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Thermal comfort in air
conditioned office buildings in
the tropics*

By Richard J. de Dear, Ph.D. and Marc E. Fountain, Ph.D.>*
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he main purpose of this paper is 10

summarise the key findings of
ASHRAY research project RP-702, a field
investigation of indoor climates and occu-
pant comfort in 12 air conditioned office
buildings in Townsville, located in
Australia’s tropical north. The project
replicates an carlier ASHRAE investipa-
tion in San Francisco (RP-462), the main
purpose being 1o field-validate the
ASHRAFE comfort chart {Standard 55) in
a tropical setting.

A totad of 836 subjects provided 1234
sels of questionnaire responses, each
being accompanied by a full set of physi-
cal indoor climatic measurements from
laboratory-grade instrumentation. In addi-
tion to the physical measurements were
detailed estimates of each building occu-
pant’s metabolism and clothing insuiation.

The physical environmental results are
compared with ASHRAE Standard 55-
1992 prescriptions and the subjective data
on thermal acceplability are compared
with laboratory-based comfort models and
standards. Gender and scasonal effects
were minor and many of the differences
from the earlier San Francisco results
were explicable in terms of clothing pat-
terns. Most of the thermal dissatisfaction
expressed within Standard 55°s comfort
zone in Townsville office buildings was
associated with requests lor higher air
velocities.

*Results of Cooperative Research (RP-
702) herween the American Sociery of
Heating, Refrigerating and Air-
Conditioning Engineers, Inc., and
Muacquarie Park Research, Ltd.

Figure 1 top : Map of the tropical world
indicating Townsville’s location (after
Nieuwolt 1977)

Figure 2 above: The mobile measurement
“Cart Mark 11 used for indoor climatic
data acquisition.

Introduction

ANSI/ASHRAE Standard 55-1992 -
Thermal environmental conditions for
human occupancy is based almost exclu-
sively on data from climate chamber
experiments performed in mid-latiude chi-
matic regions (ASHRAE, 1992; 1893).

This raises two important questions
when the standard is applicd by HVAC
enginecrs Lo populations living in other
types of climates.
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First, there is the lingering doubt in the
minds of practising engineers about just
how relevant the findings of laboratory
research on university students are to
“real” people actually at work in the
office environment (e.g. Rohies 1978;
Mclntyre 1982; Prins 1992} This can be
referred 1o as the “external validity” ques-
tion.

Sccondly, differeat climafic regions
such as the tropics may call for different
levels of the comforl parameters mandat-
ed in the standard, yet despite this con-
cern, ANSI/ASHRAE Standard 55 is
applied uncritically worldwide. For con-
venience, this seccond methodological con-
cern will be refesred to as the “climatic
adaptation” issue,

In answer to the external validity con-
cern, thermal comfort researchers have,
over the years, attempled to validate cli-
matc-chamber results in field studies
where large samples of office building

occupants are invited to rate their indoor

climates while the latter are measured {or
ambient air tlemperature, humidity, air
motion and radiant loads {e¢.g. Fishman
and Pimbert, 1979; de Dear and
Auliciems, 1985).

The most detailed such study to date
has been the ASHRAE-sponsored (RP-
462) field experiment in San Francisco
(Schiller et al. 1988; 1990) in which
workers in ten office buildings were ques-
tioned about their workstation's imumedi-
ate environments which were simultane-
ously being measured by a customised
cart carrying jaboratory-grade indoor cli-
matic instrumentation {(Benton et al,,
1990).

While neutrality of the field sample was




predicled quite well by the [aboratory
models and standards, several assumptions
within contemporary thermal comfort the-

o 60%rh

per cent in Viet Nam and 7 per cent in
Cambodia (Asian Development Bank,

1993).

R GtV SR PO T (e S e
et al. 1988; 1990; Brager et al, 1994).
Because the San Francisco ficld valida-
tion study was carried out in only one ¢li-
matic region (Mediterranean), it cannot
sustain generalisation to the comfort
regponses of building occupants acclima-
tised to more extreme climates than those
found in the San Francisco Bay Area.
Review papers of thermal comfort field
studies by Humphreys (1981), Auliciems
{(1983) and de Dear (1994) have all
demonstrated a significant positive corre-
lation between indoor comfort tempera-
lures and levels of warmth prevailing in

cases the field data upon which these cor-
relations were based came from instru-
mentation and measurement protocois of a
tower grade than those used in the San
Francisco experiment, thus preventing
unequivocal conclusions from being
drawn.

Many countries in the tropical world
(see Figure 1), parlicularly in hot-humid
Southeast Asia, are undergoing rapid eco-
nomic development al the present time.
Despile a proionged global recession in

Southeast Asia still managed 10 grow by
3.8 per cent in 1992, including 8 per cent
GDP growth in Malaysia, 5.9 per cent in
Indonesia, 7.5 per cent in Thailand, 8.3

the outdoor climate. However, in mostas

dewpoin! |

Associated  with  this  economic
dynamism is an escalaling demand for air

[PRY Season SamP':_I conditioning services. Therefore the trop-
e————————"

ics have a pressing nced for their own
empirical thermal comjort database, yet to
date, much less research has been con-
ducted in this part of the world compared

Humidity Mixing Ratle {g/kg}

Cperative Temperature {degC)

254 | with lemperate mid-fatitude climates.

Previous Comfort Research in Hot-
Humid Climates. Recently there have
been some ficld experiments on thermal
comfort conducted in humid tropical ioca-
tions including Singapore {de Dear et al,

T

100%th a0k 199[2) and Bangkok {Busch 1990; 1992,

Their results indicated that thermal
requirements for environments inside
wropical buildings, particularly those that

IWET Season sam':‘ll are naturally ventilaled, could be signifi-
" errm——ta——

cantly warmer and more acceptable to
their occupants than predicted by comfort
models and standards based on mid-lati-
tude research. However, the physical

dewpofnt indoor climatic measurements in afl of

Humidity Mixing Ratio (Q/xg)

degC! . .
these studies were recorded at just one

height above floor level by instrumenta-
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the early 90s, the aggregate econemy of

"o tion, in particular the anemometry, that

5 20 25 30
Operative Temperature (degC) could not be referred 1o as “laboratory-

grade.”
:;ﬂ‘;?lgm.rhe:sg:::::x:;"': ‘:Zl'é‘t?g:';o the ~Aims. The basic premise of the current
ANSI/ASHRAE Standard 55-1992 field experiment was the collection of data
recommended summer “comfort rone.” from office buildings and their occupants
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i the tropics using a package ol faborato-
ry-grade instrumentation conforming with
the specilications and methods detailed in
ANSI/ASHRAE Standard 55-1992, 150
7726 and 18O 7730 standards, As such.
the current project (ASHRAE RP-701)
can be described as a replication of the
earlier San Francisco field experiment
(ASHRAE RP-462) in every detail except
that it was carried out in the hot-humid
climatic selting of northeast Australia.
‘The aims of the research are as [ollows:

1. To develop a database of the thermal
environments and subjective responses of
occupants in existing office buildings in a
hot-humid chimaic.

2. To determine for cach season {wet
and dry), both the preferred thermal con-
ditions for occupancy as well as the range
of conditions found thermally acceptable
by the occupants. These lindings are (o be
compared to the conditions reguired by
the ANSI/ASHRAL 55-1992 and 150
T30 standards.
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Jo-assess-the.suitabilityof exisling

predictive thermal comjort indices (ET*,
SET), as computed by the Pierce Z-node
model used in San Francisco {ield experi-
ment, and the PMV and PPD indices for
use in the tropics.

4, Ta investigate the influence of cloth-
ing and gender, and also investigate
potential acclimation effects by a) inter-
seasonal comparisons, and b) comparing
the hot-humid climate database with tha
of the earlier mid-Iatitude San Francisco
field experiment (Schiller et al. 1938,
1990).

Methods

The Outdoor Climatic Context. The city
of Townsville, at latitude 19°5 on the
northeast coast of Australia, lies near the
climatological border between the humid
and dry tropics, as depicted in Figure 1.
The city’s climate can best be classed as
“wet and dry tropical” since rainfal] and
associated humidity have a marked sea-
sonality (Nieuwolt 1977), giving rise 10
the “dry” and “wel” seasons in winter and
swmmer respectively. Table 1 indicates
daily maximum and minimum tempera-
ture and relative humidity recorded out-
doors during the dry and wet seasons’ sur-
vey periods of this study.

Mean temperatures of the dry and wet
seasons {i.e. average of mean daily mini-
ma and maxima) were 19.0 and 27.0°C
respectively. Of particular importance i3
the wet season’s mean daily minimum
temperature exceeding 20°C while maxi-
mum (dawn) humidities were consislently
higher than 80 per cent RH al the same
time.

From the human standpoint, the oppres-
sive combination of heat and humidity
persists throughout day and night during
the wet season in Townsville, and there-
fore provides a suitable climalic setiing
for the stated objectives of the present
project,

Buildings Surveyed. Townsville is the
Jargest cily in tropical Australia, having a
poputation of 126,000 and performing pri-
marily an administrative function for the
far north region of Queensland. A total of
12 office buildings were selected for the
study, representing a good cross-section
of the cily’s building stock. Their key
characteristics ave listed in Table 2.

Subjects. Sample sizes of 628 and 606
were achieved in the dry and wel season
surveys respectively. This total of 1234
sets of data was given by 836 individuals,
of whom 398 were inlerviewed in both
seasons. A summary of the background
characteristics of the subjects is provided
in Tabje 3.

Instrumentation for Indoor Climate
Measuremenis. A mobile measurement
system, “Cart Mk 11,77 was uscd on-site in




Publi

shing Group

NEW SUBSCRIBER

ORDER FORM
TICK YOUR CHOICES

(3 Adnews
26 Bsues per year
] A News Handbeok
2 iS5UES per year
U1 Apparet industey
7 issues per year
1 Austraiian Refageration, Air
Conditioning & Heating
13 155088 per year
Cemmercial Pholography
.. Bissues per year
{1 Food Management Hews
11 issues per year
["]  Hospilal & Healhcate Austrakia
- 12 issues per year
7] inside Dining
. 12 155685 DEr year
L} arine Industry News
_ 12 issues per yeat
{1 Packaging News
11 issues per year
1 paist & Panel
... Gissues per year
£3 Photo & Video Retailer
12 issues per veal
I3 7oy & tiobhy Retailer
12 issues per year
{1 Sports & Leisure Retailer
11 isgues per year

BUSINESS PUBLICATIONS - -

$85.00
$75.00
$27.00

$90.00
$26.40
$38.00
$38.00
$38.00
$38.00
$38.00
$27.00
$38.00
£38.00
$38.00

SPECIAL INTEREST MAGAZINES

{71 Fishing World

12 issues per year $54.00
{71 hustralian Fiving
- 6 issues per year $28.00
{21 Fighpath
~ 4 issties per year $524.80
1 Australian Photography
17 Issues per year $47.00
1 craising Heimsman
. 12issues per year $54.00
L] Dance Austraha
. B issues pet year $30.00
) Guns australia
- G issues per year $24.00
[} Australian Power Boat
_____ 6 issies per year s28.00
{71 Austealian Sailing
12 issugs per year $54.00
["]  Powerboat Fishing
6 issues per year $28.00
1 Austratasian Sporting Shootes
- 12 issues per year $48.00
[} scubz Diver
€ issues per year $28.50
{1 HMawre & Heaith
4 1s5U8S per year $23.80
NAME:
ADDRESS.

P/C:

Bl G JI0 )

(1 tenclose my cheque/money order of piease charge my.

R
VIsA |

EXPIRY DATE:

CARD HOLDER'S NAME:

SIGNATURE;

Yatfa Publishing Group Pty. Ltd.
ACN 002 699 354

NSW 2001 (no stamp neeiled)

Send 1oz Repiy Pald 3247, GPO Box 606, Sydney

16/8

100 ;

20 21 22 23

]
3 —
a o
o E
B °
5 60 : 2
5 - &
o B0 H b i .
= b los o
£ A0 AT A 013 g
| - : ; @
g 30 ; : ——+011 B
e : | : =
o 204— e : 0.08 &
® : | ‘-

10+ : ; : 0.07

i H : ; :
0*, i i i om0 (15

24

Operative Temperature (degC)

26 26 27 28

I

m airspeed preference 4 mean airspeed

Figure 6. Air movement preferences (both seasons combined). Percentages of subjects
within half degree operative temperature bins who wanted more air movement are
plotted along with mean dir speeds recorded within the same temperature bins.

TABLE 1. Average
daily maxima and
max minima for outdoor
temperature and
Temperature (degC) humidity during the
min 13.6 24.2 two survey periods
max a9 87
Relative Humidity (%)
min 41 61

Townsville 1o collect measurements of
indoor physical environments. Cart Mark
II is an improved version of the mobile
system used in the carlier San Francisco
ficld experiment {Benton et al. 1990) and
is depicted in Figure 2.

The system’s features and specifica-
tions include the following:

1. The system is capable of collecting
concurrentl physical data {air temperature,
dew point temperature, globe temperature,
radiant asymmelry, air velocity, and illu-
minance) from three arrays of transducers
placed at 0.1m, 0.6 m and .1 m above
floor level, representing the immediate
environment of the seated subject’s
ankles, body and neck respectively. The
“seat” of the instrument deliberately
shielded the sensors in the same way that
the occupant’s chair shiclds the subject.

2, The transducers and their automatic
logging meel the ANSI/ASHRAE 55-92
(1992} and 180 7726 (1985) specifica-
tions for accuracy and response time. Air
and globe temperature transducers were
thermistors with accuracy within 0.2°C.

The globes were fabricated from 38mm
diameter table-tennis balls painted grey to
approximate the emissivity of a clothed
person (ASHRAE 1993, Ch.8).

Alr velocity was measured by three
omni-directional, fully temperature-con-
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pensated sensors having time constants
better than 0.1 s, thus permitting an
assessment of wrbulence in the airflow
{ASHRAE 1992; Melikov 1992).

Dewpoint temperature was registered
by a chiiled mirror apparatus with a stan-
dard 100 ol platinum resistance temper-
ature device. A radiant asymmetry probe
was mounted in the vertical plane at 1.1n
above floor height and consisted of two
hemispheric radiometers mounted back-
to-back. IHuminance in the horizontal
plane was measured at 1.im above fleor
level by a cosine-corrected silicon pho-
lometer.

3. The data acquisition system provided
a real-time display of measured values for
error checking by research personnel.
These data were displayed on a notebook
computer mounted on the cart but eut of
the subject’s view to avoid bias in their
questionnaire responses,

Questionnaires. The initial contact
with cach subiect invoived completion of
1wo separale questionnaires which will be
referred to as the ONLINE and BACK-
GROUND forms. The ONLINE form was
a single sheet asking for rating-scale
assessments of, among other things, air
movement, thermal acceptability and ther-
mal sensations exactly at that point in
time and space.




4851 | gov 200

CAV mixed

1727 1 qc 29

Q

smalf offices

private 33

VAV mixed

TABLE 2, Summary of the twelve office
buildings surveyed

I. Air movement preferences were
assessed with a direct question: “At the
present moment would vou ke more,
less, or no change in the level of air move-
ment in your office?”

2. Thermal acceptability was assessed
with the folfowing question: “At this
momenl is the thermal environment
acceplable to you?”

3. Thermal sensation was assessed
with the usual ASHRAE seven-point
scale: -3=cold, -2=cool, -T=slightly cool,
O=neutral, +1=slightly warm, +2=warm
and +3=hot.

Side two of the ONLINE form consist-
ed of clothing and activity checklists
which were subsequently converted into
ensembie clothing insulation and metabol-
ic rale estimates using the data and meth-
ods specified in ANSI/ASHRAE Standard
55-92. The ONLINE questionnaire was
typically compieted in under five minules.

The sccond form, the BACKGROUND
questionnaire, required between 20 and 30
minutes o complete. It assessed various
demographic characteristics of the sub-
jects along with general information deal-
ing with the length of time they had lived
in the tropics, their exposure to air condi-
tioning outside working hours and their
general level of satisfaction with other
aspects of the work environment (e.g.
lighting, noise, furniture, privacy and
decor).

The subjects’ degree of control over
their personal thermal environment was
also rated, as was their environmental sen-
sitivily, general job satisfaction and final-
ly, general health status at the time of the
interview,

The s1ated aims of the present paper
confine the analysis mainly 1o the
ONLINE questionnaire, drawing on the
BACKGROUND database mainly for
demographic and anthropometric charac-
teristies of the samples.

Procedure: The procedure for each
workstation visit was as follows:

I. Researcher approached subject at
their workstation and sought their cooper-
ation in adnsinistering the ONLINE ques-
tionnaire.

2. Rescarcher time-stamped (he
ONLINE questionnaire for subsequent
matching against Cart Mk 1T daia, then the
subject completed ONLINE form.

3. The subject then left their desk and
Cart Mk II was immediately wheeled into
exactly the same place formerly occupied
by the subject’s chair,

4. A five-minute sample of the worksta-
tion’s thermal environment was recorded
and time-stamped by Cart Mk 1L

5. During the survey, the rescarcher

recorded additional observations (e.g. esti-
mate of incremental ¢lothing insulation
afforded by the subject’s chair, pho-
tographs, checks Cart Mk Tj data).

6. After both subjective and physical
environmental measurements were com-
pleted, the researcher presented the
BACKGROUND questionnaire to the
subject and scheduled a pick-up fater in
the day {usually within half an hour).

Calculation of Comfort Indices. After
matching data from the ONLINE ques-
tionnaires with their corresponding Cart
Mk 11 data scan, environmental and com-
fort index calculations were performed
with exactly the same programs as those
used in the carlier San Francisco project,
thus ensuring compatibitity between the
two databases.

Indices included operative (emperature
(15}, mean radiant tlemperature (1), the
New Effective Temperature (ET#),
Standard Effective Temperature (SET),
Predicted Mean Vote (PMV), Predicled
Percentage Dissatisfied (PPD), along with
the PD index (Predicied percent dissatis-
fied due to Dralt) proposed by Fanger et
al. (1988) and subsequently incorporated
into ANSI/ASHRAL Standard 55-19972
{ASHRAE 1992),

For those indices having clothing inst-
lation as an input parameter, calculations
were performed twice; with and without
the additional insujation effect of the sub-

Ject’s chair included. Recently, some dis-
cussions in thermal comfort research Hter-
ature have focused on the effect of the
chair on the value of clothing insulation
for a seated person {e.g. de Dear 1994,
Brager et al. 1994). The estimates used in
this study were based on comparisons
between clothing insulation measurements
made by a thermal manikin scated in typi-
cal office chairs and Lhose recorded for
the manikin wearing the same ensemble
but sitting in a string chair (Dr S Tanabe,
pers, comm., 1993).

The program used to caleulate ET# and
SET indices was the 2-node FORTRAN
code published by Gagge et al. (1986).
For the PMV and PPD calculations, the
ISO 7730 (ISO 1984) FORTRAN code
was used.

Results

Indoor Climates. Table 4 provides statis-
lical summaries of the indoor ¢limatic
measurements for the dry and wet season
samples, These data represent the main
thermal variables recorded at subjects’
workstations by CART Mk 11,

Mean air (t,) and radiant {1;) tempera-
tures (averaged across the three heights
measwred by Cart Mk 11} generatly fell
«within the 23 to 24°C interval for both
seasoens. Thermat stratification was negli-
gible with vertical air temperature gradi-
ents on average about (.11°C/m in the
occupied zonce.

Average relative humidities (1)) fell
within the 30 to 60 per cent range for both
seasons and air velocities {(v) (averaged
across three heights) were low, with a
mean of (L12 m/s and wrbuience intensi-
ties ('Tu) around 40 per cent,

Figure 3 presents for each season a
comparison of the indoor thermal environ-
menis found in Towngville with the
ANSI/ASHRAE 55-1992 comlon stan-
dard in psychrometric chart format. Since
the standard’s comfort zone has four
cdges, these can be projected 1o the mar-
gins of the psychrometric charl o delin-
eate eight distinet regions around the cen-
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Standard’s 90 per cent thermal acceptabil-
ity prescription for summer conditions
(the shaded region in Figure 3 between 23
and 26°C ET#).

The percentages depicted in Figure 3
represent the number of each season’s
sample falling in each of the comfort
chart’s nine regions. Barely half of the
indoor conditions sampied in Townsville
buildings fell within ANSIASHRAE 55-
1992’ summer comfort zone. Notewortly
i terms of energy conservation concems
{or Tack of them) is the finding that about
a quarter of the Townsville offices sur-
veyed had cooler-than-recommended ten-
peratures.

Clothing and Metabolic Factors.
Table 5 presents summazies of the main
personal thermal variables of ciothing
msulation and metabolic rates for each
season. Intrinsic clothing ensemble insula-
tion based on the garment clo-values pub-
lished in ANSI/ASHRAE Standard 53-
1992 and was generally near the stan-
dard’s assumed summer value of (0.5 cio,
irrespective of gender.

There was, however, some interseason-
al variability, with the wet season’s
ensemble average being about 0.1 clo less
than that of the dry season (1=10.8,
df=1232, p<0.01).

Concomitan{ with this seasonal
decrease was a decrease in the interindi-
vidual variability (standard deviation)
{from about 0.2 clo in the dry season
towards 0.1 clo in the wet season, sug-
gesting that the degrees of freedom for
individuals to thermoregulate their cloth-
ing decreased as the local office dress-
code minimum was approached during the
wel $easoi.

Also listed in Table 5 is a second set of
thermal insulation estimates which take
into account the effect of the chairs on
which subjects were sitling at the time
they completed the CNLINE guestion-
naire. On average, the chair insulation
increment amounted to 0.15 clo, lifting
the insulation values used in subsequent
thermal comfort index caleuiations 1o 0.7
and 6.6 clo in the dry and wel season sur-
veys respectively,

Based on a behaviourfactivity checklist
referring 10 the hour just prior {o siting
down 10 fill in the ONLINE questionnaire,
metabolic rates of the subjects were esti-
mated to be, on average, 78 W/m“ or 1.3
met in both scasons and for both sexes.

Calculated Conifort Indices. Table 6
presents a statistical summary of the
thermal environmental and comfort
indices broken down by scason. These
indices include operative temperature o
(average of 1, and 1), ET#, SET,
PMV/PPD indices and the drafi dissatis-
faction index, PD. On average, t,, ET*
and SET values fell within the 23 - 24°C
range while the PMYV calculations indi-
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cate marginally cooter than neutral condi-
tions (~0.2 to - 0.3).

conlained:atshe-bottom-ol-thesetabloy

is a second set of index calculations taking
inte account the effects of chair insulation
as discussed above. The average chair
effect was reflected by an increase in
mean SET by 1.4°C, an increase of 0.3
PMYV uaits and a reduction of PPD by
about 3 per cent.

Subjective Thermal Sensations in
Townsville Offices. Mean thermal sensa-
tion on the seven-point scale was margin-
afly cooler than “neutral” (0.3 1o -0.4) for
both seasons, In view of the simifariy of
thermal sensation responses between sea-
sons, subsequent analyses were conducteg
on the combined wet and dry season data
set. The strength of association and sensi-
tivity of thermal sensation votes to tem-
peralure variations are most easily quanti-
fied using linear correlation/regression
lechniques.

The analysis proceeded by taking mean
voles within successive half-degree opera-
five temperature bins as the dependent
variable rather than individual sensation
votes. By weighting cach data pair with
the number of subjects falting in its
respective hin, the effect of relatively
large residuats at the less frequently
eacounfered temperature exiremes was
deemphasised,

As depicted in Figure 4, the regression
Ime fitled o 1these bin means (“observed”
in the legend} was highly significant
(F=636.2; Prob<0.0001; r2=(.97) with a
standard error on the regression coefli-
cient was 0.02 (Prob<().0001), Solving the
fitied equation (below) for a thermal sen-
sation vote of zero (neutral) gives a tem-
perature of 24.3°C. The regression coefti-
cient {gradient) indicates that Townsville
office workers changed their thermal sen-
sations by one unit every 1wo degrees
change in temperaiure:

mean ASHRAE sensation = 0.522 % tg- 12,67

Superimposed on the same graph in
Figure 4 is the regression equation for
mean binned PMV index values (“predict-
ed” in the iegend) which included the
effects of chair insulation. Clearly the

male

female

42%
58%

Height (cm) mean 170.2 169.9
standard deviation 9.8 9.9

minimum 148.7 130.0

_ maximum 198.0 198.0

Mmean

Years in ‘ 20.5 20.8
in tropics standard deviation 14.5 14.0
minimum 0.0 0.0

maximum

Ethnic Aborigine 4% 3%
Background Asian 1% 2%
Caucasian 93% 94%

Other 1% 1%

TABLE 3. Summary of the office worlers
surveyed

PMV model’s predictions underestimate
the observed sensitivity (o operative tem-
perature.

Assessment of  the  Thermal
Acceptability of Townsville Offices. As
with the thermal sensation responses, the

acceplabilily data were binned by tp and
the resulting percentages of dissatisfaction
have been plotted as a function of lemper-
ature in Figure 5 (denoted as “observed”
in the legend).

The second-order polynomial weighted
regression curve indicates minimum lev-
cls of thermal dissatisfaction at 1,=23.5°C
and it was only at this central temperature
that the ANSI/ASHRAE 55-1992 stan-
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dard’s 90 per cent acceptability goal was
actually met in the Townsville sample.
Using the fitted “observed” curve in
Figure 5 as a guide, 80 per cent accept-
ability appears (o have been achieved
between 22.5 - 24.5°C, a somewhat nar-
rower range than the three degree band
suggesled in ANSI/ASHRAE 55-1992 and
ESC 7730 for 90 per cent acceptability.

An implication of the Townsville ther-
mal acceptability data as depicted in
Figure 5 is that there were targe numbers
of subjects who considered their warksta-
tion environments 1o be thermaily unac-
ceptable despite the fact that, on the objec-
live criferia of o and humidity at Jeast,
they fulfilled the criteria specified in
ANSI/ASHRAE Standard 55-1992 and
ISO 7730.

A total of 255 subjeets voted that their
thermal environments were “unacecepl-
able.” Of this subset of thermally dissatis-
fied subjects, more than half (132 subjects
or 52 per cent) were in environments 1hat
fulfilled the ANSI/ASHRAE Standard 55-
1992 comfort zone criteria. Conversely,
405 of the 955 subjects (i.e, 42 per cent)
who found their thermal environments
“acceplable™ were actually in conditions
outside the ANSI/ASHRAE Standard 55-
1992 com{or zone,

Al Movement Preferences. The actual
levels of air movement measured with
CART Mk 11 at the sampled workstations
(Table 4) of 0.12 m/s with about 40 per
cent turbulence intensity were quite con-
sistent throughout the 12 buildings and
across both seasons, as indicaied by the
small standard deviations.

A majority of subjects in both seasons
still indicated a preference for air move-
ment fevels different 1o those prevailing at
the time of their interview, As seen in
Figure 6, from abouwt 23.5°C on up 1o the
warmest emperatures tested in this study,
a majority of subjects wanted higher levels
of air movement than they werc actuaily
receiving at the time of their interviews,
despite the fact that the latter were exactly
within the ranges prescribed in
ANSI/ASHRAE Standard 55 (between
0.15 and 0.2 m/s).

Discussion

Comparisons Between Indices, Models
and Observed Data. As seen in Figure 4,
the “Predicted” (PMV) regression model,
with chair insulation included, intersected
the “neutral” (zero} sensation about half a
degree cooler than the actual thermal sen-
sation votes’ regression model did. This
fmding can be regarded as indicating quite
good agreement between prediction and
observation. However, the PMV index
performed much less satisfactorily under
non-neutral conditions, giving discrepan-
cies of the order of half a sensation unit at
the marging of the comfort zone (23 and
26°C).

Air Temporatura (degC)
mosn 20.3 228
standard devialion 0.6 1.0

mlnbmism

maximoum

Flang Radiant Asymmotry 1.1 4 above kaor
(dogC} mean 02 54
standnrd devialion 08 1.0

minteum

maxtmum

‘maxtmim
Rolative Humidity (%) maan X 563
slandard devisitan . [¥]
ilntnum . 440

maxbmum . 710

3 1
avernge of 3 heaghts)

mean 0.52 a3
slundard deviatlon 0.0% .04
minimum 0.10 010

rndlmum 0.25 D65

aximum 155050

TABLE 4, Statistical summary of the
indoor climatic measurements

this study. except for 23.5°C.

In effect, the subjects were much less
aceepting of temperalures away from
23.5°C than the PPD index predicted. For
example, 2t the warmy margin of the com-
forl zone (26°C). thermal dissatisCaction
was observed to be as much as 20 per cent
above the fevel predicted by the index.

Comparisons Between Observed
Comfort Data and the Siandards,
Perhaps the most vexatious building occu-
pant for the facilities manager or HVAC
maintenance engineer is the one who com-
plains about their air conditioning despite
the fact that his/her workstation's physical
eavironment matches the specifications
laid down in the standards. Ever since
Fanger's (1970) PPD index gave quantita-
live expression to the truism Jong recog-
nized by HVAC maintenance engineers —-
that “you can’t please all of the people al
of the time.” such persons have been
expected 1o represent al feast 5 per cent (o
10 per cent of building occupants.

In Townsville, 690 of the 1234 worksta-

ample Size
Intrinsic Clothing insulation {clo}
mean
standard deviation L
minimum 0.20 0.2¢
maximum

Metabolism (W/m*m)

mean 78.2

standard deviation 12.3
minimum 58.2
maximun 116.4

178 7.8 778 715 77.6
13.¢ 127 13.4 3.7 3.6
§8.2 58.2 58.2 58,2 §8.2
116.4 1164 116.4 151.3 151.3

TABLE 5. Statistical summary of the
personal thermal parameters - dothing
insulation and metabolic rate

The very shaliow gradient of PMV on
temperature, depicted in Figure 4, sug-
gests that subjects were effectively adjust-
ing other parameters in their heat balance,
such as clothing, in a way that largely
compensated for ambient temperature
departures from neutrality, in the heat-bal-
ance sease al least. On the guestionnaire
however, the effects of these clothing
adjustments appeared 1o have been over-
tooked as subjects were casting their (her-
mal sensation voltes, resulting in a much
higher thermal sensitivity than theory
(PMV) predicted.

Turning 1o observed and predicted lev-
els of thermal acceplability/dissatisfaction,
Figure 5 shows that both agreed on a sin-
gle oplimum (emperature of 23.5°C.
However, the absolute levels of dissatis-
faction predicted by PPD considerably
underestimated the observations across e
full range of temperatures encountered in
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tions visited had indoor climates within
the ANSIASHRAE Siandard 55-1992°s
comfort zone, but onty 80 per cent of the
occupants of those workstations found
them thermally acceptabie; not the 90 per
cent suggesied in the Standard.

To further confinm that this level of dis-
satisfaction was indeed anomalously high,
the Predicied Pereentage Dissatisfied
index was calculated for all 690 sets of
observations meeting Standard 53°s crite-
rig, and the average came o just 12 per
cent PP, or about half of the dissatisfac-
tion leve] actually observed.

In searching for explanations for the
dissatisfaction within the comfort zone
observed in Townsville, the first strategy
was an investigation of factors known to
influence comforl butl not included in the
preceding analyses. Vertical temperature
stratification  is  suggesied i
ANSHASHRAE 35 as a potential source
of complainl. The standard specifics that
the maximum allowable vertical gradient
within the occupied zone is 1.9°C/m, yet
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none of the cases of unexplained

thermal dissanisfaction exceeded (his
guidetine. Standard 55 suggests that
radiant lemperature asymmeiries in
the vertical plane may be a source of

23.8
standard deviation 0.9 1.0

minimum 19.8 21.2

The meteorological data
fidieated-arcloar-contrast
between the hot-humid conditions of
the wet season and the warm-arid con-
ditions of the dry scason. This raises

complaint, but again none of the
cases under investigation exceeded
the Standard’s plane radiant asym-

the question of whether or not such a
seasonal climatic forcing has any
effect on the thesmal comfort respons-

metry limit of 10°C (see Table 4.
Standard 55 also suggests that air

movement characteristics can be a

potential source of complaint in an

SET (degC)

mean 23.2 22.9

standard doviation 1.8 1.5
minimum 18.8 19.4

otherwise acceptable thermal envi-
ronment. Unwanted local cooling
due 1o excessive velocity or turbu-

maximum 30.7 28.7

es of office workers in air conditioned
buildings.

In terms of clothing patterns in
Townsville, there seemed to be some
scasonal adjustment, with average
tntrinsic insulation levels being
reduced by about (.1 clo from the dry

lence is defined as draft. The stan-
dard recommends the application of
the Fanger et al. (1988) PD model of
draft risk to minimise complaints of

PPD (%)

mean 12.4 14,0
standard deviation 11.8 13.6
minimum 5.0

maximum 91.8

this type, and specifies that index
values should not exceed 15 per
cent, In only nine of the unexplained
thermal dissatisfaction cases in

) . SET (degC) mean 24.7 24.3
Townsville was there a PD index  [gnor chaic insulation) standard doviation | 1.7 15
value greater than the suggesied mirimum | 201 208
limit. maximm 31.8 30,2

In contrast, 93 of the thermally
dissatisfied subjects within the com-
fort zone actually expressed a desire

to Lthe wet seasons {Table 5).
However, in terms of neutralities on
the sensation scale thermal acceptabil-
ity, the interseasonal differences were,
at most, within half a degree of each
other and of no statistical, or indeed,
engineering significance.

Effects of Gender on Comfort
Responses. Earlier field studies of
thermal comfort in office buildings
have noted differences in thermal
requirements of the sexes (e.g.
Rishman and Pimbert 1979). Very

for higher, not lower air speeds, on P
the ONLINE questionnaire’s air
movement preference scale. Clearly

fincl. chair insulation)

mean 2.9 10.4

standard devialion 7.1 7.9
minimum 5.0 5.0
maximum £9.5 55.8

often, however, such differences have
been traced back to differences in
clothing levels, with females having

draft is not as important a comfort
issue in the hot-humid climate zone
as it is in cooler regions where the draft
limits were originally derived. Therefore
the most common causes of dissatisfaction
within the “comfort zone” in this ropical
study were air speeds and/or turbulence
intensities being too low, despite their

TABLE 6. Statistical summary of the
caleulated indoor climatic and thermal
comfort indices

compliance with the prescriptions of
ANSI/ASHRAE Standard 53.

Effects of Season on Comfort
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larger interseasonal and interindivid-
uzl variances than maijes in the same
environments.

In Townsvilie, there were no differ-
ences between the sexes in this regard, as
reflected in the coincidence of the sexes’
neutralities which were derived from
weighted linear regressions of their ther-
mal sensation votes on to (males =
24.2°C; females = 24.3°C).

However, despite this similarity
between the sexes’ thermal neutralities,
the same could not be said of thermal
accepiability. In the total sample of 1234
subjects comprising 58 per cent females
and 42 per cent males, the former were
averrepresented in the group expressing
thermal dissatisfaction (68 per cent
female; 32 per cent male; X~=12.9, df=1,
Prob<0.005). No physical (i.e. environ-
mental, clothing or metabolic) explanation
can be offered for this difference between
the sexes in Townsville.

Comparison with the Earlier
ASHRAE-Sponsored Field Experiment
in San Francisco. In a'thorough re-analy-
sis of the San Francisco database, Brager
et al (1994) recently applied the latest
clothing garment insulation estimates
published in ANSJASHRAE 55-1992,
factored in the insulation effect of chairs,
and also applied a more realistic estimate
of subjects’ metabolic rates o the results.
The net effect of this fine tuning was to
bring PMV predicted nentrality to within
0.2°C of the 22.4°C actually observed in
San Francisco,

The Townsville thermal insulation and

|



metabolic estimation methods are perfect-
ly consistent with the Brager revisions,
and the resull was also a reasonably good

chair insulation taken inte account accu-
rately predicted optimum temperatures of
i sville subjects If deflined. i

permissibie in tropical office buildings.
Indeed, the current study in Townsville
Hodheusesofcetiing-and

prediction ol heulialily by the PMV index
(within a degree). Therefore a majority of
the 2°C difference between San Francisco
and Townsville neutralities has been
explained by the physical input parameters
of the PMV index, in particular, cloihing,

In comparison to San Francisco sub-
jects, the hot-humid subjects were consid-
erably more sensitive 1o temperature vari-
ations, In San Francisco, Schiller et al.
(1988} found a gradient of about one sen-
sation unit per 3°C, which coincides with
the gradients typically found in mid-lmi-
tude climate chamber experiments,
However, in Townsville the figure was
closer 10 2°C and abthough Fanger’s coms
fort modet (1970) indicates that 9PMV/ST
is an mverse function of clothing insula-
tion, the magnitude of the ohserved ther-
mal sensitivity increase was over three
times that predicted on the basis of cloth-
ing differences between the San Francisco
and Townsville subjects.

Conclusions

* A replication of the ASHRAE-spon-
sored San Francisco field experiment (RP-
462) was performed in 12 air conditioned
office buildings located in the tropical ity
of Townsvilie, Australia. A tolal of 836
subjects provided 1234 sets of data spread
across both the wet and dry seasons. The
experiment used the San Francisco ques-
tionnaires with some minor adapiations to
local language and climatic conditions.
Indoor climatic data were collected by a
mobile cart carrying laboratory-grade
instrumentation  complying  with
ANSI/ASHRAE Standard 55 and 1SO
7726 recommendations for accuracy and
response times,

+ Clothing insulation levels approximat-
ed the ANSI/ASHRAE Standard 55
assumed summer value of 0.5 clo, with
slightty more (G.1 clo) being worn in the
dry season compared to the wetl. Chairs
were estimated to add 0.15 clo to the
clothing insulation of the office workers,
Their metabolic rates were estimated on
average to be 78 wim?2 or 1.3 met. It is
essential that clothing, chair and metabolic
effects be included in any comfort calcula-
tions.

» Group mean thermal sensations
showed a heightened senstivity to semper-
ature, changing approximately one unit on
the ASHRAE 7-poin( scale per 2°C
change in operative (emperature.

* Thermal acceptability peaked at about
23.5°C in Townsville's air conditioned
offices. Therefore this temperature can be
regarded as an empirically derived design
criterion for office air conditioning in the
tropics. Because of the heightened thermal
sensitivity referred 10 in the preceding
point, thermal accepiability rapidly
tapered off (o 80 per cent at 22.5 and
24.5°C in Towasville. Therefore the
design criteria should be stated as 23.5°C
+i°C.

+ The PMV index with the effects of

ans 1o supplement and possibly
replace some of the air cooling required
for comfort in lropical office buildings.

* There was Etile difference between (he
sexes in terms of thermal sensations,
although there were significantly mare
frequem expressions of thermal dissatis-
faction from the females in the sample,
despite their thermal environments being
no different from the males’.

» The effects of Townsville's hot-
humid/warm-dry seasonality on thermal
comforl responses of office workers was
minor and of no practical engineering sig-
nificance.

» [n comparison to the carlier ASHRAR

acceplability.

+ In Townsville’s air conditioned
offices, draft or unwanted local cooling
due 10 excessive air movement was much
less of a problem than insufficient air
movement, Most of the thermal dissatis-
faction expressed by suhjects whose ther-
mal environments fell within the
ANSI/ASHRAE Standard 55 summer
comfort zone appeared related to the air at
their workstation being too still.

These findings sugpest that draft guide-
lines in Standard 55 and also ISO 7730
may be inappropriate for hot-humid ¢li-
mate zones and that 0.2 w/s should not he
regarded as the upper limit of air speed
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field experinient in San Francisco {RP-
462Y, neutralities in Townsville were
approximately 2°C warmer. However, the
refatively good prediction of both experi-
ments’ neutralities by the PMV model
suggests that most of this offset can be
explained by differences in physical para-
meters, notably clothing. Where the San
Francisco and Townsville office popula-
tions were significantly different, howev-
er, was in the dependence of thermal sen-
sation on lemperature, with Townsvitle's
office workers being the more sensitive.

« The discavery of significant differ-
ences in thermal sensitivity, acceptability
and air movement preferences ol office

populations who have been naturally
acclimatized 10 a wetfdry tropical climate
highlights the importance of exiending
this series of ASHRAE-sponsored field
validation experimenis to other climatic
extremes as well; notably cold climates
and hot-dry climates. ANSI/ASHRAE
Standard 55 requires (hese detailed valida-
tions before it can be classed as an inter-
nationai standard.
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