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ABSTRACT 

AIVC 12175 

Achieving optimized partial improvements of the indoor climate may often be better than to 
know all optimal levels. The purpose of this study was to investigate the relative importance of 
temperature, noise, draft and window area. 30 heat-acclimatized subjects participated in 10 
exposures in single person climate chambers. Each exposure lasted three hours. During an 
exposure, the subject was free to optimize the operative temperature at a link to either draft, 
noise or window area. For each pair of parameters, three linear links were tested. A reference 
exposure was furthermore included without any link. Results show that a decrease in operative 
temperature of 1 °C gives the same decrease in annoyance as approximately 0.1 mis decreased 
air velocity, 7 dB(A) decreased noise level or 0.5 m2 increased window area. The used trade-off 
method may have numerous other research applications. 

KEYWORDS 

Trade-off, temperature, heat stress, hot climate, draft, noise, window area, chamber tests, heat 
acclimatized subjects. 

INTRODUCTION 

Indoor climate studies have resulted in building codes that often give a positive input to the lives 
of people. Knowledge about particular problems in hot and humid tropical climates is still 
limited. Developing countries in hot and humid regions face particular restraints in the adoption 
of many technical solutions to indoor climate problems. Specifically, the installation and running 
costs of many solutions known from developed countries may be prohibitive. There is a need for 
fundamental and applied research focused on the indoor climate needs of developing countries in 
hot and humid tropical regions. 

Predicting comfort levels has been conventionally done by single-parameter studies. The 
focus of this report is to determine the trade-off when temperature is linked with the parameters 
of window area, air velocity and noise in a warm climate. 

Windows may be reduced in area or completely blocked to avoid the heat contribution from 
solar radiation. Ne'eman and Hopkinson (1970) have shown that sky luminance and artificial 
lighting levels are not the main factors which govern the choice of window size but rather visual 
contact with the outside which relieves the sense of enclosure. It may therefore be more 
acceptable to allow the temperature to increase and still have visual contact with the 

- surroundings. 
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A fan is a well-:known means of reducing heat stress. The increased air velocity may however 
result in draft ann9yance} · The sensation of draft :created: by air velocities has been studied by 
Fanger et al. (1988fThe stu<ifgave m'axim:urti akveloclties for cormort at neutral temperatures 
- when there was no sensation of feeling slightly warm or slightly cool. For the typieal 
application where fans are used to reduce heat stress, the study may have limited relevance. 

Some air-conditioners are rather noisy when turned on. The noise from·an air conditioning 
unit wfll reduce· people's willingness to reduce the temperature in a warm·i'oom. Clausen et al:· 
(1993) have tried to establish equally comfortable environments -by vatying either :noise, .. 
teniperature or air quality. Their experiments were performed witll only one parameter at ·a 
reduced level 'at a ·time. A more realistic situation where the parameters are linked was not 
attempted. Makers of air c·onditidriers hav� at present limited scientific basis for. deciding the, 
relation their units should have between cooling effecf and noise generation for users to consider' 
them beneficiai.-· · · . 

· ·  · :1- ... _, . . .; 
Often, decisions 7on the balancing of two indoor ,.Climafe!parameters are made. bf building 

designers. Because there have been very few scientific studies to date for this balancing of 
parameters, the risk is that the chosen balance points will not be in agreement with; the·wishes of 
the building users·. There" is an oovious' need for empirical vet1fic·at1on1 of the. optimal or desired 
trade�off between parameters :or the indoor climate. ·· .1 " · ,. 
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Trade-off effects were studjed using heat acclimatized human subjects in climate. chambers with 
a fast system for temperature controt Three· single-person climate chambers were made .for .. tbis 
study. 30, ,Paid- human subjects P.articipated in ten exposures each lasting approxri.mately three 
hours in the chambers. They had lived all their lives fu the hot and humid tropical climate of the 
Philippines. Data for the subjects including the average time they reported to, spend in air
conditioned spaces are shown in Table 1. Each subject was in a randomized plan exposed to 
temperature at three different linear links to either recorded noise from an air conditioner, air 
velocity from a stand fan, or window area. A reference exposure where temperature was not 
linked with the trade-off parameters was furthermore included. The subjects were given 
instructions to optimize their chamber environments by giving temperature votes on the Bedford 
scale. They were made aware that a·,cooler temperature closer to thermal comfort would reduce 
the window opening, �ncrf?.ase the noise level, or increase the draft in a consistent way through 
each exposure. They. w�r�· not getting an _f!Jrther information but initial experimenting was 

•- ... r I .. • ... • . � encouraged. In the base exposure, they could freely vote for the temperature they felt most 
comfortable with without any window, draft; or.noise cost; 

All 
Subjects 

Males 
Only 

Females 
Only 

TABLE 1 
Data for the 16 males and i4'females in the·exp�riments 

• I • ··- ·.- . 

Age 
(years) 

Mean 25.l 
St. d. 6.32 

Mean 22.9 
'st:·a:1·- _:; :··- 4.3;1 

.- T'. p-

Mean 27.6 
St. d. 7.43 

Height 
(m) 
1.66 
0.10 

1.72 
:rt :·o;08"':: 

,J J� 

1.59 
0.06 

' . 

Weight -.� 
(kg) 1_ , 
63.2 

.� 
14.1 

Cfothing ·· . 

.. (tlQ). 

66.0 0.55 
·;'-�cfl5.4·i:�(�l··· '0.06 :.' 

60.0 0.51 
12.l 0.04 

ii.:Con time 
·(hf day) 

' 
'· 3.1 
. 3.2 

2.9 
2.8 

".. ,. i j.·; 

. Temperature and humidity were measured by an automated data logging system every 5 minutes 
iri several locations accotding fo Figure 1. In ·the statistical analyses, only th� average value of . l! � ·; . . I .: . • t :, . • . -� ..

. 
� .·-;.I 

,.. 863 



.. L:.. � ... ··: .:, · 1.·.. ( �' j ,. I . i �; ' ( ; L . . �·1.. . ' 
the data logged during the last 20 mjm,1tes·of.�ach ho.�r v.;as U�fd. When the,abso,l�f� value of the 
average V'9teJJWas �utside the range, ·�'.Slightly :\\'�er.':. -to '.;.'Slightly coole( the data were 
disregarded.. · · 

;,,1: ' j ·• ... .... ;.jl. .C. 1r·;t �L :i.:-:·.�... -.,l. �.J �-f:_;;�: � 

The climate chambers '. · - ·'.''.' : ;- .. •; · � .,,L, �· ,. :,.1. � ,,1 • 

Three single. .. person climate chamber� .. were used (Garcia et al. 1997}. E'iclJ cham:t>er me¥,ured 
2.2!J ·x .2.27iX 2.27 m3 inside. The walls, floor and ceiling Qt.the chambers1 were made of t�o 
layers of plywood - with 50 mm Styrofoam ·!IJsula�ion. ;between. The overall geat )'i:an,sjer 
coefficient :of the chamber was 37.2: WIK inclu��g-iwindow �d doo�. The�,crh_ampers were: all 
placedjn a naturally ventilated;:oom Qf appro�irn.ately 95;m2 with an air change ra��9f 2 h-1• All 
cham�ers had a 0.94 m2 dou:Ple-glazed window. Th� view from these windo�s fas a ple�ant 
backdrop of trees seen through the metal grills and windows of the surrouµding r.oom_, 
Supplementary lighting Jor the ehamb_e:i;s came JrQJll two 40-wa;tt incandescent.bu�P.�;·1 ,-1�: 

ii'": ;"!; - ·: ... .. ( �. , .: . . _,,, ' ·, .. 

The air handling.system.. , . . . , 
.J ,  . . , _ _ 1 • , ., 

Figure 1 shows--;schematically the .thr�e chamger� aµ<f quct syst�m:. Outside. air ·went through ;¢e 
cooling coil of a modified window mounted. gir,ponditio:r:iing . u.nit · b-efore it was equajly' 
distributed to the chambers by the duct system shown. A flow of about 40 l/s cooled and 
dehumidified outside air was supplied to each of the chambers providing all the cooling. This 
supply air mixed with the return air that was extracted from the top of the chamber. Ap 
additional fan re-circulated the chamber air. Displacement ventilation was employed. Excess air 
could escape the chamber via an opening al;>ov� rh� door. The air v�locity reaching_ a seated 
subject was less· than OA 0 mis. An ele�tric'. air heater connected to a PID temperature .<;:ontroller 
with feed backdrom the sensor for chamber air te�perature, mainta,_ined te�perature.· The 
temperature-in the�chamber was varied by 0the expetj_wenters by adjusting the. controller's set, 
point in: response to the\subject's vote. . .. - .. . ..... 
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Figure 1. System schematic diagram showipg the three .climate chambers, 
ductwork, and location of the temperature and humidity sensors , 
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RESULTS 
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- Figure 2 shows· respectively the mean windQw,ar.ea, air velo,city ar;id noi�e .. v.ersus mean operative 
temperature for each subject during the last 20 minutes of each exposu�es

. 
m the chambers. Lines 
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Figure 2. Mean window area, air velocity and noise shown ill relation to operative 
temperature during the last 20 minutes of exposures for each subject. The same reference 

exposures are shown in all three charts. Full lines indicate the linear ties and the dotted lines 

·:1 

gives preferred mean settings at the linear tie,s; 
. _ . _ . 

_. ·'� � • .  I . 

for the cost ties are shown as solid lines. The dotted l���s:·:� ·· th�-- �urv�)·oi !?_referred mean 
changes during the used trade-off ties. 

Using a computerized procedure for general linear models, several different 'types of formulas 
were tested to fit the observations. The best fitting models were found to be: 

T0 = 23.90 + 3.30 1/A dA/dT0 + 0.47 t 
. .. . ·_J t...n �· ·: · · � .  . . .:...:--·,. ·, .... � 

T0 = 23.74 + 2.89::·...J.y-' 16.49.i'.'/V.dV/d'T0•:+ 0.53.:t 

T 0 = 24.07 - 0.0000907 N2 dN/dT 0 + 0.36 t 

for window area 
; ; .. ; j 

�' L ""' •r t.•-' -��'· )) 
:'•':)_·for �oi�e . ; ,-_� 

-: :1 , ... . 
To · · · operative tem'pd:ature intlie:chamber:(�C) · E �,;. • :i1J1-·r:_,/:' ·::. �·. ·ni' . 

2 
� 

"� -, Winaow'area(nr) ·:· r���� ·:rr;·:·:,c:.f'''-':'- i ·:c.':; . . ·�, ·. ··1.<. '·.: .,-,r;d.� :� . ,. 
V Average air velocity (draft) reaching the persop·(m/s) 1r' · i. <.:.:· UI:.1.i':.'r:.· ,i,�·i'·, .. �; 

''.N°' _ ... : 1'.:' · ·-- ·: : Noise· pressure ·rt}aching.a person· in�therchambeF ( dlh.) -<< 1; _,. ·. n 3 ' .. _.: -! uC ;. .) •· \ . ·' - . . . . , .. . 
· 1! · · .. ·· - -�;·.:-1 Tiifie.,.'(h�'tirs) ,r·, -o.! ,, ., ::r.i., ·• !i. � . ,;_,-: • .n 1·.·; 'J •. � · :; : : ·;:.-t·",-,· · " , ., ' .... i -.-, 

,;:'.r.·-�;::,' ,.- '.)'..P'n:J ·,�;;:-1·:::�;< .. :. 'F·.-···:e;;ii:.:'°l '"i:'f'.� q,:'.;;: ·"·� <';.;v.�.::c.x:- ;;,7»:::. ;? . .  ··:.'l:I�-1�1.- :� .. �.; 
'°'Rerii.ovii'ig ther�ifferentiats:b;r ·arialytieally:.solving 1he equatiORS Ja:pOS§�ble_J(i)r winpoYf���(l, and noise leading to the following expressi.:Ohs fot t;:;;. 3,h-._- .. · , ... '· ·:.. , .. »'�'-'· � ... l' • 

.. 11:f: ·J;ii . .  �J • . . t·. · . . r:, "'...��>·/ .. _, > �_ ·_.� :..- · _ · ·.· . �·;, __ tr: ... _· i ...... : ,,11 _ .. • __ jJ_ic :r,·�r� •f ... ;1:. · 
· 0.5 T02 .:..:: 25.31T0::3.30 ln A+ K:,:,· ·v fo_r:window area 

. ; .. . 
i ' I 

0,5 T�2-25.15 Tii= (0.333) 0.0000907-N3 + K 
.. .,. .. ' I O '  I 

-· 
11 q ·, . 

I; • . ,• ,. . tQr,nojse 
• :� ll�� ,. . •  

. : ·A and 'F0 respectively N and T0.gjyes c9ns�ant annOY.�ce for const.ant.�: 
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Figure 3. Lines for constant annoyance at simultaneous exposure to temperatures higher than 
comfortable and window area, air velocity and. noise . 
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For air velocity, the differential equation may not be solved analytically. Geometrically 
constructed solutions for the air velocity equation are shown in Figure 3 with graphical 
presentations of the analytical solutions for the equations for window area and noise. The figure 
may be used to 'determine whether a change in the depicted pairs of parameters will. be perceived 
as an overall imJ.?rovement or the opposite. · · 

DISCUSSION 
. •, 

.,, 

These experiments reveal a significant trade-off between temperature and decreased window 
area, increased draft-·filld increased air-conditioner:noise. This' clearly shows :the power of the 
developed and applied experimental method compared to conventional means of predicting 
comfort levels from sirrgie-pa.rameter studies. , , · ·. , . . . , "/ , : /.1 \ j 

Figure 3 may be used as a guide to improvements in user's perception of overall indoor 
quality when for example using air velocity!or blockage of win.dows ... as a me�s to reduce h�at 
stress. Makers of air-conditioning equipment may use the figqre �Q .e.val.uat� the effect of noise 
reduction measures for their'equipmenL);': ;J'::fi:'. .-�; , i�·· , :. "... ... 

• 

During the window and ail:: velocity.'. '.exposures :tl,1.�1 (preferred, qperat�Y(( .· temperature \YflS 
reduced by an average of 0.50 °C per hour of exposure while the r�,dQ�ion_.,wa,s only 0.36 °C p,er 
hour dur�g the noise exposures. The temperature reduction is probably caused by subjects 
relaxing .. fubre "md''fuere''.iilietefore �getting':.$ 16wer!ine.tapolic ,rat��'.:T:ll�J1igber !!P.i.s�)ey,�ls 
probably cause some arousal, which counteracts1this effect:rr:· · : , <,.·;, ·r ·r': ... c. �, 'i! '.� , • •  

The average neutral temperature in this study of 25.3 °C was in close agreement with the . 
neutral temperature.-'(25.6 °C) that was reported by Fanger (1972) fQ.r the, same acti��ty;;:and 
clothing. The standard deviation of the neutral temperature was 1.8 °C in this study. Somewhat 
larger than that found by·Wyon and Sandberg (1996) iri a�field experiment with ,office workers 

- wearing their normal clothes and doing regular office work (St. d. 1.2 °C). Grivel and Candas 
(1991) showed that neutraltemperafuies may!havie .. �{standard deviation of 2.6 �c when subjects 



used standard clothing and no task in a climate chamber. The subjects in this study used their 
own clothing but as shown in Table 1 the individual freedom to adjust one's clothing according 
to personal thennal requirements is less in a warm environment. A standard deviation on 
preferred temperatures slightly higher than for Swedish office workers could be expected. 

Results for the noise operative temperature trade-off giving values for the near comfortable 
temperatures in the range 0.1 -0.4 °C/dBA are in fair agreement with Clausen et al. ( 1993). Their 
results show a relation between temperature and traffic noise of approximately 0.26 °C/dBA and 
a similar tendency to perceive noise more costly at the higher noise levels. 

13 window-mounted air conditioners were surveyed in offices in Quezon City, Philippines 
and the average noise level was 62.5 dBA with a standard deviation of 5.2 dBA. Several of these 
were more noisy than recommendable for the heat stress relief they provided. 

CONCLUSIONS 

These experiments reveal a significant trade-off between temperature and window area, draft and 
air-conditioner noise. This shows the power of the developed and applied experimental method. 
It also shows limitations in conventional means of predicting comfort levels from single
parameter studies. 

Trade-off studies have been shown to give relevant results. This type of unified scaling 
research may give important information on the proportions of users' perceptions of the indoor 
climate. Specifying the optimum trade-off between linked parameters is a next-best solution 
when resources are scarce. Continuing research activities in these and related areas can do much 
to assure the best possible quality of the indoor environment in countries with limited economies 
as this type of research may become the basis for updating regulating codes. 
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