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ABSTRACT 
This paper desert bes the instrumentation and 

_,asurementprotocol used In ASHRAE research proj
ICI RP-462, a field study of environmental conditions 
,,,d occupant comfort in 1 O office buildings located 
tr the San Francisco Bay region. During this study, 
we made a total of 2342 visits to 304 participants dur
iig two seasons, collecting a full set of physical mea
surements and subjective responses at each visit. In 
this paper we describe the design of equipment and 
teChniques for gathering physical measurements with 
the detail and accuracy required by both ASHRAE 
srandard 55-81 (ASHRAE 1981) and ISO Standard 
7726 (ISO 1985). In addition, the project developed a 
laptop microcomputer-based thermal assessment sur
vey that collected a substantial subjective data set in 
machine-readable form. These components per
formed reliably during nine months of field use, pro
viding a detailed description of the monitored 
workstation environments with a concurrent portrait of 
subjective occupant response. The system is rec
ommended for further use. 

INTRODUCTION 
The design of pleasant and efficient working en

vironments is becoming an increasingly complex task. 
Our "post-industrial" economy features a major ex
pansion in the white-collar workforce, radical changes 
in the technology of the office workplace, and growing 
concern about the efficiency of office workers. With 
these changes, contemporary designers face new 
challenges that will directly affect the design of build
ing comfort systems. 

The scale of the office arena is immense; con
sider the following statistics describing the United 
States office enterprise (Roark and Dowell 1986): in 
1985, our office inventory totaled 4 billion ft2 of interior 
space with a yearly expansion of 250 million ft2. These 
off ices provided the work setting for two-thirds of all 
U.S. employees, who in turn spent a cumulative 100 
billion hours per year working inside the buildings we 
design. In this vast interior landscape, the quality of 
the physical environment can have profound effects 
on a worker's sense of health and well-being, as well 
as subtle but significant effects on worker productivity. 
Current practices in office design raise important 
questions regarding the needs of individual building 
occupants. For example, does the objective of pro-
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viding a constant, uniform interior environment re
spond to the needs of workers with different comfort 
preferences, clothing styles, and environmental sen
sitivities? Does today's application of centralized con
trols for thermal and lighting systems allow workers 
adequate control to respond to their own hour-to-hour 
or day-to-day environmental preferences? To what ex
tent does the proliferation of desktop computers, act
ing as localized heat sources, contribute to variations 
in comfort between adjacent workstations? 

ASHRAE provides standards for . maintaining 
comfortable interior environments and in providing this 
service affects the experiential reality of each year's 
100 billion hours of office occupancy. The current com
fort standard, ASHRAE 55-81 (ASHRAE 1981 ). is pri
marily based on the results of laboratory studies in 
which sedentary people were exposed to uniform ther
mal environments and comfort was equated with neu
trality or the lack of thermal sensation. While 
laboratory-based studies 0t comfort allow experimen
tal precision, it is uncertain whether the standards that 
they engendered are optimal for real buildings. For in 
real buildings, conditions are both dynamic and fa
miliar; occupants face well-known settings and pursue 
customary tasks . In addition, it is uncertain whether 
the college students often employed in short-term lab
oratory studies are accurate representations of the 
general office population. There are also numerous 
functional and aesthetic attributes of the office envi
ronment that may influence the worker's thermal re
sponse differently from that of the laboratory subject. 
One method for assessing the appropriateness of ex
isting laboratory-based comfort standards would be 
to conduct a field study of building occupants' re
sponses to their normal office environments. 

The instrumentation system presented in this pa
per was developed for ASHRAE research project RP-
462 (Schiller et al. 1988b), a field study of thermal 
environments and occupant comfort in existing office 
buildings. We visited 1 O San Francisco Bay area office 
buildings during the winter and summer seasons of 
1987, making a total of 2342 visits to 304 participants 
and collecting a full range of physical measurements 
and occupant responses characterizing the physical 
environment. The occupants were volunteers, sur
veyed during their normal work activities. The objec
tives of this study included: 

1 . The development of a detailed data base on 
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by a complete description of the four measurement 
systems. 

TRANSDUCERS 
ASHRAE (1981} and ISO (1985) specify minimum 

response time and required accuracy levels for sen
sors used in the measurement of environmental vari
ables. Additional project-specific criteria for 
transducer selection included reliability, physical in
tegrity, and an overall response time appropriate for 
the five-minute length of workstation measurements. 
Table 1 provides a description of the primary trans
ducers used in our study (see Figure 2). These include 
transducers for the environmental variables listed be
low: 

Point-in-time 
measurements at 
each workstation 

Height Above (via mobile 
Floor instrumentation cart) 

air temperature 
air velocity 

0.1 m globe temperature 

0.6 m 

1.1 m 

1.7 m 

air temperature 
air velocity 
globe temperature 
dew-point 

temperature 
chair surface 

temperature 

air temperature 
air velocity 
globe temperature 
radiant asymmetry 
illuminance 

Time series 
measurements at a 
single 
representative 
location 

air temperature 

air temperature 
air velocity 
globe temperature 
ii luminance 

air temperature 

/rn.,,.",;f /#y t"v,,:tV14dU&t:"', T J p 

::U_! ___ _J.[][IJ 

.ai.- +e.,_p~ i--., -fwv~ t"v--tH~d~..-, T~ 

I D1== ===::ic::OI::J 

Figure 2 Transducer profiles ... 
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Air Temperature 
. Air temperature was measured with either a plat. 
1num RTD, a thermistor, or a thermocouple depending 
on th.e location of the m~asurement. In each case, the 
sen~ing element was shielded from radiation by a cy. 
llndncal metal screen. A platinum RTD measured air 
temperature at the 0.6 m height on the mobile cart 
and type-T copper-constantan thermocouples wer~ 
used at the 0.1 m and 1.1 m heights. High-precision 
thermistors were used in the stationary system. 

Air Velocity 
The air velo?ity transducers, used on the mobile 

cart and the stationary system, were omnidirectional 
anemometers based on the constant temperature prin
ciple. An elliptical-element anemometer was used for 
the 0.6 m height on the mobile cart, while the remaining 
anemometers featured a spherical sensing element. 
The anemometer elements are maintained at a con
stant temperature by an electrical heating element that 
compensates for heat lost to the surrounding air. 
stream. The amount of current required to keep an 
element at a constant temperature is related to lhe 
amount of air flowing past the element per uni t lime 
(and is easily measured). Both types of sensors were 
~ptimized ~or the low air velocities commonly found in 
indoor environments and featured compensation for 
ambient temperature. 

Dew Point Temperature 
The transducers used In this project had rela

tively fast sampling rates with the exception of the dew 
point sensor, which took a single measurement every 
two minutes. This was considered acceptable, as dew 
point temperature is a relatively stable variable. In the 
sensor, a small conical mirror is cooled until atmos· 
pheric water condenses on it. A light-emitting diode 
(LED) and a photosensitive transistor (receiver) are 
located above the mirror. When condensation occurs. 
the receiver detects light scattered by the dew. The 
temperature .of the mirror at that time is measured and 
recorded as the dew p9int temperature . 

Plane Radiant Temperature and Radiant 
Asymmetry 

Plane radiant temperature is defined as the uri
form surface temperature of an enclosure that pr~ 
duces the same incident radiation on a small plana" 
suriace as in the actual environment. Radiant asym
metry is the difference between the plane ra~iant .tem
peratures of small planes facing opposite direct1~ 
The radiant asymmetry probe consisted of two ~ 
of gold-plated and black-painted elements connec~ 
to thermopiles. Each side of the probe had a gold 1111

11# 

a black element. The measurement is based on thl 
fact that the gold element exchanges heat prirn&flY 
by convection while the black element exchange~~ 
by both convection and radiation. Thus any V0tl'¥"' 

generated across the thermopiles results from ~ 
transfer by radiation between the black element "' .. 
the environment. r 



and Chair Surface Temperature 

~ance was considered an ancillary param
:might be useful in later analysis. Cosine-cor

- . silicon photometers were used to measure 
~ce in a horizontal plane. A spring-loaded plat-

ATD was used to track the surface temperature 
~surfaces adjacent to the mid-height globe ther
~ter. The comfort. standards do not require mea
_,ement of these variables. 

Qlobe Temperature 
This investigation of human thermal response re-

· red knowledge of. the mean radiant t~mperature of 
:; surrounding environment. Mean radiant tempera
iure can be calculated as a function of air temperature, 
ar velocity, and globe temperature. Globe tempera
ture is measured as the internal temperature of a hol
loW sphere (typically pa.inted bl.ack or gray) .exposed 

10 the environment. This internal temperature 1nd1cates 
rhe balance between heat lost and gained from radia
tion and convection. In principle, globe temperature 

15 relatively easy to measure; however, the five-minute 
time limit at each workstation posed a challenging 
problem. We built and tested several alternative 
globes of various materials and sizes to develop a 
sensor with short response time and appropriate ac
curacy . Candidate globes included 5- and 6-in.-di
ameter spherical glass lightbulbs with the filament 
removed and smaller spherical Christmas tree orna
ments. The sensor eventually adopted was con
structed by inserting a type-T thermocouple into a 
!able tennis ball coated with gray paint. 

Humphreys (1977) proposed the 38-mm-diam
eter table tennis ball as useful for making indoor mea
surements because of its fast response and heat 
exchange properties similar to the human body at typ
ical indoor air speeds. Tests were conducted to verify 
that 38-mm globes could, in fact, predict mean radiant 
temperature in 5 minutes as well as a standard 150 
mm globe could after 15 minutes. A smaller globe was 
desirable for the mobile cart in any case, since the 
measurement standards required globes at three 
heights and three 150-mm globes within a 1.1 m by 
.5 m plane would pose obstructions for other sensors . 

The candidate globes used small lengths of plas
tic pipe to position the thermocouples in the center of 
the globe. To test the accuracy and response times 
of the candidate globes, they were suspended on thin 
wire from a frame mounted on a mobile platform, which 
was rapidly moved from a cold hallway into a hot 
chamber equipped with radiant and convective heat 
sources plus a fan. This was done for a range of tem
perature differences, room air velocities, and radiant 
source intensities. The equation used for calculating 
mean radiant temperature from globe temperature 
was: 

[6 
320-041,0.S ]025 

T, = . O'E v- (T9 - Ta) + T9
4 (1) 

where 

D = diameter of the globe (m) 
e = emissivity of globe 
u = Stephan-Boltzmann constant (5.67 x 108 W/m2K•) 
T8 = air temperature (K) 
T0 = globe temperature (K) 
T, = mean radiant temperature (K) 
V = air velocity (mis) 

and where the convective heat transl er coefficient 
(he = 6.32 o-0·

4 V°·5) is taken from ASHRAE (1987). 
As expected, the table tennis ball sensor had the 

most rapid response time. Although the time required 
to reach 90% of final value was 5.8 minutes. slightly 
longer than the workstation measurement period, this 
was considered acceptable because in practice the 
thermal differences between successive workstations 
were usually small. After correction for globe diameter, 
the differences in predicting mean radiant temperature 
t•sing the 38-mni and larger globes were less than or 
equal to the accuracy of the thermocouples used. 
Side-by-side comparisons were made with a com
mercially available "ellipsoid-shaped" comfort sensor 
(see ASHRAE 1985) to obtain the operative temper
ature comparison shown in the globe temperature sec
tion of Table 1. 
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CALIBRATION 
Although many of the transducers featured man

ufacturers' specifications that exceeded the comfort 
standards' requirements, a series of calibration mea
surements was performed on all sensors used in the 
study. Air temperature sensors were checked by plac
ing them in a well-insulated lightweight box. The box's 
internal temperature was varied slowly through the 
range of values anticipated for interior office environ
ments, while readings from the temperature sensors 
were compared to a laboratory-grade mercury ther
mometer. Results obtained for the shielded thermo
couples produced an acceptable accuracy rating over 
the relatively narrow temperature range found in off ice 
buildings. The omnidirectional air velocity probes were 
new from the factory with calibrations within the re
quirements of ASHRAE (1981 ). lntercomparison of ve
locity readings in the flow of a portable desk fan 
confirmed the integrity of the factory calibration be
tween sensors . The dew point sensor, aJso factory cal
ibrated, was satisfactorily compared to a sling 
psychrometer and a thin-film, hygroscopic-salt relative 
humidity sensor; however, subsequent comparisons 
at the midpoint of the study suggest operational cau
tions concerning the dew point sensor (see the "Troub
leshooting" section). The entire calibration exercise 
was conducted before and after the field measure
ments with intermediate calibration measurements on 
selected sensors. Calibration results are presented in 
Table 1. 

DATA ACQUISITION TECHNIQUES 
This section describes the two measurement 

units, one mobile and one stationary, developed to 
record physical and subjective data. The mobile sys
tem was used to visit individual workstations, where it 
recorded subjective occupant responses to a short 



TABLE 1 
Transducer Specifications 

SENSOR SENSOR MEASUREMENT ACCURACY RESPONSE 
QUANTITY DESCRIPTION LOCATION* ASHRAE 55-81 1so-n2s MANUFACTURER CALIBRATION TIME 

Air shielded M: a.6 m ±a.2°c Required: ±a.soc ±a.2°C over ±a.1°C over sa sec (90%) 
Temperature platinum RTD Desired: ± a.2°c range range in still air 

s to 4a0 c 18.7 to 2s.1°c 

shielded S: a.6, 1.1, ±a.2°C Required: ±a.s0c ±a.1°c over ±a.2°C over S sec (9a%} 
thermistor 1.7 m Desired: ±a.2°c range range 

a to 7a°C 2a.7 to 28.5°C 

shielded type T M: a.1, 1.1 m ±a.2°c Required: ±a.soc ± 1.a°C over ±a.1°c over <3 sec (90%) 
thermcouple Desired: ± a.2°C range range 

a to 1aa0 c 18.7 to 2s .1 °c 

Globe type T thermo- M: a.1, a.6, Desired: Required : ±2.a0 c ± 1.a°C over ±a.1°C over 2.S min (63 . 2~). 
Temperature couple inside 38 1.1m; ±a.2°C Desired: ± a.2°C range ranges 18. 7 to S.8 min (90%) 

mm diameter S: 1.1 m (for MAT) (for MAT) a to 10a°C 2s.1°c 
table tennis ball (for (for 
(painted grey) thermocouple) thermocouple); 

±1°C (for 
operative temp.) 

Air Velocity elliptical M;,0.6m ±a.as mis Required: ± S% ±a.OS mis factory 0.2 sec (90%) 
omnidirectional over range a.as ± S% ±a.OS mis over range calibration 
constant to a.s mis Desired: a.as to 1.a mis checked by 
temperature ± 2% ± a.a7 mis intercomparison 
anemometer over range a.as to 

1.a mis 

spherical M: 0.1, 1.1 m; ±a.a5 mis Required : ± S% ± 3% ± a.a2 mis factory 2 sec (67%): 
omnidirectional S: 1.1 m over range a.OS ±a.as mis for flow at 9a0 to calibration 4.1 sec (90%) 
temp. 
compensated 
anemometer 

Humidity chilled-mirror . M: a.6 m 
dew point sensor 

to a.s mis 

±a:6°C (for 
dew point 
temp.) 

±·1 .a0 c 

Desired: ± 2% probe; for other 
±a.a7 mis angles: < ± 10% 
over range 
a.as to 1.a mis 

± 0.15 kPa (for ± a.S°C (for dew 
water vapor partial point temp. over 
press) range: 

Ta;r-Tdp < 1a°C) 

±a.s0 c for 

checked by 
intercomparison 

factory 
calibration 
checked with 
sling 
psychrometer 

±a.4°C over 

2 minute 
measurement 
period 

-
Required: ± 1.a°C 6a sec (90%) 

' Desired: ~a.soc \T pr-Ta;r\ range 18.7 to ) 

Plane Radiant opposing plane M: 1.1 i'n 
Temperature radiant 
Asymmetry. temperature :: · J. ·, 

sensors ·: · · : o: ::,. .. . ; . • , •• 
0
v 1 1 •.i - • ·; 

Surface spring loaded' :: M: a.6 rri NIA " 
Temperature platinum RTD · · • ·.' -~ -· ·:· 

lllumlnance silicon : M: 1.1 rii; ':: NIA 
photovoltaic S: 1.l m < . 
photometer :·;. :'. .· :<.:::; · ,, 

.- .. 
·M::mobile cart sensor; S: stationary sensor .. ,. • 

.. ; . . .. .·• : . . ·:~ ; 

questionnaire and detailed physical measurements to 
characterize the local environment .Each workstation. 
w~s yisited an average of five times during the week~ 
long perioc;:I of measurement i.n each building. The sta-· 
tionary system recorded overall physical trends · 
through the week. 

·:'..~ :L} :~/ ~ :;;;; /~~..: ,/<:: i :·=~:~>· ~- ~; : ., :, 
MOBILE SYSTEM . . - .... ... .. : ·:-\.,.'1\ ,-_"'_,,_. ' · .. . 

: ·Figure 1 shows the cart that carried the mobile 
measuring system. A molded :fiberglass seat was .at: 
tached to the front of the.cart to represent the shielding · 
effect of the occupant's seat The various sensors used 

NIA 

NIA 

628, 

.,;;; 1s°C 25.1°C (for 
plane radiant -

·,• 

temp.) " :f ' 
). 

·±o.5°c over ±a.2°c over 7 sec (90%) 
!~ 

range 5 to 4a0c range-18. 7 to 
25.1~G . 

. ±S% factory instantaneous 
calibration 
checked by 
intercomparison 

f~r ~-hysical .mea~urements wer~ mou~ted above; 
below the chair at the 0.1 m, 0.6 m, and 1.1 m I f 
(representing ankles, mid-body, and head/neck d 
seated subject). The sensors were protected (a~ 
0.1 m and 1. 1 m heights) with a black metal tu 
bumper to· guard against encounters with office v:; 
ers and furniture. The tubing and sensors were ed 
arated by sufficient space to mioimize possible etf,;. 
of the tubing on the readings .. Jhe_.sl]~lve~ on the~ 
behind the chair contained the remainder of t~e 
tern, including signal conditioners, data-recordt~ 
vices, cables, and battery power. -

'j 

·" 



entioned earlier, the measurement cart con
~ :ee separate data acquisition systems. The 

1 rtable laptop microcomputer, was used to 
~re, the thermal assessment survey to each of

~ker participating in the study. The survey con::;°'i a series of questions and scales addressing 
~ect 's response to his or her immediate thermal 

~~ent. Al the time of each workstation visit, the 
.,..- "er was placed on the desk, and the subject 
~1 atone to complete tho survey by responding 
.,,. series of questions appearing on the computer 
~n (Figures 3a and 4b). Answers (typically yes/ 
... ~~merical , or positioning of the cursor along a 
~)were typed on the keyboard, with results going 

try into storage on diskette. To reduce the pos
~ty of typing errors, an opaque plastic cover was :n tor the keyboard, exposing only the limited num
be' of keys necessary for answering the questions. 

The thermal assessment survey used the 
JSHRAE Thermal Sensation and Mcintyre scales as 
!tie primary measures of thermal sensation and com
k)lt. Data were also collected on a secondary series 
" office work area questions (general comfort, draf
tiness, and brightness using six-point scales) and the 

------

Figure 3a Thermal assessment survey administered on 
laptop computer 

r 
~
' I ~ ~ 

• • 1 
\. -

f.. 

Figure 3b Cart in position at workstation 
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appropriateness of. 26 affect ratings (adjectives), A 
clothing checklist screen (separate female and male 
versions were developed) presented an itemized list 
of clothing and asked for a rating on a four-point scale 
indicating the relative weight of each item. An activity 
checklist screen inquired about physical activity, eat
ing, drinking (hot, cold, or caffeinated beverages) , and 
smoking during the 15 minutes prior to taking the sur
vey. A complete description of the subjective survey 
methods employed during the study, including a sepa
rate background information survey, is given by 
Schiller et al. (1988a) . 

The second data acquisition system contained 
on the mobile cart was a packaged indoor environment 
measurement system, optimized to measure the four 
physical parameters necessary for the evaluation of 
thermal environments: air temperature, humidity, ra
diant temperature asymmetry, and air velocity. This 
specialized system had the additional advantage that 
the manufacturer's specifications complied with the 
required measurement accuracies of ASHRAE (1981) 
and ISO (19,85). The sensors associated with this sys
tem were positioned to monitor the air temperature, 
humidity, and air velocity at the 0.6 m height, the max
imum radiant temperature asymmetry in the horizontal 
direction above desk level, and the surface temper
ature of the chair shell (see Table 1 and Figure 1). A 
set of readings from these sensors was transmitted 
serially every 1 O seconds to a second portable laptop 
computer, which employed custom software to record 
the data on diskette and display current values on its 
screen as a status check for the operator. 

Project budget constraints would not allow the 
purchase of more than one of the packaged Indoor 
environment measurement systems. Therefore, the ad
ditional physical measurement sensors were assem
bled and connected to a general-purpose, battery
operated microdatalogger, and together these formed 
the third data acquisition system on the mobile cart. 
These sensors included thermistors and thermocou
ples for air temperature and globe temperature mea
surements, spherical omnidirectional anemometers for 
air velocity measurements, and a silicon photometer 
for illumination measurements (see Table 1 ). The mi
crodatalogger controlled the sensor scan rate (once 
per second), converted the incoming data to engi
neering units in real time, and transmitted the data to 
a cassette tape recorder for final storage. 

The use of the multiple data acquisition systems 
required special procedures to ensure the proper time 
sequencing of each system over the measurement 
period. At the beginning of each day in the field, all 
system time clocks were synchronized. As all data 
were lime stamped at collection during the course of 
the day, this allowed concurrent or sequential data 
from individual systems to be identified and assem
bled into complete data sets during the data analysis 
phase. In particular, the physical measurements at 
each workstation depended on the simultaneous op
eration of two data acquisition systems: the packaged 
indoor environment system and the microdatalogger
based system. This was accomplished by having the 



',. .... . . , ~_. 

. ,., ~ 

field researcher manually initiate the data collection 
process for both systems at the appropriate time. The 
measurement cart could then be left unattended 
(avoiding undesirable thermal effects of nearby re
search personnel) as the data collection process con
tinued until it was terminated automatically. 

The physical data at each workstation were col
lected for a total of five minutes. During this time, all 
sensors were scanned once per second with the ex
ception of the chilled-mirror dew point sensor, which 
produced a new reading only every two minutes. The 
cart was positioned in the vicinity of the subject prior 
to the measurement period, allowing the transducers 
to equilibrate in the general area. Following the start 
of data collection, the first two minutes were used to 
allow all sensors to achieve final equilibrium with their 
surroundings. Ten-second average data were re
corded for the entire five-minute period along with a 
single average value based on the final three-minute 
interval. The three-minute average data served as the 
primary values for data analysis and reporting, while 
the ten-second data were retained as a safety measure 
in the event of lost or inconsistent results. For both 
laptop computer-based systems, custom data man
agement programs were developed to receive the 
data inputs, convert them into machine-readable for
mat, and store them for subsequent data analysis. 

Both average and sample data from the mobile 

cart are shown in Table 2. The cases presented in this 
table were selected to emphasize the utility of havin 
a high level of detail in certain interior situations. Th~ 
data· clearly reveal local environmental asymmetries 
caused by solar gain, a personal fan, an open window 
and a floor heater. · 

STATIONARY SYSTEM 

Temporal variation in each building's interior ther. 
mal environment was monitored throughout the week. 
long measurement period. The stationary instrumen
tation was mounted on a large aluminum tripod and 
placed in a location representative of the areas being 
monitored (typically an unoccupied workstation). The 
environmental parameters monitored by the stationary 
system included air temperature at the 0.6 m, 1.1 m. 
and 1.7 m heights and globe temperature, air velocity. 
and illumination at the 1.1 m height (see Table 1 ). A 
general-purpose microdatalogger, identical to the one 
used on the mobile cart, controlled the data collection 
process. All sensors were scanned every 1 O seconds. 
and 10-minute average values were calculated anci 
recorded. The stationary data provided a continuous 
record of trends in interior conditions that could net 
be detected by the roving measurement cart. The data 
were used primarily to help diagnose effects observed 
in the mobile measurements. 

TABLE 2 
Sample Data 

Summer Winter 

average small operable high average small direct high 
values portable window internal values portable sunlight radiant 

. entire fan nearby gains entire floor on desk asymmeteiy 
Physical Par.amenter Units season1 season1 heater 

Air Temperature 0.1 m oc 23.16 26.89 22.47 29.45 22.5 32.8 22.1 23.9 
Air Temperature 0.6 m . oc . 23.16 27.58 22.16 29.4 22.64 31 23.2 24 
Air Temperature 1.1 m oc 23.58 28.34 22.27 29.64 23.14 25.5 23.19 25 

Globe Temperature 0.1 m .,•c 23.2 27.08 22.5 29.34 22.57 32.2 22.2 24.2 
Globe Temperature 0.6 m ': oc .' 23.42 27.71 22.56 29.49 22.9 .29.5 23.5 25 
Globe Temperature 1.1 m oc 23.65 28.45 22.42 29.62 23.24 25 25 25 
Radiant Asymmetry2 oc 0.22 ' 0.32 0.28 -1.68 -0.08 -0.1 . 5.9 11.7 
Dew Point Temperature oc 15.12 12.2 13.9 14 7.3 6.84 4.39 7.59 

Air Velocity 0.1 m mis 0.08 0.43 0.19 0.93 0.06 0.2 0.04 0.46 
Air Velocity 0.6 m mis 0.11 . 0.28 0.22 1.35 0.04 0.54 0.07 0.13 
Air Velocity 1.1 m mis 0.11 0.22 0.3 0.6 0.07 0.15 0.06 0.12 

ET* ·oc 23.53 27.36 22.66 29.13 22.53 27.43 23.21 24.67 
Clo " Clo, 0.52 0.7 0.54 0.46 0.58 0.55 0.62 0.55 
llluminance lux .. n6 1051 613.4 902.5 913 571.6 11434 3388 
(horiz. plane) \ -
ASHRAE Vote3 0.28 3 0.5 2 0.18 1 2 
Mcintyre Vote4 0.24 1 0 1 0.1 0 1 
Geoeral Comfort5 ;:\-::.. 4.38 1 5 2 4.34 5 3 
Ventilation Comfort6 3.55 5 5 4 3.5 3 3 

1 These averages include ·data from 1308 workstation visits during the winter season and 1034 during the summer. : -
2 The radiant asymmetry measurement is the difference between. the "A" and the "B" side, hence a negative value indicates ttie "B" side was warmer 
the "A" side. 

Our convention was to orient the probe such that the "A" side was aimed toward the window (it any) in the workspace. 
3 ASHRAE scale: -3 (too cool) to +3 (too warm) . .. . . . 
4 Mcintyre scale: -1 (I want tp be warmer). O (I want no change), + 1 (I want to be cooler) 
5 General Comfort scale: 1 (uncomfortable) to 6 (comfortable) ., . 
6 Ventilation Comfort scale: 1 (stutty) to 6 (drafty) · 
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.-erHODS 
field researchers (typically one or two per day) 

8 
rota I of one week per season in each monitored 
to set up equipment, collect data, and ·pack 

~hipping crate was constructed to protect the 
rernent cart and its instrumentation during t:' bY pickup truck from one building to the next. woe suitcase was modified with foam pads to ac

r~ate the stationary measurement equipment 
•··~transport . These custom-built packages were 
~ly important to the smooth operation of the field 
~· They performed adequately for the duration of 
flt study, as no catastrophic damage was experi
~ during the many months of work in the field . 

Within each building, a secure "homebase" room 
established in which the measurement cart could 

: parked and its batteries recharged overnight. The 
~urement cart with its fully charged data acqul
lli<>" systems was then capable of collecting data 
flfOUghout an 8- to 10-hourworking day without further 
charging . A detailed set of instructions was available 
lb' the various field resear~hers (a total of eight indi
viduals were used during the project) to follow during 
morning start-up, evening take-down, and trouble
st100ting procedures. 

In order to study office . workers in their normal 
work environment, the measurement procedure was 
designed to minimize disruptions to the subjects. The 
protocol for each workstation visit and approximate 
length of time for each task was as follows: 

1. Researcher approaches subject and, if con
venient to subject. presents the survey computer (1 
min [Figure 4a]) while the cart is not visible to the 
subject; 

2. Subject completes the thermal assessment 
survey (3 to 10 min [Figure 4b ]); 

ll:n<>n:hot •ppro.1ches •ubj<;<t. 
0tnslonAlly1 urangcmcnu !or 
lht amlng OI 1ho ne.ct vl!lt could 
be: nYde >I 1ho ccnduslon of th~ 
prn·1ous visit. Bui wually, = ~"':, t(',~~oaJ~~ oln ~ 
LU1 \i.sit w.as not too recent 
d<p<nding on how bwy they 
•ppr<r~. 

l'.',htn ii., subjc!<t has llnlshed 
wuh th~ survey lho re:scarcMr 
•Hurnsud requ .. 1ed 1he •ubjod 
lo lo>ve hi• or her desk for five 
ll'lln\u<><. Th• mobile 1:2rt is put 
•nto pl.u~ and 1he mc4.SUl"efnent 
'°'l"•nc. lnilia1od. All stn<OtS 

~ ~:~n~n~11~~ Th!fir~~~ 
!Tlinu1 .. W1?tt' us~ 10 allow lh• 
......,rs 10 <'qullibToto! and a sl.nglc 
1'•"&• valu~ i• calcul•I~ boseo 
on lhr ffniftl thr~minule lntmval 

Figure 4 Work.station measurement protocol 
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· 3. Subject leaves desk, and field researcher po~ 
sitions measurement cart in place of the subject's chair 
(1 min); 

· 4. Thermal measurements are recorded (5 min 
[Figure 4c ]); 

· 5. During survey and measurement periods, re
searcher records additional observations and 
sketches, takes photographs, and arranges for next 
workstation visit. 

In this procedure, it was important for the re
searcher to leave the workstation area during the sur
vey period to avoid disturbing the subject. The 
additional observations and recordings that the re
searcher collected in item 5 above proved to be quite 
valuable in interpreting unexpected or inconsistent 
data during the subsequent data analysis phase. The 
collected information included (1) sketches of the of
fice layout and cart position ('first visit only) ; (2) pho
tographs ot the work area using flsheye and wide
angle lenses (first visit only); (3) location. type, and 
status (on/off) of equipment affecting local thermal 
conditions (e.g., fans, electric heaters, HVAC diffus
ers, computer equipment, etc.); (4) openable window 
and movable shade positions; (5) unusual clothing on 
the subject; (6) unusual subject behavior patterns; and 
(7) observable thermal conditions (e.g. , dratt, incident 
beam sunlight, etc .). 

DATA FLOW PATH 

• The daily yield of data from the operation of the 
systems was sizable. Data from the indoor environ
ment measurement system, accumulated by its ded
icated laptop microcomputer, were formatted into two 
separate ASCII microcomputer files. The first file con
tained average data from each transducer for 1-sec
ond periods, while the second provided summary data 
averaging the last 3 minutes of each workstation visit. 
The retrieval of these data, plus the diskette-based 
data from the thermal assessment survey laptOp, re
quired only the exchange of diskettes at day's end. 
The microdatalogger stored similar physical data from 
sensors at 0.1 m and 1 .1 m heights on a proprietary 
cassette tape storage system. These data were trans
ferred to microcomputer disk files through a special 
cassette tape interface at the end of each day. A sim
ilar cassette storage system was used for the station
ary data acquisition system. 

Data collected in machine-readable form were 
easy to review for errors on a daily basis. As the day's 
data scrolled by on the screen during transfer, the 
researcher scanned each channel to con! irm that all 
sensors were operating properly. 

The final step in the data flow path was the as
sembly of all three-minute average data from a build
ing for a given week into a spreadsheet for final error 
checking and analysis. Using the spreadsheet , prob
lems noted during data collection were resolved along 
with a careful rechecking of time synchronization be
tween the data files. The summary data for each build
ing were then transferred to mainframe computers for 
statistical analysis. The project's data spreadsheets 
are available from the authors . 
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TROUBLESHOOTING 
Two instrumentation problems are worth noting: 

dirt on the dew point sensor mirror and the failure of 
both thermistors on the mobile cart. The dew point 
sensor design assumes that light scattered from its 
mirror surface is due to condensation. If soiling at the 
mirror surface scatters light instead, the result is an 
inaccurate reading. Measurements were found to be 
incorrect twice during the course of the project at 
roughly equal intervals, suggesting a more rigorous 
cleaning schedule for the mirror surface. The failure 
of the thermistors occurred when the battery charger 
on the cart caused a voltage spike, overloading their 
circuitry . This problem was addressed by retrofitting 
type-T thermocouples to these locations. 

A final observation about cabling: data transfer 
cables on a mobile system of this type must be able 
to withstand frequent flexing and other stresses. A 
temporary failure of one DAS occurred when a cable 
developed an intermittent short at one of the plugs, 
presumably from recurring movement of the cable 
within the plug body. 

CONCLUSIONS 
In retrospect, a number of observations arise 

concerning the field performance of these data ac
quisition systems and the utility of the detailed data 
sets they collected. The instrumentation performed 
well in a challenging program and provided more than 
2300 sets of detailed measurements at a performance 
reliability of approximately 98%. The battery-powered 
mobile cart could complete an entire day's measure
ments on an overnight recharging and proved ideal 
for roaming the corridors of an office (in one case 
covering several miles a day). The laptop microcom
puter proved a convenient device for implementing 
the thermal assessment survey by providing both a 
novel, easy medium for the subjects and machine
readable data for the researchers. The daily collection 
and review of field data were remarkably manageable 
due to the direct storage of all monitored data in ma
chine-readable form. 

The field measurements included all variables 
specified in ASHRAE (1981) and ISO (1985) including 
repetition of measurements at 0.1 m, 0.6 m, and 1.1 
m above the floor . For many workstation visits ·this 
repetition was excessive; average data for the 0.6 m 
height alone would have been sufficient to character
ize the local environment. However, other workstations 
made it clear that data in this detail are necessary to 
fully understand the thermal character of workstations 
subject to nonuniformities in the surrounding environ
ment. Indeed, many sources of discomfort (e.g., 
drafts, cold floors, asymmetric radiant exchanges) 
represent just this type of nonuniformity as do many--; 
of the workstation-based efforts at restoring comfort ' 
(e.g., fans and space heaters) and the effects of spe
cific workstation geometries. The availability of micro
processor-based measurement equipment lessens 
the burden of making detailed measurements. The 
value of the entire ASHRAE (1981) measurement set 
seems well worth the modest incremental cost of ad-
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ditional transducers and the slight increase in data 
management overhead. It is clear from the study that 
the measurement specifications of ASHRAE (1981) 
can be implemented in the field. 

The great majori ty of our analysis was based on 
average data for the last three minutes of each work
station visit. The more detailed data gathered by the 
mobile cart instrumentation (10-second average data) 
produced extensive data files that received relatively 
little analysis. However, these large data sets did 
prove to be very useful on several occasions, partic
ularly when a portion of the summary data perished 
due to accidental erasure or an unusual transducer 
reading merited closer inspection. 

Although it was scaled 1.4 m by .0.45 min plan. 
the cart moved easily through the interior spaces of 
the study. Moving the cart between the test buildings 
was more difficult. The cart-with well-wrapped cable 
runs, securely mounted transducers, and a series of 
secured instrument boxes-was not easily disassem
bled. For transport between buildings, the entire cart 
was loaded into a custom-built packing crate. The 
crate's large dimensions, besides being clumsy, re
quired the use of a light pickup truck or van for trans
port. 

The coordination of time-stamped data from sev
eral data acquisition systems, although a manageable 
task, did require a weekly commitment of time for data 
formatting. A desire to simplify management of the 
field data sets, plus the appeal of a rnore transportable 
solution, has led to a new approach for the next version 
of the mobile cart. This version is based on a collaps
ible wheelchair chassis that carries a single data ac
quisition system for all physical measurements and 
features readily demountable components for easy 
transport. 

In conclusion, experience with the field data sys
tems of ASHRAE research project RP-462 was posi· 
tive. We recommend these systems for further 
application as practical and useful tools in the study 
of thermal comfort. 
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