plane interface. We define the supersaturation as the quantity

0 . . . 5
]n(pff /pw"), and we assume here that the droplet has to accommodate itself in order to maintain
constant the partial pressure of the solvent.



2. Basic equations.

For uncharged components in an equilibrium partition between the ¢« and 3 bulk
phases, we can write the variation of the chemical affinity A}f(: —AG;’), of a reaction p in each

phase ¢(p = «, ) in terns of the variations of the chemical potentials

=y bt (0
Y

where V7 is the stoichiometric coefficient and 7 is the chemical potential of component y .

Considering the vapour phase (&) as an infinite reservoir at constant T, the Gibbs-Duhem
equation reduces, as a first approximation, to

}_‘c du’+y ¢ du =0 (2)

Ysw

where the concentration of the inert component ¢ viiries during the reactions in order to
maintain a constant pressure in the atmosphere.
Considering the atmosphere as perfect gas, we get from Eqs. (1), and (2)

dAS ve Ve dc®

—L= N R e Ve Y (3)
a a Y op @

RT & o Cs G

where § refer to one particular component (§ = w, ¥ ).
From the classical Laplace equation, we obtain
dp? =d(20x) - 4
where § is the surface tension and x the curvature of the droplet.

Using now the Gibbs-Duhem equation for the liquid droplet phase and assuming very
low solubility of the inert components, Eq. (4) reads

1(20k) = Zcu i#, zc)‘ du,1 +ZCB(1;1 (5)

=4

where among all the species 7, we consider the component A in therruodynamic equilibrium
between « and f3 and

d a
dps = RT £ 6)
Cl
From Egq. (1) the variation of the chemical affinity in the liquid phase (/) reads
b0 B
VeoCy v ‘
([A:: = Z —V;{; G -I'IIU }—-—.,j—;)—({(’ZO'K) (7)
7Rthw (/g | Cy

where (6) is one component in the aqueous phase (/3).



where () is one component in the aqueous phase ().

For ideal solutions of non surfactants (s) the supersaturation is given by the relation,
ref. (8.10),

L. pl 2ok
o= = (8)
B /Jm RT z ¥

w w 5

where ¢ is the partial molar volume of the solvent.

3. Applications to semi-realistic models [or atmosphere

The three simplified models are .

(a) quasi-insoluble chemical species precursor in vapour phase of an ionizable soluble
species :

(b) soluble chemical species precursor in vapour and / or in aqueous phases of an
ionizable soluble species ;

(c) oxidation of a soluble product leading to a less soluble product.

The mechanism (a), (b) and (b") can be schematized respectively by

(@) air water
v,P* viS* e v S e v(v,.C +vA_A‘)

Red“
(b) and (b")

air water
v,P° o v,P?

Ox* Red*(0)OXx? __|_, Red’(b')

v S® = viS' e vg(v.Ct e v,.A")
(c) water air

Ox-

v,,(chrC+ +v Ao v,PP ey, P v,S®

Red”

For the three cases, components OX and Red are assumed to be in a steady state.

Furthermore one assumes that C* and 47 are only ionic components existing in the solution. It
means among others that we neglect the self-ionization of the solvent.
Although very simplified, these three schemes represent reasonably well actual

atmospheric cases. The hypothesis that the OX and Red species are in steady state is generally

well verified. Indeed. one often has a system as tollows : Ox =0H +0, and Red = HO,.
In such cases. a steady state is maintained by the recycling of /10, into Ol by NO. One can
then give soime examples following more or less these schemes.



For (a) :

CO +0OH —9—CO, + HO,
NO, + OH —— HNO,
For (b) :
CH,CHO + OH —%5CH, + CO,H + 1O, (only in liquid phase)

SO, + OH 2525 11,50, + HO, (In both phases)

For (c), it seems that it is much harder to find actual cases corresponding to the last
mechanism. [ndeed. the atmospheric oxidations products are mostly more polar and thus more
soluble than their precursors. Nevertheless an example is the oxidation of formic acid (very
soluble) into carbon dioxide (less soluble).

HCO,H + OH —2 CO, + HO, + 1,0

4. Analysis ol the mechanising
4.1. Mechanism (a)

By using the previous equations (2) - (8), we obtain an integration from a constant
curvature x* corresponding to the concentration ¢y to K

fa 4o 2 RT
A—A = v?‘vlJ In ﬂ_L 9)

RT 207k +aRT

The chemical affinity in the vapour decreases with increasing curvature of the droplet.
Itis interesting to note that the variation of A in the vapour phase is not only a function of the

curvature, but also of the nature of the two phases through the physical quantities o and v*.
For the case a = 0(i.e. p = p.* )vs =1, v =3 and 2I'k” <c?, Eq. (9) then reads

AG® — AG™ K (e
- =3 |
RT c? +2rk

At 25°C for
K =10°cm™ k=2x10%m™ 2 =1.8% 10° mol cm™,¢? =5.55% 10° mol em™, we
obtain

AG™ — AG™ = 22k mol !
4.2. Mechanism (b)

For the mechanism (b) all the othercomponents (# P, S, Ox, Red) are supposed to be in
partition equilibrium (for exaniple w) between the two phases. Moreover the vapour phase
contains inert components I slightly soluble in the droplets (mainly ¥, and 0,).

The chemical affinity in the droplet becomes then

(i) strong electrolytes



oAl 204 N
A A i 14 2B (o) ] (1
RT L' swrr
(i) wenk electrolytes
AP —A? 208K . .]
S =v {1+ K" (1N
12 )|
| 1 v, I/v - . ve. . v
Ver Va- Cs
where ¢
v=v. +v K =if7
Cs

For both cases the chemical alfinity in the droplet increases with its radius. It also
depends on the surface tension, on the concentration. ¢ **, of the gaseous phase and on the
chemistry in the aqueous phase (K, ).

Letus give two examples :

(i) SO, - H,50, = 2H" + SO,
For
20 =144 ergem™, Ak =2x10%cm™" v =3 v, =LK, =10°,K, =1 mol*cm*,T = 300°K,
¥ =10"" mol em™

we obtain

aG" - aG™
RT

=06
or
AG? - AG™ = 15 kI mol™
(i1) CH,CHO — CH,CO, T
(For very large dilution, we neglect the surface acuvity of the solute). For
20=144 ergcm™, Ak =2x10° cm™ v = LK, =107, T =300°K.c;* =107 mol cm”?,
one has

p_, *8
AG—R:I:\G—:H or

AG? —AG*# =35 kJ mol™

The analysis of the first two models, (a) and (b) shows that the larger the droplet size the
larger the chemical affinity. This result depends on the solubility of the reaction products.

4.3, Mechanism (c)

For the mechanism (¢) the oxidation of a soluble product leads 10 a less soluble product
and



EE At a. . 20K +aRT
i—_—-:v,f ln%:v},’v’] In—m—m—— (12)
R Cp 20 kK +uaRT

For this cuse. a decreasc in the droplet size induces an increase in the chemical atfinity.

5. Supersaturation for charged droplets

Charged droplets induce in the vapour phase (a) a diffuse layer so that the previous
relations must be replaced by expressions taking into account the local clectric tield. Instead of
the chemical potentials. and the chemical affinity we have to use the electrochemical potentials
and the electrochemical affinity. Recently A. Sanfeld. ref. (11), has shown that the influence of
curvature on the saturation pressure of a charged droplet reads

1 P 20K < 1 Il e
— it =22 N — | (&} (13
o phe O RT O 5 20PRT [acw J (£7)

where dc/ de,, is the derivative of the dielectric constant with the concentration of the solvent

and £,is the radial component of the clectrie field. The last term, called polarization effect. ref.
(12), is taken at the suctace ol the droplet. Therefore

2,4
gra Bk - (14)
lor e

with 0 the charge of the droplet.
Finally, for a siuple dissociation reaction in the droplet, we find the relation A, (k. Q).
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Abstract ; Mcthanol synthesis from CO2 and Hy has heen investigated for estahlishing a glohal
system foc the conversion and transportation of hydrogen cnergy produced from natural cnergy
such as solar cnergy, hydropower and so on, First, the authors clucidated the 1ole of metal oxides
coutained in Cu/ZnQO-based ternary catalysts prepared by a coprecipitation method and developed
Cu/ZnO-based multicomponent catalysts containiug two o thiee nictal vxides. Then, the operation
conditions for preparing a Cu/ZnO-based multicomponent  catalyst were optimized. In the
following step, a long-term (> 2000 h) stability of the catalyst developed was examined in a
continuous methanol synthesis test at 523 1K with a total pressure of S MPa using a fixed bed Nlow
rcactor. Furthermore, the methanol synthesis over the multicomponent catalyst was investigated
using a reeycle reactor serving as a madel reactor for a practical methanol synthesis process.

1. INTRODUCTION

The greenhouse cffect of carbon dioxide has been yecognized to e one of the most scrious
problems in the world, and a number of countermcasures have Seen proposed so far. Catalytic
hydrogenation of COz to produce various kinds of chemicals and fuels has reccived much
attention as onc of the most promising mitigation options. i particutar, mclhanol synthesis by
COz hydrogenation has been considered to play an impotiant role jn the conversion and
transportation of hydrogen cenergy produced from natural energy such as solar energy,
hydropuwer and so on, as shown in Fig. (1) (ref.(1)). According to some cstimations (ref.(2)), if
Hais produced by clectrolysis of waler using #m clectric poser ol 1000 MWh and then methanol
synthesized from CO; and Hy is transported to lapan thicugh the system shown in Fig. (1), an
cleetric power of 300 MW could be obtained from a methanol fired power plant in Japan.

A practical methanol synthesis process greatly requires a high performiance catalyst, which
must be highly active and sclective for methanol synthesis and also stable for a long perind in a
continuous operation. NIRE and RITE have been jointly implicated in the development of high
performance methanol synthesis catalysts since 199(0). The authors clucidated the role of metal
oxides contained in Cu/ZnO-bascd temary catalysts piepared by a coprecipitation method, and
then develnped Cu/ZnO-based multicomponent catalysts containing two o1 tiee nictal oaides
{ref.(3)). After the developnient of the catalyst, the operation conditions (or preparing a Cu/ZnO-
based multicomponent catalyst were optimized by investigating the cffects of various preparation
conditions on the activity of the catalyst. In the following step, the change in the aclivity was
cxamined for the multicomponent catalyst prepared under the optimum  preparation conditions
during a long-term (> 2000 h) mcthanol synthesis test at 523 K with a total pressure of S MPa
using a conventional fixed bed flow rcaclor. Furthermore, we investigated the methanol synthesis
over the multicomponent catalyst using « recycle reactor serving as a model reactor for a practical
methanol synthesis process.

* To whum correspondence should be addressed.
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. EXPERIMENTAL

All Cu/ZnO-based catalysts were prepared by a coprecipitation method. A mixed aqueous
ylution of metal nitrates and an aqucous solution of Na2CO3 were added dropwise (o distitled
rater, Subsequently, the precipitate was filtered oul, washed with distilled water, dried in air al
83 K ovemight, and calcined in air al 623 K for 2 h. The operation conditions lor preparing the
atalyst such as the temperature during ceprecipitation, the concentration of an aqucous solution of
lixed metal nitrate, the time of aging precipitate, the extent of washing precipitate with distilled
sater and so on were varied.

ol |

Gas chromatograph

Fixed bed

reactor Cooler
|
Sand bath Gas-fiquid
separator
i k ‘| — Crude Methanol
v/
. .- f :
o 2
Gas llowmeter

Compressor

FFig. 2 Schemalic diggram of a recycle reactor with a catalyst volume of 50 ml.

A conventional fixed bed flow reactor was used both {or short-term and long-terin mcthanol
ynthesis tests. A commercial catalyst (Cu/ZnO;/Al203) for imethanol synthesis from syngas was



used for comparison. Furthermore, a reeycle reactor equipped with a compressor for reeycling
unrcacted gases was used lor investigating practical methanol synthesis operations, as shown in
Fig. (2). The catalyst fixed in a reactor was reduced in a gas mixture of Ha (10%) and tHe (90%) at
573 K with a total pressure 5 MPa. The hydrogenation of CO2 was then carried out at S23 K with
a lolal pressure of S MPa in a fixed bed flow reactor by fecding a gas mixture of Ha and CO2 with
a mole ratio of Ha/CO2=3. The rcaction products were sitalyzed by meins of gas chromatographs
directly comnected to the reactor. The main products of CO2 hydrogenation over Cu/ZnO-based
catalysts werc methanol, CO and watcr. Mcthane, dimethyl cther and micthy! formate were also
detected in the reaction products, but the sclectivities for the by-products were less than 0.1%. “The
catalyst activity was mecasurcd 2h after supplying Ihe fead gas to the reactor except for a long- term
test and for a test using the recycle reaclor.

The (otal copper surface arca of the catalyst after the reaction (Cugora) was determined by the
technique of N2Q reactive frontal chonatography (RFC) after re-reducing the  post-reaction
catalyst with Hz at 523 K (ref.(4)). X-ray diffraction measurciments were performed for analyzing
the structurc of the catalyst.

3. RESULTS AND DISCUSSION
3.1 Development of Cu/ZnO-bascd multicomponent catalysts

The methanol synthesis activities of Cu/ZnO-based ternary  catalysts  (Cu/ZnO/MxOy)
containing various metal oxides were exannined. GapUz, AlaO3, ZrO; and CrpOz exhibited
promoting clfects for mcthanol synthesis. Figure (3) shows the mecthanol synthesis activity of
Cu/ZnO-bascd termary catalysts containing Ga203, Alz03, ZrO; and Cr203 on varying the content
from 5 to 40 wt7 as a function of total Cu surface area (Cuiggral). For cach metal oxide contained
in the Cu/ZnO-bascd catalysts, a lincar rclationship between MTY and Cuggrg] Was obtained,
indicating that the specific activity is identical for cach metal oxide cven if the content of a metal
oxide in a Cu/ZnQ-bascd catalyst is varicd. The specific activitics for the Cu/ZnQ-based catalysts
containing Giuz3 und Cr203 weie greater than that of a Cu/ZnO catalyst by factor of 40% and
30%. respeetively. On the other hand, the specilic aictivity was not altered by the addition of Al;03
or ZrOz. though these metal oxides play a role in increasing Cu surface area. This indicates that
the addition of Al2O3 or ZrOz improves the dispersion of Cu particles without changing the
specific activity of i Ci/ZnO catalyst, while Ga20z and Cr03 are not effective for improving the
dispersion of Cu, but are cffective for increasing the specilic activity of a Cu/ZnQO catalysl.

In the following step, two kinds of Cu/ZnO-based mullicomponent ciralysts named MCA
(Cu/Zn0/7Zr02/A1203) and MCB (Cu/Zn0/Zt02/A1201/(Gaz03) were prepared by scleeting metal
oxides on the basis of the role of metal oxide deseribed above. Figure (4) shows the aclivilics of
the multicomponent catalysts, Cu(50)/Z.n0(45)/ Al203(5) and Cu(50)/200(50) as a funciion of the
temperature of pretreatment in Hao ranging trom 523 K to 723K. The activitics of all the catalysts
decreased with increasing pretreatment temperature mainly duc o the decrease in Cu surface atea
by the sintering of Cu particlcs. However, the activitics of MCB and MCA dccrcased only 10%
and 15% cven in pretreatment at 723 K, respectively. while the activitics of the temary catalyst and
the binary catalyst decrcused 30% and 85%, respectively. This suggests that the sintering of Cu
particles can be suppressed by the addition of several metal oxides to Cu/ZnO.

3.2 Optimization of Operation Conditions for Preparing the Catalyst

The various operation conditions for preparing the precipitate except the temperature during
coprecipitation had no significant effeet on the activity of the mullicomponent catalyst. This
(inding is very favorable for prepating a practical catalyst.

No significant diffcrence among the activitics of the catalysts prepared at temperatures
belween 273 K and 313 K has been obscrved, whereas the activity of the catalyst prepared at 333
K was slightly (only 7%) lowcr. XRD mcasurements showed that the crystallite size of the
precipitate preparcd at 333 K was slightly larger than those ol the precipitates prepared at
temperatures ranging from 273 K to 313 K. This finding suggests that the activity of the catalyst
depends on the crystallite size of (he precipitate.

In the next siep, the effect of extent of washing the precipitate with distilled water to remove
Na coming from NazCO3 on the methanol synthesis activity of the catalyst was investigated. The
amount of Na remaining in the catalyst decrcased with an increase in the number of washing the



recipitate. The activily of the catalyst and the Cu surface arca of the catalyst greatly increased with
1 decrease in the amount of Na in the catalyst. The precipitates after different number of washings
save almost the same XRD patterns, whereas the XRD pattern for the catalyst calcined at 623 K
ecame sharper with an increasc in the amount of Na in the catalyst. This finding clearly indicates
hat the Na remaining in the catalyst crystallizes the components of the catalyst, and thus decreascs
he surface area, the Cu surface arca and the activity of the catalyst.
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Fig. 3 Methanol synthcsis activity (MTY) as a function of Cu surface area. The contents (wt%)
of metal oxides in the catalysts arc indicated in the figure. Cu content of the catalysts was
50 wt%. Reaction conditions: weight of catalyst = 1 g, fecd gas = CO2(25)/H2(75), feed
gas rate = 300 ml/min, (emperature =523 K, total pressurc = S MPa. [1:Cu/Zn0/Ga; 03,
0:Cu/Zn0/Cr203, A:Cu/Zn0O/Al203, W:Cu/Zn0O/Z10;, @:Cu/ZnO (50/50).
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3.3 Long-term Stability of the Catalyst

A mcthanol synthesis catalyst for a practical process is highly required to have a stable activity
ot a long puiod in a continuous operation. A long-terin methanol synthesis test was performed at
523 K with a total pressurc of 5 MPa by using a gas mixturc of CO2, CO and Ha, because
unrcacted gases and CO must be recycled to the reactor in a practical process. Figure 5 shows the
change in the activity with time on strcam of the multicomponent catalyst comparcd with a
commercial catalyst uscd for methanol synthesis from syngas. The activily of the mullicomponent
catalyst decreased only by 17% in 1000 h during the test, but unchanged from 1000 h to 3400 h.
On the other hand, the activity of the commercial catalyst decrecased by 20% in 1000 h, and still
decreascd to 75% of the initial activity in 2100 h. The Cu particle sizc of the multicomponent
catalyst increascd by 50% after the methanol synthesis for 3400 h, whercas that of the commercial
catalyst increascd by 75% in 2100 h. Thercfore, onc explanation for the deactivation could be
related to the decrease in the Cu surface arca of the catalyst. These findings described above
clearly indicate that the multicomponent catalyst developed in the joint rescarch is very stable for a
long period in a continuous methanol synthesis operation.
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Fig. 5 Changc in the activitics of the multicomponent catalyst (Cu/Zn0O/Z102/Al203/Ga203, @ )
and a commercial catalyst uscd for methanol synthesis from syngas(Cu/ZnO/Al203, B)
during a long term mcthanol synthesis. Reaction conditions: temperature =523 K,
total pressurc = 5 MPa, SV = 10,000, feed gas composition = CO2 (22)/CO(3)/Hz2 (75).

3.4 Methanol Synthesis using a Recycle Reaclor

Practical methanol synthesis must be performed by using a reactor with recycling equipments
for unrcacted gascs, because the conversion of COy to methanol at reaction cquilibrium is very
low under ordinary reaction conditions, for cxample, 17% at 523 K and 5 MPa. Therelore,
methanol synthesis using a vecycle reactor was  also investigated The products of €O
hydrogenation al 473 K (o 548 K with a lotal pressuie of 5 MPa in the recycle reactor were
mcthanol, CO, walter, mcthane, cthanc, dimethyl ether, mcthyl formate, cthanol, propanol and
butanol, but the yiclds of the products other than mecthanol, CO and water were very small. The
sclectivity for methanol in the products exeepl CO and water was morce than 99.8%. The reaction
products were cooled to 270 K in a gas-liquid separator connected to the reaclor. Liguid products
collected in the gas-liquid separator were taken out of the reactor, and unrcacted gascs as well as
gascous products such as CO, methane, cthanc and dimethyl cther were recycled back to the
rcactor. The concentrations of methane. cthanc and dimethyl cther in a recycled gas mixture
remaincd constant after some initial period in CO2 hydrogenation without purging uunrcacted
gascs. Table 1 shows the composition of liquid products cxcepl Hz0 taken out of the recycle



‘cactor. The purity of the crude mecthanol produced in the present work was 99.96 wt%, and
tigher than that of the crude methanol produced in a commercial methanol synthesis from syngas.
e CO concentration of the feed gas to the reactor in the methanol synthesis from CO2 and Hs is
nuch lower than that in the methanol synthesis from syngas. It is well known that CO is much
nore reactive with Il to produce higher alcohols and higher hydrocarbons than CO2. Thercforc,
his finding suggests that the lower CO concentration in the feed gas to the reactor should result in
he lower yicld of by-products and thus the higher methanol purity.

Table 1 The composition of liguid products (except water) from a recycle
reactor in this work®), compared with that from a commercial plant
for methanol synthesis from syngas®)

Composition
Compound
This work A commercial plant
Mecthanol CH,0H 99.96 wt% 99.59 wt%
Methyl formate HCOOCH, 330 ppm 700 ppm
Higher alcohols (C,-C4) ROH 30 ppmn 530 ppm
Hydrocarbons (C4-Cqy) C,H,, - 50 ppm
Dimethy! cther (CH,3),0 - 230 ppm

a) Reaction conditions : catalyst=Cu/ZnO/ZrO,/Al,03/Ga, 04, tcmpcrature=517K,
total pressure=5 MPa, H,/CO, ratio in thc make-up gas=3.
b) cited from a booklct on [Cl methanol synthesis catalyst.

" In conclusion, the presented results clearly indicate that the Cu/ZnO-basec multicomponent

catalysts developed in the joint rescarch are highly cffective for a practical methanol synthesis {rom
CO7 and Hj.
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Abstract : Catalytic hydrogenation of CO3 into methanol, considercd as a scrinus option for the
conversion and (ransportation of hydrogen cnergy produced from natural cnergy such as solar
cnergy, hydropower and so on, has been investigated with Raney Cu based catalysts. Rancy Cu
catalysts have been prepared by leaching of various metallic alloys in NaOH or NaOHMH/Sodium
zincate agueous sotutions. The catalysts lcached in NaQH/zincale aqueous solutions and tested in
CO7 hydrogenation at 523 K and 5 MPa, showed high activities and selectivitics for methanol
synthesis. The deposition of Zn on the surface of Cu particles incrcased the surface arca and the
specific activity of Raney Cu-M examined. Rancy Cu-Zr developed werce aignificantly more active
than a commercial catalyst.

1. Introduction

The increase of carbon dioxide in the atmosphere over the past 50 years has been the most
dramatic in the history of the carth. Inderstanding the ecological implications of this incrcase and
finding the effective ways of mitigating "grcenhousc” gas emissions is of thc most prominent
concern. Catalytic hydrogenation of carbone dioxide is one of the cructal issues and processes to
present a serious oplion for the global warming control. In particular, methanol synthesis has been
considered to play an important mle in the transportation of hydrogen cnergy derived from natural
cnergy such as solar energy, hydropower and so on.

Recently, RITE started & joint rescarch program on methanol synthiesis via the catalytic
hydrogenation of carbone dioxide., It has been widely reported that Cu/ZnO bascd catalysts are
among the interesting systems for this reaction (ref.(1)-ref.(7)). Since this project has began our
laboratory has developed Cu/ZnO-bascd multicomponent catalysts containing from two o five
metal oxides on the basis of the role of metal oxides (ref.(8), ref(9)) . In our previous studics we
have reported that metals oxides such as GaaQ3z, AlpO3, ZiQ)2 and Cra0a contained in Cu/ZnO-
based lernary catalysts for methanol synthesis from COp and Ha have been classificd into two
categorics (1cf.(10)) : to improve the Cu dispersion and to incicase (e specific activity . The
addition of Al203 and Z102 (¢ Cu/ZnQ improves the surface arca of Cu, i.c, the dispersion of Cu
patticles on the surfuce while the association of Ga03 and CraUs to the bicomponent catalyst
Cu/Zn0 cnhances the specific activity by optimising the ratio Cu*/Cu on the surfacc of Cu
particles.

The association of the promoting metal oxides with Copper has an important role to improve
simultancously the activity and the selectivity for methanol synthesis . In order to develop a new
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spe of catalyst with high performance for methanol synthesis, the authors starled to invesligate
ancy Cu-hased catolysts .

So far, Raney Copper catalysis have nat been widely reported in the litcrature as practical
atalysts for methanol synthesis. However. 20 years ago Wainwright and co-workers have been
1c first to repnat the potentict use of Rancy Cu and Raney Cu-Zn as ml.\lvsls to produce methanol
rom syngas to usc as synthetic liquid fuel (ref.(11)). Reeently Wamghnz,lmt ct al. published an
xeellent review about their results in the last decade and related studics in the literature on Rancy
“u catalysts as catalysts for methanol synthesis and WGS reactions from syngas (ret.(12)). This
tudy showed that the alkaline leaching of Copper/Zinc/Aluminium alloy to produce Zinc-
romoted Raney Cu leads to an excellent mixing of the components and conscquently allows 4
igh activity for methanol synthesis by improving the surface area and the porosity of the catalyst.
n this work also, it has been demonstrated that the production of MeOEL is promoted by Copper
nd the major role of Zine oxide. The resulting catalysts have been found to be at least as aclive as
ommereial co-precipitated catalysts for methanol synthesis from syngas. This work showed also
hat the carbon dioxide is the major reactant fornying methinol ender the indusirial conditions.
starting Crom these works it is completly legitimate to envisage the methanol synthesis directly
rom COp and H2 over an adequat Rancy Cu catalyst. In this conference, we rcport un
mprecendented high catalytic performance for methanol synthesis from CO; and Hz over ncw
nctal-promoted Rancy Cu catalysts developed on the basis of the nature of the precursor alloy.

. Experimental

Various kinds of Riney Cu-M catalysts (M=Metal added to Cu/Al alloy; Ti, V, Cr, Zn, Ga,
“r, Nb, Mo, Pd, La, Ce) for mcthanol synthesis reaction were preparcd by Icaching of the metal
lloys in - maoderately  stirring a NaOH  aqucous. solution  and/or a  sodium  zincate
Na2Zn(OH).))/NaOH solution which was preparcd by adding ZnO to a NaOH aqucous solution.
'he concentrations of NaOH werce respectively 250 (g-NaOH in 1 kg-H20) for NaOH leaching
olution and 300 (g-NaOH in 1 kg-Ha20) for NaOH-Zincate lcaching solution. The Rancy-Cu
atalysts prepared after leaching were washed with distilled water until the complete removing of
he NaOH excess and then stored in distilled water. The storage in distilled watcer has becn the best
vay to avoid the re-oxidation of the mctallic particles in Raney -Cu catalysts. The total specific
urface arca of the catalysts after reaction was determined by BET technique. The total copper
urface arca of each catalyst after rcaction was determined by the techniyue of N2O reactive frontal
hromatography (RFC) after re-reducing the post-reaction catalyst with hydrogen at 523 K
ref.(13)). The catalytic mecasurements were conducted as follows : the catalyst fixed in a flow
‘cactor was reduced in a gas mixture of pure Hz at 523 K and 573 K during 2 hrs with a total
ressure S MPa. After reduction the catalyst was exposed to a feeding mixture of COz and Hz with
1 molar ratio of COz /Hz = 1/3 (ref.(11), ref.(14)). The analysis of reactions products was realized
)y adequate gas chromatographs connccted on linc of the reactor.

). Results and discussion

When a mixture of CO2/H2 passes over Rancy-Cu-M catalysts at the opcrating conditions
lescribed above (vide supra) two major reactions occur. The formation of methanol and water
Tom carbone dioxide and hydrogen. the second reaction is giving carbone monoxide with walcr.
[hese equilidriums are the main competitive reactions on the surface of Rancy Cu-M catalysts.
[here is also a presence of by reactions producing dimethyl ether, methane and methyl formalc but
he scleclivitics of the by-products were less than 0.1 %.

Raney Cu-M (latomic %) catalysts lcached in a NaOH or a NaOH/Zincate aqueous solution
1ave been tested for methanol synthesis under the same reaction conditions (Fig.(1)).

Rancy Cu-Zr have exhibiled the best activity among the catalysts tested. For cvery catalyst
csted, the presence of zincate in the Icaching solution leads to the deposition of Zn on the surface
of Cu particles and had a strong cffect to improve the activily and the Cu surfacc arca (respectively
)y 95% and 50% for Rancy Cu-Zr). The highest activity duc to the presence of zincale secms to
»e partially refated to the increase of Cu surface area.

1t has also been observed that the zincate doping leads to better specific activity (Fig. (2)). As
L was reported in others works (ref.(15)), the increase in Copper surface arca could be related to



the formation of smaller copper particles on the surface of rancy copper duc (o the slower rate of
lcaching when the zincate is present.
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However, in order to have more informations about the role of zincate, we have examined the
chemical composition of the rancy copper catalysts after reaction by analysing the samples at the
atomic level. Table (1) shows the atomic composition of Rancy-Cu and Rancy Cu-Zr 1% leached
in NaOH and NaOH-Zincate solutions and after reaction. For both catalysts the presence of zincate
cads 10 a significant deposition of metallic Zinc . The amounts of metallic Zinc deposited on the
surface were 1.1 % for Rancy-Cu and 1.9% for Rancy Cu-Zr (Latomic%).

Table 1 Compositions and activitics of Raney Cu catalysts leached with aqueous solutions of NaOT and Zineale

Catalyst feaching Composition of catalyst leached Cu surface arca Adtivity Specific activity

(alloy) solution (atonic %) (m¥ml)  (g-ClLOIA-cal*h) (mg-ClLO1/m?-Curh)
NaOIl Cu/A1=98.6/1.4 6.0 239 39.8

CwAl (1/2)
Zincale Cu/AV/Zn=98 4/0.5/1.1 7.4 540 73.0
NaO1l Cu/ A Zr=89.5/1.6/2.9 12.7 415 327
Cw/ AN Ze(1 %)

Zincate  Cu/AI/Zx/7.n=R9.9/5,0/2.9/1.9 8.2 814 44.7

a) Leaching conditions : 313K in N,
h) Reaction conditions : 523 K, 5 MPa. SV=18,000, H,/0,=3

Table (2) displays the influence of ZnO concentration in the Icaching solution on the
*omposition of Rancy Cu-Zr (1 atomic %) and its activity has been examined by varying the
concentration of ZnO from 0 g lo 91 g in 1kg-1120 (which corresponds to maxinwu concentiation
f ZnO). It is clearly shown in this 1able that the content of zinc metal in the catalyst after reaction
ncreascd with ZnO concentration. On the other hand, the Cu surface area and the activily of Rancy
Cu-Zr (1 atomic %) arc significantly improved by increasing the ZnO concentration. Therefore, the
*hemical composition and the texture of Rancy copper tested changed by the addition of zincate
ind increasing the content of metallic zinc deposed on the surface of Cu partticles had an important
ole to improve both the activity and the Cu surface arca of Rancy Cu catalyst.

Table 2. Elfect of the Zni) concentration on the composition and the activity of Rancy Cu/Zr (') leached with an aqueous
solution of NaOIl and Zincalc

[Zn0] in aleaching  Composilion of the calalyst

<alution () After the reaction Suiface arca ) Cu-Surlace arca Y Methano! activity () Specific activity (5)

(8-700/kg-11,0) (Cu/A71/7 1 atomic %) 2/l cat) (m?/ml-cat) (g-Cl501/-cath) - (my-CH301/m2-Curh)
916) 94.6/1.5/1 8/2.1 26.1 18.8 9316) 8420 44.7
84M 92.5/3.2/2.3/2.0 29.2 19.1 936 838 43.7
67() 93.4/2.5/2.21.9 28.1 19.5 939 836 43.6
5160 93.3/2.7/2.3/1.5 31.4 20,9 923 809 38.7
34(9) - 23,5 16.5 881 798 48.4
270 94.3/2.6/2.1/1.2 12.6 9.4 1 738 78.6

(1) 7r coulent in CuAl; alloy was | atomic %
(2) Conditions of preparation : |eaching in an agneous solution of NaOH/ZnO in the stream ol Ny at 323K for 1hr belore [jxing
Ihe temperature at 333 K. The concentrations of NaOH were (a) 341, (b) 333, (¢) 316, (d) 300, (c) 283, (1)276 g in Tkg-H20.
(3) Gurlace area and Cu surface aren were measured after the reaction at 523 K (ollowing the reduction al 573 K.
(4) Conditions : reduction : (a) 523 K, (b)573 K, 2hrsin pure [12 '
reaction @ 523 K. 5 MI'a, SV=18,000, 112/C()=3
(5) Specific activily was calculated by dividing the activity (4-b) by Cu surface area (3),

Catalylic performances of the best Rancy Cu obtained (Rancy Cu-Zr 1%) were comparced with
those of the optimum multicomponent catalyst developed in our laboratory and the commercial
catalyst tested in the same conditions for methanol synthesis from CO2 and Hz (Table (3)). The
initial activity (with the calyst reduced at 523K) ¢F Rancy Cu was (30%) higher than commercial
catalyst and 10% higher than the multicomponent catalyst. In addition, the Rancy Cu-Zr (1
atomic%) showed a higher specifi¢ activity which was 57% higher than the commercial catalyst
and 25% higher than that of the multicomponent catalyst. These {indings clearly indicated that the
synergetic alloying between Copper and the metallic components is more cxerted in the case of
Rancy Cu catalyst than in the case of mixturc oxides catalysts.



Table 3 Catalytic perfonmances of a typical Raney Cuo based catalyst compared with those of an optimal
Ci/Zn0-based catalyst and a commercial cnhlwl

Catalyst Surl'::lcc arca M Cu- \ll;‘.l(t, ara M Methanol activity (0 Specilic zln'li;’?ly.wj
(m“/ml cat) (1 ¢/ml-cal) (mg-McOH/ml-catsh)  (ng-MeOU/m# catsh)
Raney CuiZr (0 3.2 20.6 Y | (0 853 4.4
Cu/Zn0Zrt )i 1203 un.7 2004 845 439 1.8
Comrercial catalyst ) 725 4.5 620 391 17.1

(1) Conditions of preparation @ Leaching of an ,||Iu) n ’\I 27r conlaining 1.5 atomic % nl Zrin an aquenus
solution ol NaQH(341 g);iZn) (N }_,) i tkp-H, O the stiemn of N at 333K .
(2) Cu/ZntVALZDA
(3) Surlace arca and Cu surlace area were measnored afler the reaction at 523 K following the reduction at §73 K.
(4) Conditions : reduction £ (a)523 K. (b) S73 K,
reactinn 523 K. S MPa, SV=1R.000. 117/C0=3
(5) Specilic activity was caleatated by dividing the activity (4)-Iy by Cu sulisce arca (3).

ln summary, this study clearly showed that Rancy Cu catalyst prepared in the optimal
conditions detcunined was highly active Tor methanol synthesis from COz2 and Ha. For every
Rancy Cu-M caltalyst, the presence of zincate with NaOH in the leaching aqueous solution lcads (o
the deposition of Zn on the surface of Cu particles. The degree of Zine depuosition was improved
by increasing ZnQ concentration in the leaching solution. The presence of Zn atal along with Cu
on the surface of Raney Cu catalyst had a strong double effect: to increase the surface area and 1o
cnhance the specific activity. Rancy Cu-Zc (I atomic %) was the most active catalyst among Runey
Cu-M catalysts tested. The initial activity of the present catalyst was significantly higher than U
of a commercial catalvst Lested in the sanie eaction conditions,
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MINERALIZATION OF XENOBIO TIC ORGANIC COMPOUINDS TN SOIL.

1. Scheunert

GSF-Institute of Soil Ecology,
1-857G:4 Neuherberg, Federal Republic of Germany

ABSTRACT The mineralization rates of "'C-labelled xenobiotic organic compounds in
soils were determined by measuting CO, output “or the chemicals studied. acrobic and
anaerabic mineralization in suspended soil did not differ very much. The kinelics ol aerobic
mineralization in soil was represented by a 3/2-order function, and the dependence of kinetic
parametars on soil propeities and environmental conditions was studicd. For two herbicides,
in some soils a positive linear correlation belween mineralized amounts and microbial
biomass was lound Fresh arganic malterial added to the soil influenced (he mineralization
rales afso

I. Introduction

Qreanic xenobiotic chemicals reach the soil. either intentionally by the application of
pesticides or other agiicullural chemicals, or unintentionally by solid waste, waste water, or
atmospheric dry or wet deposition. Their mineralization, resulting in carbon dioxide, water, and
other small inorganic molecules, is the only pathway for a final elimination of the xenobiotic {rom
the environment. Therefore. information on this process is indispensable for an ecotoxicological
evaluation of organic chemicals in the environment. The determination of the disappearance of the
xenobiotic parent compound in soil is not an appropriate way to quantify mineralization in soil
hecause this decrease may be caused by various processes other than mineralization.

Mineralization is best described by quantification of CO; released by total degradation. This
s feasible only afler labeling the xenobiotic with "€ which allows discrimination between CO;
derived from the xenobiotic and that from normal soil respiration

2. Mcthods

In our laboratory, a closed aerated apparatus has been developed to measure ('O evolving
(rom "C-labelled chemicals dircetly

In order to discriminate belween aerobic and anacrobic mineralization, soil containing the
"¢ abelled chemical is suspended in water and agitated [or an incubation period between 5 days
and several wecks Either oxygen or nitrogen is drawn through the apparatus daily (or every two
days) for § hr, and the volatile "'C is trapped in a system of absorption tubes. In order to exclude
a misinterpretation of volalile parent compound or its osganic metabolites for 'CO,, the first tube
is filled with ethylencglycolmonomethyvlether to absorb volatile organic substances; the fellowing
lubes are filled with scintillation liquid containing an organic base for the absorption of "'C0,
Cumulative "'CO, in percentage of "'C applied is plotted as a funclion of time (1)

For studying aerobic mineralization in soil, natural soil samples treated with "'C-chemical are
placed in the apparatus and incubated without agitation. In daily intervais. the samples are flushed
with air. and "COj is delermined as described above (2-3).



3. Mineralization in suspended soil under aerobic or anaerobic conditions

The mineralization rates of various ''C-labelled chemicals afler 5 days, in % ol "'C applicd,
under cither acrobic o1 anaervbic conditions, aie presented in Table |

The table reveals that the difterences in mineralization between aerobic and anaerobic
conditions in general were small. The detergent n-dodecylbenzene-sulphonate (L.AS) was
mineralized better under anaerobic conditions. whereas the plasticizer di-(2ethylhexyl phthalale
(DENP) wvas mineralized better under acrabic conditions. I'he mineralization ol organochlorine
compounds such as lindane. DDT, 2.4-D. 2,6-dichlorabenzonitrile, and hexachlorobenzene was
very iow: the rates seemed (o be slightly higher under anaerobic conditions This might be due to
reductive dechlorination which ofien represents the first step in the degradation of organochlorine
compounds and which occurs preferably under anaerobic conditions

T'able | Mineralization of " "C'-labelled organic chemicals in a soil-water suspension under acrobic
. . RPN S PR R .
or anacrobic conditions (" CO, aller 5 days in %6 of e applied) (1)

"C_Chemical "C0,. aerobic O, anacrobic
Urea 0663 00
Metharol o 53.4 03
Anitine B I v nm
n-Dodecylbenzene-sulphonalte 13.8 20.0
_Di-(2ethylhexyl)-phthalate. R 5.0 - 20
Phenanthrene ' 30 42
_4-Chloroaniline ) _oum
Lindanc 0.4 0.4

DDT 0.1 0.3
Anthracene 0.1 0.3

2.4-D 01 0.2
_2.6-Dichlorobenzonitrile < 0.01 < 0.01
llexachlarohcnzene < 0.0l = 0.01

n.m. — nol measured

4. Mineralization in soil under aerobic conditinns

4.1 Ntincralization kinetics

The characterization o mineralization of xenobiotics is ollen attempted by using their half-
lives. However, this presumes (hat degradation follows first-order kinetics. In this case. the
degradation rate is proportional to the concentration of residual substrate. which has been
reported for the decomposition of bromacil, diuron, chlortoluron (4). and of some other
compounds in soil (5). However, this simple model must not be extrapolated (o all soil situations
First-order kinetics require that neither growltl nor decrease ol degiading populations oceur, that
substratc concentrations are very low, and that the pesticide is the sole source ol carbon of the
degrading organisms (6). These conditions are rare in normat soils under natural conditions. Thus.
normally first-order kinetics apply only to part of the degradation curve,

In mineralization experiments measuring HCO. evolution, time curves oflen indicate an
apparent lag phase at the beginning followed by an exponential second phase and a third phase in
which mineralization decreases continuouslv until a complete stop is reached: complele



mincralization is not achieved This sigmoid curve course of "'C0, release from ''C-labelied
organic compounds is reported fiequently in the literature (7-9). 1t is a characteristic of biological
systems involving growth and/or adaplation in soil. Scow ¢/ a/. (8) found that the lag phasc
accounts for an adaptation of soil microflora to the toreien compound. The third phase may
represent the stage in which a substrate level is reached that is too low to sustain the metabolizing
microbial fraction Trreversible binding of substrale may also reduce the availability. The third
phase might also represent the mineralization of formerly assiniilated catbon from the xenobiotic
either by normal respiration or by decay alter the death of the microorganisms. This evolution of
carbon dioxide also continues atler the degradation of the original xenobiotic has discontinued
(10)

In our taboratory. the mineralization kinelics was studied with "C-[.AS and "“C-DEHP
"COs-evolution was determined in thee soils discontinuously ushed with air. as desctibed
above Soils EF and BB were sampled firesh in two {orest sites, whereas soil GSF was a rendzina
taken [rom a greenland (2). The time course of mineralization is shown in Figs. | and 2

80

0' T T T T T T

o 20 40 60

time(days)

Fig | Time course of mineralization of ["'C]LLAS in three sails (cumulative ''C:0,in
percentage of "'C applied: dose. 10 mg/kg). | 1. Experimental points, soil BB; A, experimental
points, soil EF; 0. experimental points, soil GSF. and —- fitted curves



0 - -'l T T T T T

0] 20 40 60
time (days)
Fig 2 Time course of mineralization of ["'CJDENP in thiee soils (cunmlative 'CO, in
percentage of M'C applied; dose. 10 mgika). . Expetimental pomits. soil BB A . experimental
points. soil EF, a. experimental pounts, soil GSE. and fitted crirves

The curves were adapted to 3/2-order kineties with linear adantation, described by the
following equation (2)

2.
P=S0 " x3" 1--8[—X1.t~0'5.(x2.t) J

where I’ is the percentage amount of carbon dioxide formed and the regression coeflicients x
the kinetic model parameters x, (1/1) describes the gradient of the exponential part of the curve
xa (1/1°) characterizes the lag phase: It determines (he sigmoid cowse of the curve by giving il a
turning point and fixes the beginning of the exponential part of the curve x:(dimensionless)
describes the last, asymptotic part of the curve. Seex: = A is the final value ol the asymptote Tt
represents the total degraded amount and is given in percentage of dose initially applied Sq is the
last data point. Thus, xz == A/S, wives the degrec of correspondence between the asymptotic valne



and the last data point. x; > | means that the asymptote is not reached at the end of the
experiment; Xa < | indicates that "'CO, is still evolving from the soil

4.2 Correlation of maximal degraded amounts and of kinetic parameters of "'C-LAS and "'C-
DEHP with soil properties and environmental conditions

For "C-LAS, the maxima! degraded amount A was similar in all three soils and was
positively related to pH in two soils and to humidity in one soil (rendzina). The parameters x;-xx
were positively influenced by soil humidity in all three soils. The degraded amounts A. expressed
as percentage of added dose, were independent of initial concentiation. Both A and the
parameters x,-xs increased with increasing temperature Degradation was negligible below 3°C

For DEHP, the mineralization was much slower than for LAS and was most rapid and most
complete in the rendzina soil. Relative degradation A was lower for higher initial application rates.
Temperature influenced both A and the lag phase. Degradation was not significant below [0°C

(2)

4.3 Correlation of maximal degraded amounts of "'C-herbicides with soil microbial biomass.

The mineralization of the "'C-labelled herbicides isoproturon and glyphosate was determined
in four soils for 67 or 26 days, respectively, and compared with total soil microbial biomass. as
estimated by microcalorimetry (3, I'l). The first soil was sampled from a field with biological
cropping since 15 years. i.e.. without mineral [ertilizer and pesticide application since that time.
This soil had a relatively high microbial biomass. The second soil was taken from a neighbouring
field and had physico-chemical properties similar to those of the first soil, but a much lower
biomass. The third and [ourth soil came {rom a site with biological cropping for 2 years; their
history, however, was difterent. Soil 4 came from a field which in the past had been used for hop
cultivation and had a copper content of nearly 200 mg/kg dry soil, originating from previous
fungicide applications .

The "CO-production from both "C-labelled herbicides was positively correlated with total
microbial biomass for soils 1-3. Soil 4 did not (it this coirelation [ts capacity to degrade these
herbicides was - in relation (o its microbial biomass - significantly higher than that of the other
soils, This might be caused by physiological stress of the microllora due to the high copper
content. In addition, copper may aflect the composition of soil miciobial communities (12)

When "'C-isoproturon and "'C-glyphosate were applicd (o the same soils as residues
incorporated in plant cell-walls. ''CO, production could not be cotrelated with soil microbial
biomass

4.4 Influcnce of fresh organic material on hiomineralization of "'(*-isoproturon

Mincralization experiments were performed with ''C-isoproturon in soil with and without
addition of wheat straw. lucerne. or farmyard manure. Among these variants, wheat straw
effected the highest mineralization of the herbicide (13). Maize straw also stimulates the
mineralization of pesticides ("'C-methabenzthiazuron. 1:) The promotion of oxidative metabolic
reactions during the degradation and humilication of straw is documented also by the increase in
oxidized metaboliles and in soil-bound vesidures (13-1:1)

5. Conclusion

The biological mineralization ol xenobiotic organic chemicals in soils depends on a large
number ol physico-chemical and biological paramelers. More research is needed to get a better
insight into this process which is most important tor the toxicological and ecotoxicological
evaluation of environmental chemicals
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Phototransformation of aromatic pollutants in aqueous solution
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UMR 6505 CNRS - Université Blaise Pascal (Clermont-Ferrand)
F - 63177 AUBIERE Cedex (France)

Abstract

Direct and induced photolyses are important ways for elimination of pollutants from surface
waters. Direct phototransformation of halogenated organic pollutants is highly dependent on
the position of halogen on the ring, but the most common reaction is photohydrolysis i.e.
hydroxylation with the release of halide ion and proton.

When the pollutant does not absorb solar light, the phototransformation can be induced in
various ways. Nitrates, nitrites, iron (IIT) and humic substances are important sources of
oxidizing species such as *OH, 110,"0,", '0,. Iron (111) is also able to induce oxidations by
formation of intermolecular complexes, and humic substances can transfer energy. With nitrate
and nitrite ions nitration or nitrosation were observed in laboratory conditions.

L. Direct photolysis

Direct photolysis occurs if the compound absorbs solar-light i.e. wavelengths longer than c.a
290 nm in summer and ¢.a. 300 nm in winter. The kinetics of transformation is characterized
by its quantum yield, ¢, 7.e. the ratio between the number of molecules transformed and the
number of photons absorbed during tke same time. From the quantum yield and the solar
spectrum in local geographic condilions it is passible to estimate the photochemical half-life in
surface waters,

A special attention was focussed on chloroaromatic derivatives and halophenols since they
absorb in UV range, are often toxic and give typical reactions.

[t was observed wilh halophenols that the reactivity is highly dependent on the position of the
halogen on the ring, but it is not significantly influenced by the nature of the halogen : the same
reactions can be observed with chloro-, fluoro- and bromo derivatives (1,2)

ol

OH
O, =
. HX =~ 0.10-0.20
x i@ oH ¢

o .20

@(x_;F ® ¥ I with X=Cl ¢~ 0.32
OH Ol o oH
o @ Q ©_©>_0..
" OH o) X ¢=03-1

X=Br,ClF according lo the conditions



The reaction most commonly observed with haloaromatic derivatives is the heterolytic
substitution of the halogen by OH. It is almost specific with 3-halophenols, chloro- and
polychlorobenzenes, 3-chloroaniline, chlorophcnylurcas and chlorophenylcarbamates. It
involves a molecule of water and the release of halogenated acid. IFor this reason it was called
« photohydrolysis ». The specificity of the reaction is unconsistent with a radical scission of C-
halogen bond, and on the other hand the fact that the quantum yield is not significantly
different with Br, Cl and F is consistent with a heterolytic mechanism. The quantum yield is
generally lower for polyhalogenated derivatives than with monohalogenated compounds,

With 3,4-clichloropheno! the main reaction is the mefaphotohydrolysis. The same behaviour
was observed with diuron irtadiated at A<310 nm, but para hydroxylated derivative was the
main product obtained at longer wavelengths (3).

X3 OH
%310 nm
r'n ) major h1’ ininar
= i
IN\ N\ N
CHz R CHa R CH

Diuron : X=X, = Cl B R = CH‘(

Linuron (X;=X;=Cl, R =0OCHz3) and chlorbromuron (X; = Br, X; = CI, R = OCHas) have
a more complex bchawour - photohydrolysis competes with elimination of the methoxy group
and reduction (elimination of Br)

Photocontraction of the ring leading (o cyclopentadiene catboxylic acid is a specific reaction of
the anionic form of 2-halophenols, but it was also observed with nitrophenols. 1t was proved
by laser flash photolysis that the reaction involves the initial formation of a cetene (4).

O. -
C'o

Gy X

The phototransformation of 4-halophenols is more complex. It was elucidated only recently by
means of laser flash photolysis (5). It involves the initial formation of a carbene which leads to
various reactions according to the conditions.

0O=0

OH

OH



These phototransformations of haloaromaltic derivatives are typical reactions of pure aqueous
solutions. When the solutions contain a few percent of alcohol or surfactant commonly used to
increase the solubility, the major reaction pathway is the substitution ofthe halogen by H

Some herbicides such as diuron were also irradiated in the absence of water, dispersed on silica
‘or clay used as a model of dry soil. In these condilions reactivity can be completely ditYerent.
With diuron given as an example, the main phototransformation is the oxidation or the
elimination of a methyl group

2. Indirect phototransformation.

When a pollutant does not absorb sunlight, the phototransformation can be induced through
various ways such as photosensitization, photocatalysis, reactions induced by excitation of
H,0,, 05, NOy, NO,, Fe", humic substances, etc... Pholocatalysis, excitation of O3 or H,0;
are quite efficient techniques for the elimination of organic pollutants. They play a minor role
in environmentat conditions and they are not the purpose of the present work.

2.1 Reactions induced by nitrate and nitrite ions

Nitrate ions absorb near 300 nm with a low absorption coeflicient (about 7.2 mol.I".cm™) but
they are often present in natural waters (10-30 pumol.I"" in sea water) and they are a significant
source of hydroxyl radicals in surface waters. Actually two processes compete :

NO; —"™5 NO, +0('P)

NO; -» NOj + 0™

O +H" —» °OH
In sunlight range the quantum yield of the first process (=~ 1.1 x 106™) is about one tenth of the
quantum yield of the second one. Moreover hydroxyl radicals are more eflicient oxidants than
atomic oxygen and they accounts for induced oxidations.
Nitrogen dioxide disproportionates into nitrate and nitrite ions. Most often the concentration

of the latter is very low but they absorb a larger proportion of sunlight than nitrate ions and
their excitation leads to the formation of hydroxyl radical with more efliciency.

NO; —™ 5 NO'+ "OH
Thus nitrate and nitrite ions contribute to the photooxidation of organic substances present in
water (6,7). But in some cases the formation of nitrogen oxides can induce nitrations or
nitrosation. Fortunately these reactions were only observed in laboratory conditions and
probably they play a minor role in environmental dilute conditions

()

2.2. Reactions induced by Fe
Iron (Ilf) is present in the aquatic compartment and in sediments at relatively high
concentration. Two main reactions involving iron (III) are able to induce the degradation of
pollutants :

-a complex between iron (II) and the pollutant is formed that causes the onset of an
absorption up to the visible domain. An intramolecular photoredox process is usually observed
leading to iron (1) and to a radical arising from the pollutant.

R-COO Fe(lll) —"—= Fe(ll) + RCOO" -~~~ -

This process is particularly efficient with complexing agents such as ethylene
diaminetetraacetic acid (EDTA), nitrilotriacetic acid (NTA) or ethylene diaminetetramethylene
phosphonic acid (EDTMP) (8).




- there is no interaction between iron (1{I) and the pollutant. Aquocomplexes of iron (111)
absorh solar light and undergo a photoredox process leading to iron (11) and "O radicals
which are known to be very efficient oxidizing agents -

Fe(OH)!' —"3 Fe¥ + *OH
‘O initiates the degradation of the pollutant (9).

2.3 Reactions induced by humic substances

Humic subslances (11S) are naturally-occuring macromolecules present in soils and in the
aquatic cnvironment. They absoib solar-light and play a role in the photochemical processes
occuring in surface waters The nature of the reactive species produced upon excitation of HS
depends on the wavelength ol irradiation

At short wavclength (254 nm) solvated electrons are formed. In the presence of oxygen they
are converted into the highly reactive hydroxyl radicals. As a consequence, depending on the
experimental cenditions, reduction or oxidation reactions can be observed. When CH,Cl, is
irradiated at 254 nm in the presence of HS, CI is released showing that CH,Cl, is reduced. On
the other hand oxidation of Tenuron into hydroxylated compounds is observed in oxygenated
medium

Excitation of humic substances at wavelengths longer than 300 nm yields singlet oxygen,
oxidant triplet states, 110,7/0);" and hydroxyl radicals in acidic medium. 1hese species are
capable of oxidizing a great variely of organic pollutants. When fenuron is irradiated at 365 nm
in the presence of 11S. its degradation is observed again. The photoproducts are not the same
as those produced al 254 nm

o CH 0 CH
A i
HH=C-N NH-C-H
N N
Chy OH “GH4

oy : @

OH
?j 2540m
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A STUDY OF ISOPROTURON PHOTODEGRADATION KINETICS

A. BOUDINA, A. BAALTOUAMER* B-Y MEKLATI & M. MANSOUR**

*Laboratoire d'Analyse Organique Fonctionnelle, Institul de Chimie, USTHB-CRAPC, BI* 248
Alger RP, 16004, Algéric

**GSE-Institut [T Okologische Chemie Neuherberg, Postfach 1129 1)-85758 Oberchieissheim,
Germany

The great difference between the persistence of the herbicide isoproturon (3-(4-
isopropylphenyl)-1,1-dimethylurea) under field conditions in lemperate and tropical climates
shows the possible role of light as a contributory factor in degradation

The aim of this study reports a photodegradation kinetics of isoproturon in water, water +
humic acid and water + soil sediment, under sunlight irradiation condition

UV light ( A>290 nm ). High performance liquid chromatography with diode array detector is
used

The results showed (hat the presence of soil sediment accelerate the degradation speed
GC/MS and MS/MS were investigated to caraclerize some photoproducts

Introduction:

Isoproturon is a phenyl utea herbicide widely used for pre - and post-emergence control
of annual grasses and bioad-leaved weeds in winter cereals '.
Because of its widesptead use and its properties of moderate persistance and relatively low
adsorption , isoproturon has become an occasional water contaminant e
Recoghnition of possible non - biological, chemical or photochemical transformation routes,
provides a better understanding of pesticide behaviour and possible ways of protecting the
envitonment *
The aim of this work is to compare the photosiability in water, water 4 humic acid and water

tsoil sediment under UV light irradiation ( A>290nm ) and to identify some photoproducts

Experimental:

-Reagents :
[soproturon (99,9 % ) was obtained from Reidel-de Haen (Germany) , humic acid Mr 600-1000
from Fluka, soil sediment : (probenstelle-hamburg) Germany : Acetonitrile , Dichloromethan were
used as analytical grade solvents

-Photodegradation experiments:
The isoproturon solution (o be irradiated was prepared at a concentration of 65 mg.litre™ in
distilled water
Photolyse experiments were conducted with philips lamps (125w) and pyrex filter (A = 290nm).

-The concentration of isoproturon afler : ( 0, 24, 48, 72, 96 and 120 hours) of irradiation
is determined by TPLC (HP series 1090) using a 250mm x 4.6 i.d Cy octadecyl column (5p)
The mobile phase was a mixture of water and acetonitrile (50/50 v/v ), and the detection was
realised at 245nm with diode array detector

-GONMS spectra of isoproturon extracted with CH,Cl, after 24 & 48 hours of irradiation
were obtamed with a 1P 5992 A chromatographe/mass spectrometer at 70ev using electron



impact iontzation equipped with DB5 60mx0 25mm. GC conditions were: initial oven temperature
= 80%, rate 10°c¢/min, (inal temperature 180°C/min (20min), carrier gas helium

- MS/MS analysis were conducted by APT 300 LC/MS/MS system in conventionel
positive ion chemical ionization

Results amd discussion:

- Photostability study of isoprotron: In arder to study a kinetic of isoproturon in distilled
watel (DW), water F humic acid (WTTA) and water + soil sediment (WSD), the photodegradation
of isoproturon has been reported to be faster in (WSD) and (WH/A) as compared to distilled
waler. In figure | it can be obsetved that the hall-life value demonstrate that photodegradation of
isoproturan in WUA and WS (24 1) is about thiee times faster than in dislilled water (72 h) .

e —Cisoproturon 6S oL H20

g Isonyoturon B5 gL v
Simg HA N 230 mt H2O

—pe isoproturon 65 mg AL
200 ing of soil sedinent

S in 280 m20
I

Time (howr)
Fig. 1 :Photodegradation of isoproturon in water under
different conditions with A2290 nm.

-GC/MS spectia data: GC/MS analysis of isoproturon in (DW) afler 24 and 48 hours of
irradiation showed two dillerent base peaks at m/z 135 and 148 | corresponding tespectively Lo
para isopropyt phenyl urea and para isopropyl, N N-dimethylaniline (fig. 2) .

-MS/MS analysis of isoproturon in (DW) aller 48 hours of UV light irradiation
(A=290nm) showed difterent photoproducts at molecutar weight: 135, 149, 163, 178 (fig 3)

After the results obtained by GC/MS & MS/MS, a photodegradation pathway of
isoproturon in distilled water under UV tight is proposed (fig 4).



Tig.2: GC/MS spectra of isoproturon in distilled water after 48 i of irradiation
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Fig.3: MS/MS total ion current of isoproturon in distilled water after 48h of irradiation
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3. RESULYS AND DISCUSSION

Complaxes were chuacter o by XRDL BEE wmlaer area IR spectroscops (not
shown) and CEC prior and aller the moditicaticn of the surfuce by cationic sutfactant
esnlts oblmed are summuanized wable 2

Table 2: Results of X12D, textoeal apd CEC measurements.,

PRODUICT nRn nEt CEC
. A0U1 (an) (lll_ln'g) e/ fH g
l'nh ealed Iwn!omlc A K3 S0
 Na- monlmnnllmulc 14 l)1 90
eI - munlmolllhmllc ) 26 , 270 6
CTAR. l’c((‘)ll) mummcmllmuh‘ pA - 1 - ]

lu ok 1o (h».‘(l llw .ulmaplmu ("mm:il_‘,' of these adeorhents, it s impotand to detorann
their I dependanes Becides, b ight e ol inferest fo compar the capacily ol gieh
microparons materials willy activated carbon which vepresent the most nxed sorbent af pres=si

SLLADSOQRPTION ISOTHERMS OF MALATHION

Vigwre 1 shows the adsorption  isothenn ol malathion obtained with (ollowing
conditions:

-CTABFe(OH)-mont, - Smmaelig

- contacting tune = 24 homs

From the veralts depicted in ligure 1, it can be eastly seen that the greate) adsorption
uptake took place in acidic medium (pIH=2) and in all cases o was greater than that onte

activated carbon.
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Fig. 1 = Adsorption isotheyms of malathion



ADSORITION

SOLTHERMYS Q1 MY

INL PARATIHON
showed in lanee 204 was delermined of

Adgorption icothsnms of methyl parathion were
P ol about 7. VAR Fe (O -mantmoriltonifs complexes shove a aood atlinity lor this foxice
organic polliiant

The  adsorption nptakae wag about 100 panolr e for au equilibrivn coneentration ol about
S opmolbdm-30 The adsorplion copacity ol (hese compleses was fonud supetior to that obtained
by achivated carbon
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Fig. 2: Adsorption isotherms of methyl parathion

4. CONCLUSION

The study  of adsorption ol organophosphoric  pestigides  (Malathion  and
méthylparathton) i balch (ype experiments onto inorgano-organo clay based corplexes schows
an impoirtant aclkorption uptake ol these toxic nucropoltutants even al low concenhration.

The greater adsotplion uplake as compared will that obtained wilth activafed carbou and
the low price point (o the possible rense of these pew based adsorbent suggest thewr application
as  valuable maleriale tor removal some organic petlutants such the pesticides firom aqueous
phase.
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