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Dis pl 1cemcn1 vcniill11i 11 and chilled ceiling systems have been promoted ash •in!' 'greener ' alternatives to 

other common form� of air conditioning system. They hnve been viewed by. ome of the building ser ices 

industry a u welcome departure fr m the traditional North American· systenr of air condit ion ing most 

frequently adopted to date, and could be viewed as a more suitable alternative for use in the mo�,;rate 

climatic conditions of the UK. 

This paper reviews some of the authors' recent and current work on the performance of these systenis in 
office environments. 1· 1998 Published by Elsevier Science Ltd. All rights reserved. 
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INTRODUCTION 

There is currently an upsurge of interest in the application of displacement ventilation systems and chilled 
ceiling devices in office spaces within the UK ventilation and air conditioning industry. Although these 
systems, individually. have been in use on the continent for many years. their combined performance and 
effectiveness has been in doubt. 

Displacement ventilation systems have gained popularity amongst designers because of the potential 
benefits they can provide in creating thermally comfortable environments with high ventilation 
effectiveness. Although these sy ·rems have some cooling capability. their prime function i:; 10 provide the 
fresh air requirements of o cup;HllS. The additional cooling requirement, ho' ever. may bl' provided by 
the ad ption of appr priutc 'static ' cooling techniques such as chilled ceiling�. whilst preserving the 
displacement upward now concept. 

Chilled ceiling and displacemcnl ventilation systems have been promoted as being 'greener' alternatives to 
other common forms of air conditioning system sU1.:h as variable-air-volume and fan-coil syste111s. 
Further, since chilled ceilings operate with relatively high chilled water temperatures, usually around 
l4°C to 16°C, they may m.ike use of one of a number of low energy or free cooling alternatives to 
mechanicul rcfrigerntion which have the potential to reduce the energy consumption and CO, emissions 
associated with the building cooling system. 
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ENVIRONMENT AL PERFORMANCE 

T c <1111ine the cnvir nmcmal pcrfonnuncc of comhine I cli:.pl;iccmcnt ventilation an I ch ill <I eilin • 

. ystern. a combinat1011 of phy ·ical and comput I' 111odcll111g technique� 11·:1 u ·i:d by Alamclari an I En1tk0 
( 19961. The m in objccti e of their study was t dc1enuine whether 1he c mbination of these $VSt�ms 

oulcl n1u1ntuin adequate level!' of the-rmal comful'l :md a pn:dominant upward di. placcmcm :iirn w
0
within 

the office environment. 

Alamdari anti E:igh:s imroduccd air at .5 ach·' and 19° a1 low level via w:ill mounted di ·placement air 
tcrmin::tls to the s1x1cc (Figure I J. The selection of the 11 \I rate , nd tcmpcrmure 1 1s hnsccl on thermal 
c mfort rather than air qu:1lity requirement:. (Jacknwn. 1990). In this \\'U)' the overnll room heat load mid 
the criical tcmpcrawre gradient (2 Kim) determined the vcrall 1cmpcr:11urc difference and the airflow 
rate. 
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Figure I Schematic diagram of the space considered 

Initially. the displacement ventilation flow field was characterised for an internal heat load of 20 Wlm'. 
Internal gains were then increased in increments of 20 W/m1 up to a maximum load of 80 Wlm'. At load 
settings of 40 W/m' and,above. chilled beams or chilled panels were operated to provide the additional 
cooling necessary. 

Figure 2 shows the predicted velocity vectors and air tc:mpcratllrc!� 1 ithin the office with displacement 
ventilation. The predictions indicated that di ·plnccment uirl1ow patterns were established when the 
thermal loads were matched to the co ling c;ipncity of the displacement ventilation system. The warm 
mixed airflow region extends from the top of the seated people to the coil ing. Alth ugh the depth of this 
mixed-now region can be reduced ny lldoptin� a higher venul. tion rate. bnsed on air quality c:ilcul;iti\)n 
methodology (Jackman 1990). this will increase the air Oow rate to almost double the one cousidcred 
here. However. to achieve the same comfort level higher supply air temperatures will then be required 
(� 2 !-22°C). It is important to note that the quality of the uir. which would be breathed by an occupant, 
differs from that at breathing height in the room. as the convection currents created by the person draws it 
from below. 

When displacement ventilation with chilled ceilings were considered, the predicted airflow patterns 
indicated more downward convection than in the pure displaceme11t ventilation case (sec Figure 3). 
However, upward convection was dominant in the vicinity of the occupants. The planc-an:ragcd vertical 
v;1riation of environmentill (ic nir temperature and :1lr speed) and thermal comfo11 p;iram..:ters (predicted 
pcrcentag.:: d1��at1:-.fa.:tion an I predkted mean V(llt!) are shown in Figure 4. The predict ·d mean vote and 
lhc pen.:cnt;lgc or oc upant. '  dissati ·foction were well within the recommended ranges specified b y  ISO 
7730 ( 198·�). Indeed. in all of the cases considered, themrnl comfort was of a very high order. ie better 
than or equal to 90% occupant satisfaction. 
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Figure 2 Airtlow and thermal field [source, Alamdari et al ( 1996)] 

Figure 3 Airtlow and thermal field [source. Alamdari er al., 1996] 
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Figure 4 Variation of environmental and comfort parameters [Alamdari et al .. 1996] 
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LOW ENERGY COOLING 

Low energy cooling alternatives to mechanical refrigeration, such as evaporative cooling, ground water 
cooling, thermosyphon cooling, and dry coolers, have the potential to reduce energy consumption and 
CO, emissions of building cooling systems. Chilled ceilings operate with relatively high chilled water 
temperatures, usually around I 4°C to I 6°C, which can improve the viability of these low energy cooling 
systems. 

Ground wa1cr cooling 

Around 509'a of the UK land surface is estimated to have suitable underlying geological conditions for 
ground water. Ground water cooling usually involves the abstraction of cool ground water from a well to 
perform a cooling process (usually via a heat exchanger to prevent contamination of the building chilled 
water system) before being returned to the ground via a second well. The temperature of ground water in 
the UK is usually between 9°C and 12°C all year round and could, therefore, be used with chilled ceiling 
systems operating with a chilled water tlow temperature as low as 14°C without the need for any 
supplementary mechanical refrigeration. In recent years, ground water cooling systems have been used in 
several new prestige buildings in the UK, notably BRE Environmental Building (Building Services 
Journal, 1995). New Parliament building (Evans, 1994) and office development for llertz (Glackin M. 

1997). 

Although ground water cooling appears to have considerable potential for chilled ceiling systems. factors 
such as hydrological and size characteristics of the site, and the costs associated with well-drilling and 
maintenance may limit its application in practice. In any case. designers of chilled ceiling cooli11g systems 
often specify dehumidification of the fresh air supply to prevent any risk of surface condensation (the so 
called ··office rain" effect). Therefore a separate low-temperature 1efrigeration system would be required 
for the dehumidification coil. Alternatively. a desiccant dehumidification system could he used. 

Therm i�vph n cc oling 

Thermosyphon cooling involves the natural circulation of refrigerant in a specially designed vapour 
compression chiller without being pumped by the compressor. Thermosyphoning can only occur when 
the condensing tempe1 atur� is lower than the evaporating temperature; at other times the compressor is 
operated as normal. Thermosysphon systems, therefore. are best suited to buildings that have all year 
round cooling requirements. such as computer and data processing centres, and systems that employ 
evaporative condensers or cooling towers. Chilled ceilings allow a higher than normal evaporating 
temperature and can therefore extend the operating time of thermosyphoning. 

DryC<l ilcr.: 

Although the use of dry coolers is limited because the leaving chilled water temperature is usually 5°C to 
I O"C above the ambient air dry bulb temperature, they could provide some free cooling lo buildings with 

a year round cooling need. However. this would be less than is possible with thermosyphon chillers or 
evaporative cooling towers alone . 

·vaporative cooling 

Evaporative cooling exploits the wet bulb depression that normally exists. especially during the daytime 
in summer when the ambient relative humidity is relatively low. The typical summer weather design 
values for London are a dry bulb temperature of 29°C and a corresponding wet bulb temperature of 20°C, 
giving a wet hulh depression of 9°C. 

Evaporative cooling towers have been widely used for rejecting heal from vapour compression chillers at 
a lower temperature than is possible with air-cooled systems, and could be used directly for producing 
chilled water for chilled ceilings and beams for part of the summer. BRE has recently assessed the 
potential benefit of using cvapm·utive cooling towers with chilled ceilings (CIBSE, 1998). 
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Practical and economic cooling towers have a wet bulb approach of around 3°C which would result in an 
overall s tern temp •ruture difference of 4.5°C bet\\Ccn the wet bulb tcmpcrnturc and the secondary 

chilled water temperature ( ullowing a l.5 °C tempcrntur.: dif� rence acros. a plate heat exchanger to 
separate rhc cooling tower water from the chilled eiling chille I water system). hil led ceiling and beam 

.vstcm normally operate with a ch illed water tlow temperature between I 4°C and 16"C which would 
r�qu ire a wet bulb temperature of l l .5°C or lower. Temporary excursions to higher w<iter temperatures 
might be ac eptable clurin" hot weather, if a reduction in c oling capacity and an increase in internal 
tcmperatur' ould be 1okra.tcd. Alternatively the active area of chilled ceiling or chilled beam could be 
im:rea.etl. ;ihhm1\!h this would raise capital co. ts and would be limited by the available free ceiling area. 
Either rncru;ure ,;ould increase the length of time thm chilled water could be provided by the evaporative 
cooling tower alone. 

Recent tests at BRE using a realistic chilled ceiling and beam office mock up demonstrated that chilled 
water tempcrawrcs a: high as ! 8°C could still allow reasonable them1'1I comfort conditions to be 
ach ieved. Scn�iblc internal heat gains were 60 W/m2• and solar gains appr priatc for a SW facing room 
ffor July in S � Englan I), with a 3m2 window. were provided by solar simulator lamps. A maximum 
internal dry bulh tempcrnturc of 25.2 °C occurn:d between 1600 and 1700 hours on a high solar gain day. 
Howcv..:r, the predicted comfort mean vote (PMV) was 0.8. indicating c nditions were slightly warmer 
than the recommended rnnges .  pcci fied by ISO 7730. 

Table I shows the proporti 11 of the c Jin" senson in that a c oling tower system could suppl chilled 
water at or below th temper 1tures indkatcd. A chilled \1 ;.Her temper 1turc of I 5.5Q · is typ ical for 
e nventio1111 hil led ceiling sy:tein. and I .5°C may be consid..,rcd to be th� higher limit using extended 
smfacc areas. T01blt: I • how:; that the c oling tower could meet the cooling load for between 32'7o and 

(',� f the time for convcntioMI chilled ceiling c uling. and betwc�·n 59r.� and 78% of the time for h\gh 
hi l led 1\·mu temperature �y�tcm . . It is cleur that eonl ing towers ;1! ue cann t meet the entire cooling load 

and that conventional chillers would be required during hot wealher. 

Table I Percentage of year (April to September) that evaporative cooling alone is viable. 

Percentage of year (April to September. hours 0700 to 1800) 

chilled water temperature I 976-80 1976 (a hot year) 1977 (a cool year) 

I 5.5°C or below 38% 32% 43% 

I 8.5°C or below 70'7o 59'7c 78% 

ENERGY PERFORMANCE IN PRACTICE 

Much of the mnrkct in the K M ill perceives mMe )radnional' forms of air cvnditioning as less expensive 
on a first co 'l bus is and arc 11111re confident that they will provide the internal c1wir 11me11ts they n: 1uirc. 
The nnirket c<1n only be conv111ccd whether or not displaccrne111 and chilled ceiling/bcum sy. tems can 
pr idc wonhwhilo: energy and ninning. cost s:wings when thcrc is u body of supporting evidence. To 
enable b th designers mid building own.:rs to make nn informed decision. there is a need for impartial 
practical informat ion on which to b 1sc realistic performance. life cycle cost or C , comparisons. T 
addre. s thi· . the BRE h••� bl!gun on new study of the prnctical pcrforn1anec ;md economic implicniions 
of chilled ceilings ;rnd beams. The project uims to enh;rn ·e the infonnati 11 availnhk to industry and for 
policy purposes. provid111g a m 11·c dcl:tilt: I pi turc of cncrl!� use in air eonditiMed huildill!!-� scrv ·d by 

the three most common centrnl plant system .. Th.: inclusion In the s1udy of smveys of hui lding occup;lnt< 
�atisfoction with the environment� provided by the difforl·tH forms l fair conditioning will prnvid • further 

information 10 i:uppmt the choice f tiir c nditioning system. by introducing factors rel;itcd to employee 
productivity. 
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CONCLUSIONS 

Predictions of air flow and thermal energy have • hown that displacement airnow pattern will be 
eslabli hcd when the thermal loads are malched to the cooling capacity of the di. placement vcntilat1011 
system. However, for thermal loads higher than 25 \ Im� lhcre would be a ri. k or occupa11t therma l 
discomfort at low levels in the room. 

Additional cooling can be provided by chilled ceiling panel to off ct hi<>her them1al gain�. However, the 
addition of these devices affects the air di. tribution chara tcristics of displacement ventilmion . y::tcm ·. 

Chilled ceiling panel change the air temperature nenr the ceiling. which creates dowm ard convecti n. 
and hence increases the depth of lhe mixed wann and conlaminated upper region. Furthermore , radluiion 
heat transfer between the chilled panels and walls reduce the room surface 1cmpcraturc · be! ' the room 
air ternpcralurc, which cau ·e downward convection near the w:ill. This may therefore tran ·p rt 
polluiam from the mixing region into the supply air anti occupation nrea. The predictions, however, have 
indicmed very high environmental thcnnul comfort conditions' ithm the:: puce. ·tudied 
The relatively high chilled wuter temperature requirement of chilled ceiling� improve the ca�c f r u. ino 
low energy cooling technologies in.tead of conventional vapour comprc·sion reFrigera1ion. I lowcvcr, 
many of the c tcchnologie . including thermosy phon cooling. evuporativc c ling. nncl dry coolers, 
' ould still require the use of conventional chill"rs during h t weather. For this reason the nrc prnhably 
best suited co buildings with u year round cooling requirement. However, ground water cooling would 
nppcar lO be idcnlly uitcd to the chilled water temperature range required by chilled ceiling:; and could 
provide cooling all the ear round, although a . eparmc low tcmpcn11ure refrigeration system moy be 
required if dehumidification of the fresh nir supply were required (dehumidi 1ca1ion i. often specified 
with chilled ceilings t minimise the ri k of condensation or · ·office rain .. ) . Although ground water 
cooling nppc:irs to hnvc considerable potential ii hns only ju t begun to be u�ed in a few buildino • in the 

K. 

ACKNOWLEDGEMENTS 

The work reported here was partially supported by the UK's Department of En ir nment, Transpon and 
the Rcgi ns (DETR . and forms part of the D.:partnicnt's Partners in Technology Pr gramme . The ·1uthors 
arc gratcrul to BSRI and IBS for their pem1t$Si n to use extracts from their research publications. 

REFERENCES 

Alamdari, F. and Eagle N. ( 1996). Displacement ventilation and chilled ceilings, TN2/96, BS RIA. 

Building Services Journal ( 1995, May). Building for the Future. Building Service Journal, London. 

CIBSE ( 1998). Chilled ceilings and beams. CIBSE Research Report RRS, CIBSE, London. 

Evans, B. ( 1994, February). Cooling and heat from ground water. The Architects Journal. 

Glackin, M ( 1997, August). Chill factors. Building Services Journal. 

ISO/DIS 7730 ( 1984). Moderate thermal environments - determination of the PMV and PPD indices and 
specification of the conditions for thennal comfort', International Standard. Organisation. 

Jackman, P. J. (1990). Displacement ventilation, Technical Memorandum TM2/90, BSRIA. 


