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ABSTRACT .....; -~. 
'· , ... .. . 

Experimen'ts were carrie(i out ~to :measure the indoor environmental 
parameters such as air·- chal),qe ' rate, air :-Velocity, turbuleni!e i 
intensity and air temperature in a natural.:ly ventilated off-i:ce:· ~ 
Subjective assessment was made .'to evaluate the thermal comfo,>::t 
and indoor air quality in the(' offi·c'.e. Th:e effect of openi~ 
windows and the door on the ·indoor comfort' conditions was ali;'S µ 
investigated. Models ·· were develo~d ' for assessing the ing_i:ii>i ~ 
environment whi.Qh wef::e ·based. pn: th·e field ·measurements. '1! ·· - .~ 

. ' .. ., ~ · ~ -· 
; ·,.. ~ 

XEYW91ms 
. ~ 

Thermal comfort; air movement, .dra~ght, i .ndoor air quality :- ''· 
: .. _._ ;· ! -!' ; l 

,]NTRODUCTI.?N ' ' ':.·. ! 
., . ~ ' '\.·. 

A comfor,table indoor envii.oniiient .is a·' necessity for th.e 
occupants'• go()d · health and" -high productivity. The indodr • 
environment is' \:a hol.istic phenomenon that- involves synergy o_f 
thermal c Oinfort, ind.oor air quality, other ~env;i.ronmental factors 

. sµch as th~ type of building ana: i1;6 psychelotij..cal relevance for 
' . ·tfu:e occupants and energy parameters. ·I,mpro<r,ed< thermal comfort 'iS . 

achieved t )3--t h~me_ or in workplac1:1S: tfJrough
0 

9?0d passive design 
such as t:onsidtration of thermal ' inass and insulation togeth'er 
with appropriate·heating, ventilation_•or aiz:copditioning systems. 
The maintenance as well as the design of venti.:i:ation systems have 
decisive :effects on the indoor environment.~ ~ 

~ . ~~~;~ · :- ··· 
There are some models avaJ.:i!. abl'€:-":· f~.F a{s.es~).ng the thermal 
environment indoors such as t?}ie:bma::t ccimfort. ihdices - Predicted 
Mean Vote (PMV) and Predicted ~~<lent~tfe :qf;.J}?-ssatisf.ied (PPD) 
- developed by Fanger (1982·), :Whicn are :'.'.'ffosed on the heat 

. .";· balance between the body and environment and subjective testi ng 
j ;-!· ': •" 

1R"4 

0 ·-.. .:. 
in ah environmental chamber. These modeTs, however, may ~~~~be 
applicable to all the conditions encountered in' ~ract~e. ;;:_":'Ttiis 
is because laboratory subjects are not in their ~a1Dili~·worldng 
surroundings and because the comfort depends no.t only! !o fl the 
quantifiable parameters used for _formulating the aVa.ibbte modhs 
but blso on the factors which are dif~icult to quant~f'y ·- sltc,,.~~ as 
job 1satisfaction, stress, buildi.!.!9 characteris.t.ics1-:;ai:ld:'«:5:b'bei 
environmental factors such . ~s light ,ang .s9und. s,ctiill~i;-;;;, ~t. ,!il'l.'. 
(1988), for example;, found that optimlJ..lll ' ~a1:isf9ctic5n .!-!itn_ ".'t ·a e . · 
thermal environment in "offj.c~ · buil,dings j/as lower .1;han t1'\at-t.aurt~ 
1U1der laboratory.._ c on<ilt:i,pns: ,anq sifggest;ed ' "thatj c~ntral'.i:~.~ 
autohomous envirdn~ental.: .Sys~flmR: - 11av:.e ;/~u.bstan,tial inrre:::;_e)it · 
limitations i ri·. t\'lei~ -effe·ct:4,v~ess.~ Mo'reo.v~Jf, most ' labo~a~oij 
based models .f_or asse$sii;ig . .th<;!·'. ii'ldo?r . er:y.ronme~t are d¥tr~Je.q 
froi;i measure~. data or.~Y t:.~ ~iv.e :$in ~~OV'$!t:_~. ~ta~~ ,o..f-3 _5913m 
envi.rorunent Wl.thcut7 ta·king ·into ac;:count nbn-uni f orm rreact1-0ns . 
For hample th'ere ,are' d :tfferences ii.'n ~he sensi·tivity df'c:i1ffererlt 
parts of the bQdy -to':';\:he sur~undings~espec'ia'lly ai he'ad-tan'd: :flgcrt\ 
levejLs. Warm feet ahd .49-ld he~q 'is · Pil"e'fe~able but many- heat.in g 
sys.terns produc·e th~~ oppqsite ·~ff.ect;,. -1!.H:hoi.rgli• ther~ a,rE? some 
sophisticated 111og,~lK ih wfiich a hIDna1'1 bod}r_ ;s· rep\-esen~d by ~ 
.to 25 nodes (Tlle:!,J: 'i&J::, '.et , al _ 19·9 l_J , i t is al~o based ·9n' l:.ne beat 
balance and i~ "b~sl._cally ,.d~i9ne?. to s;ah:!u J..ate the -=1~al Skin 
temp·eratures. ,Fui-'thermbre, most o~ ' the tflvestiigatfons:'-On· thermal 

- • "' • - - . ..,. • ~ . • •, ' I . ~ "':& ._ 
comt;ort up till ?!J~W hav~. ~-e!l:!' c;:a.rr.i,ed o~.t -undet; st:eacry~ s t ate 
conditions suqh ·as..1 thos~ (-in ·"laborat9,ry.-. tests , or for sl:ibr\1: 
dural:ions dur .i,ng· fi~d surveying . .Results'... from su'ch stud..les ~ay 
not !fUlly cort':esp<:>nd to iiQ.rm.al ·working ·'-situations' es~ci.(11~ itl 
natu<rally ve.r;i'tilJl_ted ·_ o·:ufce:s> Recause t~ ' indoor ::~ tSerrnai 
cond1tions are .;.es~eo:!:ially t~ar-si~nt du.e t _o the chang;zng . c'famat!!' 
outdoors, var)(in9',: occqpa}rts' a,ctiv i_tie's ij1'd9pr.s and rtN~ria;~fb~ 
in the heating:-and :Ventilat.ion . sy~tems':pet:fOrrnance. ,iz t · , :._,. 

; • •.• • . .,, ;,, I • • .• _. ~'-. ...,~ 1 (Ai • E ~ :i:=. 

Odour intensitY, is ~ _p~in~lp~i. [ actor __ d e1;iJ:'.ing ir:ifi<:>or ~i~ q'uaU.1:¥ !J: 

and has been associ.ated .w1EQ. 'che. Lever of car'iJon dmx:'laQ. T.he 
resu:lts of indoor ~oe . meas~;i::ajnents . Jlaye ~ _be~n )l~ed ~~s~ecify ';:'_ 
tinimum ventilati_on . ~ate :i::~quirerner'i1;s ! Fanger; i e t ai::i::. { J,~ ip3a-) . ..: 
~rried out an extensive ~u.rv~~Y ·, of · il!do9r siir • qua:i;itY tpr ... ,' 2:9- ~
·randomly selected o:tfice · bu tld-inqs and _assen\bly halls' &nd~f~Ra .f.. 
tha~ more thal) ;30% ' (,f- th·e f;;.~j_eqf:s .were,dis'sa;:t:isfi~d :Wi~h~ll~ ; 
indoor air qua-ii t y , even tncugh·'tti'e average fresp <fir ven:;t i ! a.t l Q'fi ,, 
rate was 25 ·l;(s · per occ11F1.int~ ~ ord!?r •.-to take 'itlto·. ·. <i'~cifunt 
va.ri,ous sources. 0£ oo:I2l utan.ts. in offle~s· , Awbi ~(-1991):: ~vocll.~ . 
incieasing th~i · q~t~oo:( sup~y "raF:~S.~ l.:SFv~'l\1;es . £mu,ch ,l:f'i~a?' ;!,h~ .' 
th~ y~rrent r~c~lllin-~(ldq,tif?r S:. sp ~~ P' _ ll!in.im:±:s~ compY.ti~tis:· ~fl;qin .. 
bu11,d1ng-related 1s i:cla_1~.ss•. ·-:. . .;_ s ·.~ · ~:- ... . "'" '.!-1 ~; -~ · "' ;;'~ •, 

. ~ <".:. • • f · -· ·• .'.:. . , . r :::: :· . ·-- " : tt· 
ihe 'objective of- this work is to evaluate t ri iit'. inddor en..t:-:I ~oii.'llenE.::ii 
in naturally venti'.i a:t.ed off.i._ce·s: and~-to a~velpp ~o~ei..S •J or '-l1 
assess~ng the indoor erv ~_on_ll)~-r)t. ba_:;;~d o}." ~hej.i~l~ me~~~effes- ; . :: I_ 

. ·~ .. . ' - ; . . :;- ·7 ·:• I .-, => .. · ~ .·;·:.~ ... 
hi- MEmlOD ·;_ q •• • ·-( • _. ... _ ·~ • t~-'.r ::. r' -:: _;. ..:.: 

: ~· - ... ; l ·- • 4 " -. .., ·~-: • ~ t.;' :· .. "t: ~: . 
?hi~ ilivestigat.len bas Jieen ~rr:ied ' [yt' - bi . Jnea hs ?.;_x-.q,t}y~:f~~ Cf 
ceasurements combined with a." subj ectivi::. asse.ssment of-~ tfie-i:niie:ifr ~ 
environment in ;;i .• n~~ura~ly .ve~tilat~ ·0f-~~c~ r~oni ,ove.f'~ ~e;i:fl~: ;.: 
of tdur• months J..n ene winte~ of 1991/92."'The office ip,~~~t~d ~ 
in tbe north wing of the third level of the FURS Elqil;d_i~g'~t~..:~ 

~~- :!; ;; ~-,,..;~ .. : ~: 

IR'\'\ 
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Univers i ty o f Re ading. I t has i nterior d imens i ons of 5.4 X 2.3 
X 2.6 m (length X width X cei l ing height). The effective volume 
of the r oom , i.e . , the v o l ume e xcludi ng t he s pace occupied by 
obstacles, i s appr oxi ma tel y 29. 3 m3 • The r oom is built of one 
concrete external wall and three concrete brick walls connected 
to other rooms. The floor is made of prefabricated concrete 
(carpeted) and the ceiling comprises hardboard layers under the 
prefabricated concrete roof. The room is connected to the main 
corridor via a hinged wooden door. There are two weatherstripped 
double-hung aluminium frame windows in the north face. The office 
is normally occupied by one person and is heated by two small hot 
water radiators in cold seasons; an extra electric heater was 
provided when needed for the experiments. A schematic diagram of 
the room is shown in Figure 1. 

Physical Measurements 

During an experimental test the air velocity, turbulence 
intensity and air temperature were measured continuously at six 
locations using thermal anemometers. At each location 
measurements were taken at points 0.1 m (foot/ankle level), 0.6 
m (back of a seated person) and 1. 1 m (neck/head level of a 
seated person) above the floor in a vertical line. The plane 
radiant temperature, temperatures of room surfaces and obstacles 
and indoor air humidity were measured using an indoor climate 
analyser. Thermal comfort indices (PMV and PPD) were measured 
using a comfort meter. A co2 gas analyser was used for the 
measurement of indoor co2 concentrations. 

The air change rate for each test 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 
and air in the room for a few minutes after injecting the gas. 
The wind speed and direction were measured with three vane cup 
anemometers and a wind anemometer mounted on the top of the 
building (about 5 m above the roof) . The outdoor air temperature 
and humidity were measured using a hand-held humidity meter. 

subjective Assessment 

A subjective assess ment was carried out for thermal comfort and 
indoor air quality . The asse s s ment o f the t hermal e nvi ronment was 
based on the occup a nt 's vot e on the t hermal sensation and air 
movement in the o f fi c e u nde r various outd oor o r i nd oo r c ond i tions 
and different arrangements of window and door openings. This 
assessment was made 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 a five-point scale to rate the impressions 
of comfort with regard to air movement, odour intensity and air 
freshness. 

RESULTS AND DISCUSSION 

Environmental Parameters 

This includes all the measured results for air change rate and 
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for other parameters concerning the room environment. 

Air c hang e rate 

The total air 
considered the 
combination is 
Roberts, 1981), 

infiltration into a room, Q, is generally 
combined effect of wind and stack and the 

in the form of quadratic addition (Croome and 
i.e. 

Q2 = Q/ + Q/ (1) 

The infiltration rate due to wind, Qw, is proportional to wind 
speed whereas the infiltration rate due to stack, Q

5
, is 

approximately proportional to the square root of the temperature 
difference between indoors and outdoors. Therefore, the air 
change rate for the windows and door closed is correlated as 

where N 

vw 
4T 

N2 = 0.0393 v/ + 0.0154 4T 

air change rate, h- 1 

wind speed, m/s 
indoor-outdoor temperature difference, K. 

(2) 

The regression has a correlation coefficient (adjusted for all 
the multiple correlations in this work) of 0.98 and a confidence 
level of almost 100%. The wind speed ranged from 0.2 to 10.0 m/s 
and the range of the indoor-outdoor temperature difference was 
between 9 . 7K and 20.4K. 

The air change rate for a window and/ or the door partly open is 
correlated as 

N2 
= [a1 + a 2 lsin(90 - 9/2):J(V"A) 2 + b 4T + c 

where e 
A 

wind direction, degree from north clockwise 
opening area of window (Awl and/or door (Ad), m2. 

(3) 

The calculation of the area A and the values of the constants a 1 , 
a2 , b and c are shown in Table 1. 

Table 1. Opening area and constants for Equation (3) 

Window/door arrangement A a, az b c 

Window open only Aw 388 -435 15 3 

Window & door open AWA~ J (Aw2+Ad2) 60059 -61481 103 0 

Door open only Ad 0 0 0 15 

The correlation coefficients and confidence leve ls are 
respectively 0 . 94 and 99.5 % for a window partly open and 1.00 and 
90% for both a window and the door partly open . The confidence 
1level for the latter is low due to insufficient data points and 
the correlation should be used with caution. The air change rates 
for the cases when only the door was partly open could not be 
satisfactorily correlated with the outdoor environmental 
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parameters. It appears that for this arrangement of window/door 
opening the air change rate was influenced more by the conditions 
in the corridor than by the outdoor environment. The constant in 
Table 1 for this arrangement was calculated from the mean value 
of the measured air change rates in order to fit the form of the 
correlation. The window openin~ area for the tests performed 
ranges from 0.036 m2 to 0.194 m. The level of door opening is 
between slight (0.24 m2) and half (1.20 m2). The air change rates 
for the opening areas beyond these ranges need further 
exploration particularly in warm seasons. 

Figures 2 and 3 show the scattergrams of the measured air change 
rates against predicted values using Equations (2) and (3) 
respectively. When all the windows and door were closed the 
infiltration rates ranged from about o. 44 h- 1 for a mild and 
still outdoor climate to 1. 94 h- 1 for a very windy day with a 
mean of O. 86 h- 1 or 7 l/s, which is slightly lower than the 
minimum fresh air requirement to maintain a C02 concentration 
maximum limit of 1000 ppm. When a window and/or the door were 
partly open, the air change rate increased dramatically depending 
on the opening size, the wind direction, the wind speed and the 
indoor - outdoor temperature difference. The air change rates under 
the circumst ances investigated ranged from 1. 51 h- 1 to 5. 88 h- 1 

for a window partly open, 3.40 to 10.87 h" 1 for both the window 
and door partly open and 2. 56 to 4. 79 h- 1 for only the door 
partly open. 

Room environment 

The mean air velocity in the room was very low with an average 
of about 0.05 m/s when the windows and door were closed. The air 
velocity was not apparently influenced by the air change rate. 
In some cases, for instance, as the air change rate increased the 
mean air velocity decreased rather than increased accordingly. 
Besides, the air velocity at head level was slightly higher than 
that at foot level. However the difference between them was not 
significant. When a window and/or the door were partly open, the 
velocity increased but not very much, with an average value still 
being less than 0.15 m/s. 

The turbulence intensity for most of the days was between low and 
medium with a mean of 22. 5% when the windows and door were 
closed. When the window and/or door were open, the mean of 
turbulence intensity was increased to 42. 0%. The turbulence 
intensity is related to the air change rate as follows: 

Tu= 25.76 N0.42 (r = 0.68) (4) 

Where Tu is the turbulence intensity in percentage. 

The indoor air temperature changed from day to day during the 
course of measurement, ranging from 17.8°C to 26.2°C with a mean 
of 22.4°C due to the fluctuations of outdoor temperature ranging 
from -0.2°C to 13.6°C, air change rate and heat loss or gain from 
the room and due to opening the window or door. The air 
temperature at head level is higher than that at foot level with 
a mean vertical temperature difference of 1.6K. A large 
temperature stratification was observed in some of the tests with 

the vertical temperature difference as high as 3.6K which is 
greater than the ISO limit for comfort (the vertical air 
temperature difference between 1.1 m and 0.1 m above the floor 
not to be greater than 3K (ISO, 1984)). 

The room surface temperatures were usually lower than the mean 
air temperature especially for the north wall which was directly 
exposed to the cold ambient. The measured plane radiant 
temperature, and thereby the calculated mean radiant temperature, 
were also lower than the mean air temperature. The average 
difference between the mean air temperature and mean radiant 
temperature for all the tests was 0.6K. 

The relative humidity in the room throughout the test period was 
normally within the comfort limits, ranging from 40% to 55% with 
a mean of 46%. 

The following table summarises the distributions of the room 
environmental data measured with the thermal anemometers. 

Table 2. Distribution of room environment 

Mean air velocity Turbulence intensity Mean air temp. 
--

Head Foot Overall Head Foot overall Head Foot overall 

Min. 0.038 0.041 0.042 16.2 7.7 14.0 20.1 17.8 19.7 
Max. 0.113 0.136 0.115 79.1 63.9 68.2 26.2 24.0 24.9 
Mean 0.059 0.064 0.060 39.4 28.7 34.7 23.1 21. 4 22.4 
S.d. 0.017 0.023 o. 017 18.9 17.2 18.3 1.4 1. 5 1.4 

subjective Evaluation 

out of 46 tests 44 subjective measurements were collected. The 
rating scales for thermal sensation, air movement, odour 
intensity and air freshness are shown in Table 3. 

Table 3. Rating scales for thermal sensation (TS), air movement (AM), · 
odour intensity (OI) and air freshness (AF) 

Rating TS 

-3 cold 
-2 cool 
-1 slightly cool 

0 neutral 
1 slightly warm 
2 warm 
3 hot 

Thermal sensation 

AM 

too draughty 
draughty 
acceptable 
stagnant 
very stagnant 

OI 

not detectable 
slight 
moderate 
strong 
very strong 

AF 

very fresh 
fresh 
neutral 

slightly stuffy 
stuffy 

When the windows and door were closed the mean thermal sensation 
was on the warm side of neutral. When the window and/or door were 
opened, the votes were scattered widely over the thermal 
sensation scale, with votes for cool side being roughly the same 
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as those for the warm side. 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 in the present 
investigation Fanger ' s equation unde.r-estimates the thermal 
impressions for the cases when the windows and door were shut and 
under-values the swings of the impressions for these and other 
cases. This may be due to three main reasons. one is the 
assumption of steady state laboratory conditions used in the 
derivation of Fanger' s equation. Another is the over
simplification of the metabolic rate of t he occupant. The 
occupant rarely sat in the room for a long period, say one hour, 
without moving around or engaging in other activities such as 
teaching. The metabolic rate was however taken as a constant (1.2 
met) in the calculation of PMV due to the difficulty in 
determining its true value. The thi rd reason is the sensitivity· 
of PMV to clo values. In a laboratory test the clo values are 
consistent whereas in field tests the clothing levels vary with 
occupants. In this case there is only one subject, hence the clo 
value is easy to estimate but varies with time as a suit may be 
worn or not worn. 

The thermal sensation was in general dependent on the room air 
temperature and velocity. The regression equations for the 
thermal sensation (TS) at head level, foot level and overall for 
the room against mean air temperature (T in °C) and velocity (V 
in m/s) are respectively 

head TS 

foot TS 

overall TS 

O.S732 T - 11.97 4jV - 6.93 

O.S624 T - 7.S3 4JV - 8.28 

0.6146 T - 12.27 4JV - 7.46 

(r 

(r 

(r 

0. 66) 

0.63) 

0.68) 

(Sa) 

(6a) 

(7a) 

When the data were separated into the two categories, one for all 
the windows and door shut and the other for a window and/or the 
door open, the effect of air velocity was found not to be 
significant. Hence the following simplified equations have been 
given as (in the order of head level, foot level and overall): 

for the windows and door closed 

head TS = 0.40S5 T - 8.54 (r = 0.52) (Sb) 

foot TS = 0.5224 T - 10.84 (r = 0.67) (6b) 

overall TS = 0.4815 T - 10.13 (r = 0.62) (7b) 

for a window and/or the door open 

head TS = 0.7024 T - 16.20 (r = 0.70) (Sc) 

foot TS = 0.6939 T - 15.26 (r = 0.62) (6c) 

overall TS= 0.8371 T - 18.95 (r = 0.72) (7c) 

All these correlations have confidence levels of 99.5% or above. 
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In Figure 4 the occupant's thermal sensation responses are 
presented as a function of mean air temperature, using a mean air 
velocity of 0.06 m/s for Equations (Sa), (6a) and (7a). The PMV 
curve predicted from Fanger' s equation is also presented for 
comparison (assuming a metabolic rate 0£ 1.2 met and a clo value 
of 0.8). From the above equations or the corresponding curves in 
Figure 4 the neutral temperatures (Tn), i.e. T for TS = o, can be 
obtained. The neutral temperature predicted from Fanger's 
equation is 22.s0c for air velocities between O.OS and 0.07S m/s. 
Th.e calculated neutral temperatures from the above equations 
together with the difference in neutral temperature, ATn' between 
Fanger's equation and Equations (S), (6) and (7) are shown in 
Table 4. 

Table 4. Neutral temperatures from the field measurements 
compared with Fanger's value of 22.8°C 

Equation (Sa} (6a) (7a} (5b) (6b} (7b} (5c} (6c} (7c} 
Head Foot Overall Head Foot Overall Head Foot Overall 

~ ( °C) 22.4 21.4 22.0 
ATn (K) 0.4 1.4 0.8 

21.1 20.8 22.1 
1.7 2.0 0.7 

23.1 22.0 22.6 
-0.3 0.8 0.2 

It can be seen from Table 4 that Fanger' s equation generally 
overpredicts the neutrality especially ·for the cases when the 
windows and door were closed due to various reasons mentioned 
above, which seems to confirm the findings by Schiller, et al. 
(1988). A lnore obvious and important point is that from the 
present investigation the correlated curves in Figure 4, in 
particular the ones for a window and/or the door open, are 
steeper than those given by Fanger•s equation, suggesting the 
occupant is more sensitive to changes of air temperature. This 
fact was also observed by Fishman and Pimbert (1979) whose field 
study showed that the steepness of the slope of the curve from 
the observations deviated from Fanger's equation particular1y at 
temperatures above 24°C. In addition they also found that 
Fanger's com£ort equation predicted the neutral temperature 0.6K 
higher than that from the field survey, which was attributed to 
the incorrect estimation of the subjects clothing. 

If according to Fanger's definition the central three categories 
of the thermal sensation scale were regarded as an indication of 
an acceptable state for thermal corn:fort whereas the votes outside 
these central categories were considered to represent 
dissatisfaction with the thermal state, the results suggest that 
about one third of the responses were dissatisfied with the 
thermal environment whether for head, or foot or overall 
impressions. Most of the dissatisfaction that occurred when the 
windows and door were closed was caused by overheating, which 
could be avoided s iJnply by controlling the heat output from the 
e.rnitters if a thermostat was available or by window openin9_; On 
the other hand, because the overall votes were on the warm side 
and the amount of heat supply could not be decreased in mild 
climates the heating costs could be reduced wi th the help of a 
thermostat or a weather compensated heating system. A great 
majority of the votes on the cool side occurred when a window was 
opened either alone or in combination with the door. In practical 
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situations the window would be closed or the size of the opening 
would not be so large when it was cold outside. 

Air movement 

The overall impression of the air movement in the room for the 
cases when the windows and door were closed was on the side of 
being stagnant. When a window and/or door were partly opened, the 
impression shifted to being slightly draughty. The measurements 
showed that there was little air movement when the windows and 
door were closed. Even when a window and/or the door were partly 
opened the mean air velocity at the me a sured points were still 
below 0.15 m/s. Since the feeling o f draught a t a c omfortable 
room temperature is s tro ng only when the air velocity is above, 
say, O. 25 m/s or, t o a l e sser ext ent , at a h i g h t urbulence 
intensity, the response to draught in certain i nstances must have 
been the consequence of too low a room air temperature and/or too 
high a turbulence intensity. However, when the draught was 
detected the thermal sensation was rated as cold especially at 
foot level, implying that low temperature was the main source of 
the draught. 

The ratings of the air movement (AM) are associated with the air 
temperature, velocity and turbulence intensity as follows: 

AM= 0.1462 T - 20.31 V - 0.0048 Tu - 1.71 (r = 0.57) (8) 
at head level; 

AM = 0.2037 T - 6.65 V - 0.0081 Tu - 3.64 (r = 0.44) (9) 
at foot level; 

AM = 0.1455 T - 18.99 V - 0.0069 Tu - 1.69 (r = 0.56) (10) 
for the room as a whole. 

The above equations indicate that the draught risk increases 
(i.e. AM decreases) with an increase of air velocity and 
turbulence intensity but with a decrease in air temperature. A 
"comfortable" temperature for air movement, 'defined as the air 
temperature for the rating of air movement as acceptable, can be 
obtained from these equations for given air velocity and 
turbulence intensity. By subs ti tu ting the mean values of velocity 
and turbulence intensity for the test conditions (V = 0.06 m/s; 
Tu = 34. 7%) the comfortable temperature is calculated to be 
21.1°c for the head level, foot level and overall judgement, 
which is approximately equal to the neutral temperature at foot 
level and is 1°C lower than that at head level when all the cases 
were taken into consideration. The inference is that when the 
room environment is comfortable in terms of warmth at foot level 
it is also acceptable for air movement. 

Equations (8) and (10) also indicate 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 draught. Moreover, 
these two equations indicate that an increase in mean velocity 
of about 0.05 m/s can change air movement judgement, say, from 
being slightly stagnant to acceptable at head level or overall 
judgement. Since most of the votes were slightly stagnant for air 
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movement and slightly warm for thermal sensation when the windows 
and door were closed, to increase the velocity from 0.05 m/s to 
0.10 m/s would give a more pleasant thermal environment for the 
office. In these tests the feet were more sensitive to air 
temperature but less sensitive to air velocity than the head. 
Since the velocity at foot level is slightly higher and the votes 
on stagnant air are fewer than those for the head level, less or 
no increment in the velocity is necessary to attain a comfortable 
condition. The effect of turbulence intensity on the air movement 
is marginal compared with air velocity or temperature. 

Fanger, et al. (1988b), based on the laboratory testing, derived 
the following equation for the calculation of the percentage of 
dissatisfied due to draught: 

PD= (3.143 + 0.3696 V Tu) (34 - T) (V - 0.05) 0 · 6223 (11) 

if V < 0.05 m/s insert V = 0.05 m/s. 

According to this model the draught risk for all but one test was 
found to be negligible as the calculated percentage of 
dissatisfied using the measured mean air velocity, turbulence 
intensity and mean air temperature is within the 10% draught risk 
criterion. The only exception was the one when a window was 
opened at the maximum size of the test range on a cold day which 
led to an indoor air velocity over O .10 m/s and temperature 
around 20.0°C. Again, the laboratory model fails to fully predict 
the comfort in practice because it under-estimates the effect of 
air velocity. Equation (11) indicates that the draught risk is 
small at a velocity close to 0.05 m/s whatever the magnitude of 
air temperature or turbulence intensity is. In reality at a low 
indoor temperature air close to the exposed parts of the warm 
human body would form a free convection current as a result of 
thermal buoyancy such that the velocity of air flowing over the 
head of a standing subject could reach 0.3 m/s (Clark and Toy, 
1975). Using the air temperature and velocity near the body, 
Equation (11) might show the presence of draught. However, the 
model equation was derived on the basis of the measurements taken 
at such a distance away from the body that the temperature · and 
velocity were undisturbed by free convection currents. Therefore 
it may be inferred that the model is not applicable to the 
circumstances where both air temperature and velocity are lower 
than those recommended for thermal comfort. 

Odour intensity 

Odour was detectable in most cases when the windows and door were 
closed and was rated as being slight. The measurement of C02 
levels indicated that its concentration was normally well above 
the criterion of 1000 ppm with occupancy at low air change rates. 
Even when the air change rate was higher than 10 l/s, the co

2 
level was not much lower, suggesting that some of the air 
infiltrated from the corridor was not fresh at all but rather 

!Contaminated air exhausted from other rooms, especially 
classrooms on the lower floor of the building. Further evidence 
for this is that sometimes the co2 level was noticeably high 
(about 500 ppm indoors compared to 300 ppm outdoors) even though 
the room was not occupied. However when a window was partly 
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opened the odour was reduced, or not detectable, and the co2 
concentration was around 600 - 1000 ppm during occupancy 
depending upon the total air change rate. But, when the door 
alone or together with a window was open the odour did not always 
disappear or decrease due to the diffusion of contaminated air 
from the corridor. 

No s a tisfa c tory c orrelatio n between odour intensity a nd co2 l evel 
or air cha nge r ate c ould be establis hed for t he present 
inves tigation . r n s ome cas es when the co2 l e vel wa s l ow, o r t he 
a ir change rate was high , the odour was still pe r ceivable while 
in other case s wher e t h e co2 level was h igher than 1 000 ppm the 
odour i ntensity was rated a s not d e tec t a b le . Th i s seems to 
s ugge s t t ha t t here wer e other pollution sources s uch as building 
mate r ials o r furnis hings whic h could b e more signi£icant than t he 
co2 e mi ss i on from the occupant which could have par tly 
c ontribut ed t o the odour i n the room. Also the judgement could 
be affected by fatigue of the olfactory sense. 

Air freshness 

The r atin g of a ir freshness was in general slig htly stu f f y when 
t he windows and door were shu t regardles s o f the va r iation i n t he 
infiltration rat e . It appears that t he amount of outdoor a i r 
e nter ing i n t o t he r oom may not be as significant a factor that 
i nfl uences the ai r f reshness as is g enerally s u pp osed; t h i s was 
a l s o pointe d out by Rodahl (1981). For these t est conditions , the 
a i r wa s r ated as fresh only when the air temperature was lower 
t han n e utral t e.mper ature . This con£irms t h e observat ions by 
Bed f or d ( 19 48 } who pointed out that a c ool room tended to fe~l 
f r e sh a nd a n ov er h e ate d o n e stuffy . The impressions o f s tuf£iness 
at comfortable temperature may have been attributed to the low 
air velocities in the room because when a window was partly open, 
the a i r wa s oft e n rated a s fresh . When only t h e door was open, 
air wa s not fresh but sligh tly s t uffy a nd corre s pond i ng responses 
were obta i ne d f o r odour i nten s ity. The o peni ng of the door is 
thus not a p roper way to impro ve the indoor air quality in this 
particular case. 

Air freshness, ignoring the cases for opening the door only, can 
be related to the air temperature, velocity and turbulence 
intensity in the following relationship: 

AF= 0.0863 T - 19.37 V - 0.0130 Tu (r = 0.66) (12) 

Equation (12), which has a confidence level over 99.5% , indicates 
that air freshness increases when air temperature decreases; or 
whe n a i r veloc i ty o r turbu l e nce intensity incr ease s. A decrease 
i n temperature o f 11°C or an increase in velocity by 0.05 111/s or 
in turbulence in t ensity b y 8 0% would rais e t h e fre$hness voting 
by one unit . Accord i ng t o t h is relation , the most effec tive mea ns 
to imp rove t he ai r freshnes s is to increase air veloc ity and i t 
is the o nly realis tic way t o upgrade the freshness by one unit 
f or th i s off ice. A combi ned effect (e. g. decr e as i ng a i r 
temperat ure and i n c reasing a ir ve l ocit y } may be feas i ble to meet 
the requi r e ments f o r air fre s hness and other comfort indices such 
as warmth and draughtiness. 

1 Ot:A 

CONCLUSIONS 

From the present investigation, it can be postulated that the 
thermal models based on laboratory tests at steady state 
conditions can not accurately predict the real thermal 
environment where the climate conditions are transient and where 
the occupants invariably change their activities especially 
beyond the comfort zone. For the cases investigated Fanger' s 
equation for thermal comfort overpredicts the neutral temperature 
by as much as 2K and under-predicts the comfort requirement when 
air temperature deviates from neutrality. The equation for 
draught risk fails to predict the response to draught. 

To achieve a good indoor climate and air quality, it is necessary 
to supply fresh air either by opening windows or by installing 
a suitable vent for the introduction of fresh air. The size of 
the vent opening should ideally be controllable, either manually 
or by an odour sensor so that the indoor air will be invigorated, 
the odour reduced or eliminated and the air freshness enhanced. 

The air change rates in the room are related to the indoor and 
outdoor climates by Equations (2} and (3}. Models for evaluating 
the thermal sensation, air movement and air freshness have also 
been developed. 
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GLOSSARY 

Air change rate - the rate at which air inside a room is 
exchanged with air outside the room due to the continual transfer 
of air across the room envelope. 

Clo value - the total thermal resistance from the skin to the 
outer surface of the clothed body. 

Draught - the unwanted local cooling of the human body caused 
by air movement. 

Turbulence intensity - the standard deviation divided by the 
mean velocity of air in turbulent flow. 

1866 

2.6 m 

C-C 

~:~;~~ 
~;~;~; 

~ 
HI 

AA c T ....,._-, 

A-A 

~ L r:f: .. ..,~ 

r 
I 

Bt 

• 
I 

....,._ ...J 

c 

B-B 

, , , 
' ' ' , , , 
' ' ' , , , 
' ' ' , , , 
' ' ' 

D .A 
: -:- J 

L -~ 
D 

1 
I 

tB 

Fig. I Schematic of the test room 

1867 

D-D 

Legend: 

01 - Desk 
02 - Small table 
03 - Book cabinet 
04-Table 
05 - File cabinet 
06 - Bookshelf 

E ... 
.,; 

WI & W2-Windows 
HI & H2 - Radiators 
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Ins - Instruments 
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