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Office of Experimental Technology Incentives Program. . ‘
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ual services leading (0 accurate and umiform physical measurements throughout the Nation's scientific community, industry,
,and commierce. The Institute consists of the Office of Measurement\ Services, and th& following center and divisions:

Applied Mathematics — Electricity — Mechanics — Heat — Optical Physics — Center for Radiation Research — Lab-
oratory Astrophysics? — Cryogenics? — Electromagnetics® — Time and Frequency®.
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THE INSTITUTE FOR MATERIALS RESEARCH conducts materials research leading to improved methods of measure-

., ment, standards, and data on the properties of well-characterized materials needed by industry, commerce, educational insti<
tutions, and GOverpment, provides advisory and research services to other Governme agencies; and develops, produces, and
dastributes standard reference materials. The Institute consists of the Office of Standard Reference Maferials, the Office of Air .

. and Water Measuremenit, and the following divisions:

‘

Analytical Cheémistry — Polymers — Metallurgy — Inorganic Materials. — Reactor Radiation — Physical Chemistry.

THE INSTITUTE FOR APPLIED FTECHNOLOGY provides technical services developing and promoting the use of avail-

able technology, cooperates with public and private organizations in developifig technological standards, codes, and test meth.

N . ods; and provides techmcal advice services, and information to Government agencies and the public. The Institute consists of
the following divisions and centers:

R Standards Application and Analysis — Elegtronic Technology — Centes for Consumer Product Technology: Product
: Systems Analysts, Product Engineening — Center for, Building Technology. Structuges, Materials, and Safety; Building
v Envirénment, Technical Evaluation and Application — Center for Fire Research. Fire Sdience; Fire Safety Engineering.*

THE INSTITUTE FOR COMP R SCIENCES AND TECHNOLOGY conducts research and provides technical services h
. destgned.to aid Government agencies in 1mproving cost effectiveness in thél conduct of their programs through the selection,
acquisition, and effgcuve utthizauon of automatic data processing equipmehit, and serves as the prin‘}gal focus.wthin the exec-
utive branch for the deveiopment of Federal standards for automatic data processing equipment, techniques, and computer
languages. The [fstitufe consist of the following divisions: S *

~  Computer Services — Systems and Software — Computer éystems Engineering — Information Technology.

o THE OFFICE OF EXPERIMENTAL TECHNOLOGY INCENTIVES PROGRAM seeks t£ affect public policy and process
to facilitate technological change in the private sector by examining and experimenting with Government policies and prac-
tices i order to identfy and remove Government-related barriers and to correct inherent market imperfections that impede
the innovatipn process. 4
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THE OFFICE FOR INFORMATION PROGRAMS promotes optimum dissemination and accessibility of scientific informa-
tion generated within NBS, promotes the development of the National Standard Reference Data System and a system of in-
formation analysis centers dealing with the broader aspects of the National Measurement System; provides approp iate services

* 10 ensure that the NBS staff has optimum accessibility to the scientific Ynformation of the world. The Office cqnsists of the
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PREFACE A A

. A symposiud on "Thermal Analysis - Human Comfort - Indoor Environments" wés held at

the National Bureau of Standards, Gaithgrsburg, ﬂd., February 11,

JEH,ill

v

The symposium was prompted by the increasing emphasi® on energy conservation practices.

1977.

tute for-Appiied Technology.

in existing buildings as well as new building designs that emphasize energy conservation.

Some of the practdces have no effect dn the ‘thexmal comfort of occupants.
eating, ventilating, and air

limiting the use of both'cooling and installed capacity of

conditioning’equipmeﬁf, lower thermostat settifigs'<in winterj higher thermostat seétings in

adverse effect on octupants, Jowever. j’ .
- A .. . ‘ .-,

'Summer, and eliminating climate comtrol in halls, entryways and storerooms may *have an

The purpose of the symposium was to bring tqQgether leading scientists, engineers, -
architects, physiologists, and governmgnt officials who were interested in how new energy

conservation strategies in buildings will affect human comfort.

ful in identifying and Jeviewing ‘the vast amount of research work done dn this field over

the pasg,fifty years.

In addition, material on new and current, research was presented as

well as gsomé spetific suggestions for‘work that, should be undertaken in the near future.
It is hoped that the proceedings will stimulate a desire on the part of government organi-
zations conducting major research programs to recognize the need for additional nesearch in

this fields . [

The proeeedings of the conference reflect, in chronological sequence, the main presen-

_tations by the speakers
each’ author 'S original material as .submitted prior to the symposium.
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Conversion Table to SI Units

3a

This publication uses customary English units for the convenience of engineers and others
who use them habitually. The table below is for the reader interested in conversion to SI

units, For additional information see: RN e .
. . (1) NBS LC1078, Dec., 1976, M'The Metric System of Measurement", .
(2) 2210,1-1976, “"ASTM/IEEE Standard- Metric Practice". ° .
‘ . Lot . B N s
. . _ . — — —
* Quantity To convert fram To* Multiply by .
=S ) & . . . \ ¢ . » .
. ~ -— - — — .
. i Length - inch - i (meter)- 2,540%10 "5 * . i
¢ . : > . . v 1 K
! . foot* Sm .3.048x1070 - :
. , mile -~ m * 1,609x10° o ‘
P s Area in2 . ?urZ—-— ' 6'.452x10_4
. 0 2 - o2 R -2 ., .
fe e, 9.290x10 "~ * |
c 3 3 © =5
. Volume in . N n j <. .1.639x10 . .
. . 04 . 3 3 ‘ -2 s .
| . ft . m 4 2,832x10
. vgallon -~ i * 4 3.785x107 '
Y L M 4 PR N . . v
) ; - Temperatufe °F - °C ton = (to,~32)/1.8 A
. % ., . . i ¢ otef . ,
.o T, Difference ' _AtoF s .. K . ATK=At°F£i.8 . C
L Mass L. pound h kg . 4,536x10° ; <
¢ S . ounce kg ; 2. 835x10_2.
. Pressure o+ psl a Pa . 6.895x103 - B
: in 0 .o« ra Co2.4880105 -
; . - inHg | " '‘Pa 3,386x10° P
s . mmHg ) Pa 1.333x102 ‘
' N ,. e . L4 3 e '@ -
- Energy « Btu - . J ¢ - 1,055%10 .
' B s J 1.055x10° -
| - ~ . \ 6
. .\ kWh™ " ) . 3.600x10". | .
, . | Ee- 1bf L . 1.356x20°
% | . .
. \kilocalo:ie — J ) 4,184x10° B P
3 © Power ‘Btu/h W I | 2.931x10-'1 :
' ’ hp . W 7.457x10% .
Flow, gal/min Y - m3/ s 6. 309x10_5
C £t3/min ¥ 4 /s . 471931070 :
' Density , 1b/£e3 kg/m3 1.602x10% B '
‘ - 1b/gal kg/m? 1.198x10% | . »
Heat Gapacity Beu/ (1b* °F) H (kg K) “4.187x10% Vo L
X RN Btu/ (££3+°F) J/(m3-1<)/-- 6.707x104_> .. :
. Met . met W(mzrﬂ,/-' 5.800x103 ’
- . ‘ - — ’
Z . .
e o —r . :
x - 4
) : a iv ’ 7 / *
\)‘ . N . ) . -
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These are tHe proceedings of a symposiam sponsored by the National Rureau of Standards
and held in Gaithersburg, Maryland on Fébruary 11, 1977, a The’ symposium was held for the
. purpose of exploring new aspects of indoor thermal environments, caused primarily by the
impact of energy conservation in new and ‘existing buildings. Included #n these proceedings
are.eleven formal papers which were presented by leading researghers in the field of ther-
mal comfort-and heat stress. The contributed papefs were from Denmark, Sweden, and several
* research institutions within the United States including the John B. Pierce Foundation at
YalevUniversity, ‘Kansas State University, and Pennsylvapia State University. Information
y was prgsented on a gariety of approachies ;to determining| human response to thermal environ-
.. ments. These inclu ed laboratory studies in environmental chambqrs utilizing instrumented,
° human subjects, field studies involving surveys and questionnaires, mathematical modelling
of humans, an analysis of some types of instruments used in asgessing 'the quality of the
environments, and a discussion of the relhtionships between productivity.gnd the thermal

environment. . . ’ s

r’

Key words: Enérgy conservation in buildings; heat stress; human comfort; indoor-

.
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: OPENING REMARKS - . Lot
: J roe ' : * ’ ’ ’ -~
” + »
) - \xﬂ R. Wright
e ¢ ! Institut® for Applied Techndlogy e
e T \ ¢  National Bureau Jf Standards , :
- - ) N . Washington, D.C. 20234
Ny ;‘J‘g‘.\ - . . R
.4 - . & - x .
It is a great pleasure and an honar for me to have been asked to ‘welcome you-tQ the -
National Bureau of Standerds téday to discuss a subject of mutual interest, namely, that of
the effects of energy conseryation in buildings on huma::zgcqm:o;t. With the intrghsed empha-
sis on energy éox’lserva.tiqn practices in existing buildings ‘as well as new bui]fding desfgns
tHat emphasize energy conservation, you, our leading sc;fentists, engineers, government of-
ficials, architects, physiclogists, jand manufacturers are faced with the challenge of pro-
_ tecting tHe comfort, health’, and performanée of building users. This symposium, therefore,
. 18 unusyal because we wiil be trying to explore how much we really know about the effects
of interior ;;.hermal environments on people. .
] , .
" We are very fortunate to have with us today some .of the leading experts of the world
in this field,. scientists who have been conducting research in this area for some years.
We have speakers from Denmark, Sweden, and e variety of ggsea.rch institutions in this
country including ‘the John B. Pierce Foundation at Yale University and from Kansas State
University and Penn State Unive’rsit{. We also have representatives from both UsS. Army and
s Navy research organizations who will give us some insight into the ywork they are doing on
heat stress. This work has relevance to the general problem being discussed because’ as we
move further' away from comfort conditions, .we begin to move \into a region of heat or cold
. stress. . S oo ’
, - <. : -\ .
We will also hear about a variety of a.pproa.che§ for obtaining 1!11’91‘”!5‘19“ about }}umgn R
reactions to thermal environmelgts. These include laboratory studies in environmental i
chambers using instrumented human subjects, field studies involving surveys and question-
' naires, mathematical modeling of humans and their enyironments, and a discussion of some * .

v

. types of instruments used. in assessing the quality, of the environments. | .
. . “ -
- We will also take this opportunity to describe some of the work the National Bureau of b
, Standards has beerr doing over the pdst several years in promoting energy conservation in ‘ '
\ the deqign, cénstgucpion, and operation of our nation's buildings. Based, in part, on the -
work done here, dte*is ndy relatively easy to predict how much energy is conserved as a
- result of any one of a n\uber of building design or operation strajegies, Ré‘conmendations"
, made ir thid.area, howeverpNmust consider what effect the' resulting indoor environment has !
., on the building occupants. President Carter's recent request ‘_'90 conseryve energy by keeping
tieripterior temperature of buildings at 18° Celsius“(65°F_)?afﬁr:Lng the day and 13° Celsius \
(55°F)_at night prompts further gonsideration of this impact. The ‘question’ that arises is
. ‘ vwhat do we really know about the short-texrm.and long-term effects of this type of building
.control? This is a big part of the challenge, and we in the National Bureau of.Standards'
Institute for Applied Tethnology and Institute for Basic Standaxrds are pleased to be able
to rise to the challenge by sponsoring today's symposium. . )

v

On ®éhelf' of all of our staff memberss I bid-you welcome and trust that you will’ Tind

the sessions both enjoyable and worthwhile.® . Y s
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THERMAL *COMFORT IN INDOOR ENVIRONMENTS-

. P. 0. Fanger

Laboratory of Heating and Air Conditioning . ' -

*. Technical University of Demmark ' - S
. « DK 2800 Lyngby - Denmark .

. . {

’ .. - ABSTRACT - ' . s
- A review is given of e sting knowledge regarding the conditions for thermal comfort‘ l<i>
for iman, emphasizing researc data obtained &uring recent}, years. . .
. - i

Equations, indices, and diagrams predidbing man's thg;mal sensation, comfort, and
discomfort as a function of aip temperature, mean radignt temperature; air .velocity,
humidity,.clothlng, and activity are discussed., The influence on comfort conditions of
agg, adaptation,’sex, seasonal, and circadian rhythm temperature swings, color, and noise
.are dealt with. The term climate'monotony" is considered.

4
. *

Local discomfort due, to radiant asymmetry, vertical ai#)temperature gradients, and - e

non—uniformity of clothing are discussed.

-
\

New preliminary research data are presented on.limits for draft and.on comfort limits

for floor temperatures, ° ~ . , .
N .
. Fyture research needs are identified. . . )

’ WORDS s T -
ThermaLacomfort - human comfort - thermal neutrality - thermal\environmemt - indoor .
environment -’indoor climate. ’ " . ) - .
- L. .V vteoucrion '

-
-

In a mbdern industrial society, man spends the greater part of his life indoors. A
large proportion of the population spends 23 out of 24 hours in an artificial climate - at
home,,at the workplace, or during transportation ’ , . . ¢

.During recent decades this has resulted in a growing’ understanding of and interest in
sﬂhdying the influence of indoor climate on pan, thus enabling suitable requirements to be
established which should be aimed at in’ practice. . Sn -

1, s %‘
*, At the same time“an inéreasing number of complaints about unsatisfactory indoor

¢limate suggest thatcman has become more critical regarding the environment to.which he is Yo ,

-subjected. ‘It seems that he is most inclined to complain about the jndoor climate of his .
worRplace (offices, industrial. premfsés, shops, schools, etc.) where he is compelled to
spend his' time in environments whichwhe himself can control only to_a very limited degree

e Field stugdies indicate that in practice many of these complaints can be traced to, an
unsatisfactory -thermal environment . . . "

T About one fhird of the world's energy consumption is used to provide thermal comfort
for man. It is no wonder, therefore, that efforts towards energy conservation in recent
years have led to an increaded interest in man's cqmfort cohditions in order to assess the
Juman response to different conservation strategies, (l 2,3,4) ‘ ° .

3 In thié-paper &he conditions for man 's thermal comfort will be discussed, as well aS°

the thermal.environments which should be aimed at and the methods Which should. be etployed v

e in practice &0 evaluate a given thetmal environment. . .
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s, ’ DEFINITION OF COMFORT - ¢ '
* - « . . [

In agreement with ASHRAE'BL Standard 55-74 (5), thermal comfort for a person is here
defined.as "that condition of mind which expressed satisfaction %ith the thermal environ-
ment." This means that he feels thermally neutral~for the body as a whole, i.e., he does
not know whether he would 'prefer a higher or lower ambient temperature level. Further-

PR more, it is a“reqyirement that there 1s no local warm or cold discomfort at any part of
. the l}uman body, e due tq asymmetric radiationm, draft, warm or cqld f1'00r§_, vertical
- température gradients, non-uniform clothing, etc.
G ., » A
- . N ®. .
/ People are not.alike, thermally or otherwise. If a group of people is exposed to the

w~Same room climate, it will, therefore, normally not be possible, due to biological variance,”

to satisfyseveryone at th% same time. One must aim at creating optimal thermal comfért -

4 fox.ghe group, Ive., a condition in which the highest Possible percex{tage of the group are
thelgm\lly ‘comfortable., ’ - : ) i

. .
. N

4" * *

'COMFORT PARAMETERS .
What is required in practice is that the comfort conditions are expressed in con~-
trollable factors, namely, the following four main environmental parameters:

. 1. Mean air temperature around the human body.  .» T
. 2. Mean radiant temperature in relation to the body. ! >
3. Mean air velocity around the body. . !
4, Water vapor pressure in ambient air. N - D .
. . . R _
: Besides "the.environmental factors,' man's cogfort is alse influenced by tHe following two
factorsy ] : v )
b i ‘ - : ¢ ! o
° §.  Activity level: (Internal heat production.in the body).

6. Thermal resistance of clothing. . o .

1

. . As’ suggeé:ted by Gagge et al (6), activity is often expressed in met-units’ (1 met = 58
\ " W/m? corresponding to sedentary activitg) and the thermal resistance of the clothing is_
expressed in clo-units (1 élo = 0.135 m® °C/W).
Seppanen et .al (7) have used a thermal manikin 8o measure the cld-value of many
. typlcal garments and Sprague and Munson (8) have suggested formulas from which the tlo-
value of a clothing ensemble can be calculated- when the clo-value of the individual
. garmenhts is known. Madsen (9) has measured olo-values of diffexXent bed clothing with a
thermal danikig. Nishi ét al (10,11) chavg suggested’a simple method by which the clo- -
_ value of a clothing ensémble can be measured while being worn by man, and Azer (12) has
- - suggested a theoretidel model for gstimating clo-values.s The abovementioned cleghing
studies durin'g the 1é\gt couple of years have established quite a compré‘lensive 118t of
clo-values for typical| clothing ensembles. “A similar table of met-values for typical
activities Mas existed\for a long time. The activity and the therhal resistance of the
clothdng can thus be es\:imated weth reasonable accuracy by considering the application of

the room concerned. . - . e
. ‘ < .
. . ‘ s
5 In practice, qugntitative knowiedge is needed as to which combinations of the above-:
-5%4(, mentioned six main variables will lead to thermal neutrality for man., But according to

‘g the definitipn of comfort, it is furthermore requested that there be no local discomfort
4 on the human body. It can, therefore, be necessary te consii_qﬁer also the following factors:
¢ the asymmefry Jf\ the radiant environment, the fluctuations of" the air velocity, the vgftical ¢

¥

i air erat sradient,#the floor Pemperature (and material). . -,
. - i
ST * ' PHYSIOLOGICAL COMFORT CONDITIONS : - -

[

~ +  the purpose oft the human, thermoregulatory system is to maintain a reasonably ;
: ] *deep body, temperature’around 37 °C; a requirement for this is the maintenance of alheat L ¢
T— balance so that the heat lost to the environment is equal to the Heat produced by the
P . body.’ Man possesses the most effective physiological mechanisms for maintaining a heat

. s V4 . .
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y balance. the gensible heat loss can be altered by a variation of the cutaenous blood flow
. e . and thus of the skin temperature, latent heat loss 'can be increased by sweat secretion,
and internal heat production can be increased by shivering or muscle tens‘Pn.
N T ’ “

These mechan%sms are extremely effective and ensure tbat the heat balance can be

is, however, .far from’ being a sufficient condition for therpal ‘comfort. Within the wide
. 7 1limits of the. environmental variables for which héat balance can be maintained there ‘is
; - only a narrow’interval which will create thermal comfort, _ T

- (Y

.
S It has long been knowh that man's thermalysensation is related to the state .of his
) thermoregulatory sydtem, the degree of discomfort being greater the heavier the®load on
\‘h; the effector mechanism. Experiments by Yaglou (13) in the 1920's indicated, a cortelation
between the skin temperature and the sensation of thermal comfort; later and more complete *
studies by Gagge and several otherd (l4,6,15) showed a correlation between thermal .sensa-
tion and skin temperature, independent of whether the subjects were nude or clothed.
- Therefore, it was ‘generally accepted for a’long time ‘that the physiological conditions for
. comfort were that a person had a mean skin temperature of 33-34 °C and that sweatijg (or:
‘5 .shivéring) did not occur.» This was later confirmed in experiments’by Fanger for sedentary
subjects. At attivities higher than sedentary ghes, man prefers a lTower mean skdn temper-
ature and prefers to sweat (16,17). By setting up a heat balance equation for' the human
body, Fanger then used the comfort values of skin temperdture and sweat secretion (both as
a, function of the metabolic rate) to derive his comfort equation 6). - -

Gagge et al (18, 19 20) found that_cold discomfort is related to skin temperature ,
‘while warm discomfort is more closely. related to the;wettedness of the gkin, defined as
the relation bgtween the actual evaporation from the skin and the maximum possible evapora- °
tion .from a completely wet skin. Gagge later used these observations in his derjvation of
,the New Effective Temperature Scale (ET*). . . c
. ) . -
‘, Although the skin temperature is important for comfort during seeady state (or quasi
- steady state) conditions, it is obvious that the thermal senscfs ig the skin do not in’
themselves determine the sengation of comfort. This is dpparent just from the fact that
the skin temperature during comfort decreased with increasing activity.. Furtlermore,
transient experiments by Gagge et al (18,19) show that subjects, when transferred from a ’
¢old or 4 warm to a neutral environment, felt immediately comfortable although their, skin
s S temperature was far from the steady state Tevel considered comfortable. This indicates-

tion. . Lt ,
-~ ' - L ]
A3

- . 0ther transient experiments-by Cabanac (21, 22) and by Hardy f23) with subjects immersed
‘ “in a water bath indicate that’ an interaction of internal ‘and skin temperature might be
important .in evoking dlscomfort , ‘ -

‘.
Y L
. .

As yet, we have not reached a full understanding of ;he physiological factors deter-
i
research aimed at establishing these factors.and their duantitative influence on man's
subjective sensations will not only be of sciemtlific significance but will blso provide a
better foundation on which to evaluate thermal environments in practice.

< ‘~
« . . . . NS o N

B , - ENVIRONMENTAL COMFORT CONDITIONS ° ’ o
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fWhen, in practice, artificial climates are to be created whicﬁ”will provide thermal
L comfort for mgn, it is, of course, insufficient merely . to have soge knowledge of the’ -
physiological comfort conditions. What is necegsdry is a detailed quantitative knowledge
of those gombinations of the environmental varigbles which will provide thermal tomfort.

if\\ " . Such information exists today due'to a compfehensive experiﬂ@ntal regearch effort

. s during the last decade, especially at Kansas State University (KSU) and Pierce Foundation
! Laboratory in the U.S., at the Electricity Couricil Research Center in England, and at the
. Technical Upivergity of Denmark. Besides these laboratories, which have advanced experi-
s . mental fscilities at their diéposal eVefal Jther research groups have performed comfort

4@ studies 4n the ffeld. . 6 - ~: " I

~ - .
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* maintained within wide 1limits of the environmental variables.’ -Maintenance of heat ﬂalance »

. that the rate of change of&the gkin temperature is also important for the thermal sehsa- - \r

' mining man's thermal sensationd and Ris sensation of comfort and discomfort.’ Future, 2 -
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Fanger (lGT\derived in 1967, based on experimentally determined physiological -comfort

criteria and heat transfer thepry, the comfort equation, which.determines all combinations

‘ . of the six main parameters which will provide thermal neutrality for man, and the equation

wjs depicted in 28 comfort diagrams, applicable in’practice. Subsequently, he“derived the.
(Predicted Mean Vote) and the PPD (Predicted Percentage of Dissatigfied) indices which
predict the degree of digcomfort and the percent of people who will experience discomfort

~
. [

Nevins,,Rohles, McNall and their co-workers at KSU used a more emperical | methdd where
they. related the subjective response of their subjects directly to the environmental
] parameters to which they were exposed, without taking any physiglogidal measurements.
.~ + ' Thefr ,classical experiment comprised 1600 sedentary subjects clo | at 0.6 clo who were
exposed to Hiffetrent combinations of ambient temperature and humidity and they derived .
regression equations from which the mean yote could be predicted as a function of temper- )
ature and humidity (25,26,27). They later used the same methed to study the effect of
activity (17), clothing (28), mean radiant temperature (29) and velocity (30). The .
results showed an excellent agreement with Fanger's comfort eguation. -
"~ ’ N ' . <
é? . Gagge, Stolwijk, Nishi amd Gonzalez (31,32,33,34) éestablished the Ney' Effective ‘
. Temperature Scale (ET*) which is a rationally derived thermal index based on physiological
criteria for discomfort (skin temperature and wettedness) and heat transfer theory. ,The ‘
New Effective Temperature (ET*) is defined as the Xemperature of an imaginary uniform
! eficlosure with 50% relative humidity at which man would feel the same level of warmth,

acceptability, or coolneds as’ he would in the actual envirénment. - * _:::}

L
J -

Lines of equal ET* were depicted in a psychrometric diagram for lightly clothes
sedentary or slightly'active persons at low air velocity, amd regions for different
degrees of discomfort and for heat tolerance were identified ‘in the diagram. A graphical
method for the construction of diagrams for other, activities, ¢lothings, and velocities -
was recommended (35). They introduced latetr the Standard Effective Temperature (SET%*)

. defined as the temperature of an imaginary uniform enclosure with 50% relative humidity

and still air, in which sedentary man in standard clothing (0.6 clo) would feel the game -

-~

“Tevel of warmth, acceptability, or coolness as he would (while sedentary) in the actual
environment and™with the actual clothing worn.

5 The SET* thus combines clothing and’ the four envirohmentgl factors into one index '
from which man's thermal sensation and discomfort can be evaluated at aegiven activity .
level, Diagrams showing SET* as a function of ambient temperature for humidities, air
velocities, clothings, and activities typical in normal offices during winter, and summer
> have recently been published (36).. . . _ ) .
Griffiths and McIntyre stidied the relative influence of air temperature and mean
radiant temperature (37) on manfs thermal .sensation based, 6n subjective votes and they
used a similar method to SQudj ‘the influence of humidity (38) and clothing (39 40)
£ - &
- A comparison of the results of the above—mentioned studies show remarkably good
. agreement. It geems fair, therefore, to state that we today have the necessdry information
to identify all the combinations of the six main parameters which most likely will provide’
. optimal thermal comfort (neutrality) for a large group .of people. We are, furthermore,
c- ab e to predict the thgrmal sengation or the degree of discomfort for any other combination'
- ) the parameters. ., g . PR . -
s r ) . # .
T This applies to<%teady Btate conditiens or when the environmental variables are
. . changing slowly. (41,42)% For sudden or quick changes of the variables,.uere studies will

be needed in the ‘future. * .t
. P [ %
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Fy o oo - INDIVIDUAL DIFFERENCES * ¢ .
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o " Evaryone is not alike. How then is it- possible, from an equation, to specify one
particular temperature which will provide comfort? The answer is'that this’ temperature
does not necessardly satisfy everyone. It gives, however, combinations of the variables
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f *  for any combinatinn of the. six comfort parameters measured in practice (24). . d

. L

which will provide comfort for the greatest number of people. This is exaptly what should“
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be aimed at when a large group of people are.together in' the same "room climate (optimal *
comfort for the group). - .

-It has‘been found from experiments involving 1300 subjects that the best resulg
attainable is 5% dissatisfied (Fanger, (24)). Any deviation from this condition will
“result in an increase in the percentage of dissatisfied.

. The individual differences can also be described by the standard deviation of®the
preferred temperature defined as that ambient temperature at which a person does not know
whether he would prefer a warmer’or a copler environment. The preferred. temperature for a
given person can be determined in a Climatic chamber by changing the temperature according
to_the wishes of the subject (43,44). Fanger and Langkilde found the standard deviation

-*for-sedentary, lightly clothed aubjects to be 1.2 °C (45)

a
.

e - . VARIABILITY IN MAN'S COMFORT CONDITIONS FROM DAY TO DAY

.

How rep;!gug}ble are the comfort conditions foy the individual’ Is not the subjective
thermal sensafdon so, uncertain that large.Vvariations in comfort requirements carf he &xpec-
ted from day to day?’ This has recently been investigated by determining the preferred
ambient temperature for each subjgct under identical conditions on four different days
(Fanger (46)) A standard deviation of only 0.6 °C was found.

. It is concluded that the conmfort donditiong for the individual can be reproduced a
will vary only slightly from day to day. -
. 4
AGE
{7 ..
It has often been claimed that due to-theWact that metabolism decreases slightly
. with age, the romfort conditiong askd experiments with young and healthly subjects
cannot be used as a matter 9f colirse fooenther age groups. Studfes by Fanger (24),
Rohles and Johnson (47), and Grififiths and McIntyre (48) with the young and the elderly
,showed, however, no differenge in,the comfort conditions for the different age groups.
The lower.metabolism in elderly people seems to be compensated by a lower evaporative
_loss, ! o
"\ > . -
¢« It dhould b kept in mind that the eXperiments were performed at the same standardized
ce activity Qevel fdt young and elderly subjects. In certain cases in practice, ‘e.g. homes
. for the aged, théfactivity level will often be quite lo#, and there will thus be a natugal
téndency to prrfer a higher temperature. . . -
, - . i

‘ o m . ‘

. it is widely believed that, by exposure to hot or cold surroundings, people can
.ac¢limatize themselves so that they prefer other thermal environments, and that the comfort
conditions vary in different parts of the world _depending on the outdoor climate at the
relthnt place. i . =<, .

Comparison between” results !; identical experiments in the U.S. and in Denmark showed
no difference between the comfort conditions®for Europeans and Americans (24). In other
Danish comfort experiments, people who daily had been exposed to cold by.working in the

" meat-packing, industry of who were winter-swimmers were not found to prefer indoor tempera-
tures lower than that preferred by other people (49,50). . . -

s -
* 1 People from tropical countries were also tested 1n Copenkagen shortly after th!igﬁ »
arnival by air, and they were found-to’prefer a temperature only abqut 1 °C highér’tff
that preferred by Europeans (51). A small difference was found also between Melanese and
Austrélian subjects jn a ‘comprehensive field ‘study in Papua by_Ballantyne et al (52).“
Humphreya (53) found in an interesting comparative analysis of more thar, thirty field .
studies throughout the world that people from the tropics voted comfortable.at temperatures
higher than would be predicted. from the comfort equation. ' McIntyre and Griffiths (54)
disauss this result and suggest that the subjective scale applied might influence the
result; dwellers in hot climates may prefer a lower temperature than the one they describe
as, comf&tabie. * ’ 1 5 g
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“at ‘temperature swings.
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In conclusion, it seems fair to Btatevtbét the effect of adaptation (if it ex%sfs) is -
quite,small and that. the comfort criteria established in climate chamber studies in Edrope

¥ -

world. - °

The climate chamber studies of Kansas State University (25,26,27).a:Zg7f the Technidhl |

and the U.S. can be applied with good approximation throughout the

. « - MEN AND WOMEN

’ :

University of Denmark (24,45) showed no significamt differences between th¢ comfort
conditions for men and women. Women's skin temperature and evaporative heat loss are
slightly lower than those for men, and this balances the slightly lower metabolism,of - ’
women (43,45). But in practice women may tend to wear less clothing and be slightly more :
sensitive to cold (Gagge and ¥evins (2)). ) -

‘. SEASONAL AND CIRCADIAN RHYTHM )

-

As adaptation seems té have only a minor effect on man's thermal preference,‘;here is

no reason to expect major differences between comfort conditions in winter and in Summer.

Teds was confirged by a KSU study where results of 'winter and summer experiménts showed no

difference (McNall et al (55), while McIntyre and Gonzalez (40) found a slightly higher

preferrgd temperature late in the summer than early in the summer. Although the comfort

conditions seem to he-gonsfant or vary little with season, it should be kept in mind that

the clo-value is us@all3NYower during the summer, resulting in a higher preferred temper- .

ature. ) ’ )

N, o . s .

On the ofher hand, it is reasonable to expect the comfort conditioms to alter during |
a% the internal body temperature has a daily rhythm, a maxim<occurring late in

the afternood and a minimum early in the morning. We have, recently investigated this

experimentally by comparing the preferred temperature for subjects in the morning and in

the evening (56), during a normal 8-hour gsimulated working day (57), and during the night

(shiftwork) (58). No significant difference was found in the ambient temperature preferred

du}ing a 24-hour period, provided that the activity, clothing and the other environmental

parameters yere the same. ‘ N

=

— M }

. , . .
CLIMATE MONOTONY ‘

~ It has sometimes been claimed that a constant thermal environment is not ideal as it ,
produces so-called climate mondtgny - increased fatigue, lower arousal, lower performance, N
etc. But such claims have not so far been supported by .experimental -evidence.

We have performed a’preliminary study of thig problem by exposing subjects to temper-
ature swings of varying amplitudes and frequencies around the comfort level (Wyon et'al
(59)). At the same time, their thermal sensations, mental performance, and beltavior were
studied ¢* Slight positive, effects on performance were observed but onfy with large temper-
ature swings which were felt to be definitely uncomfortable. McIntyre (60) studied the
;effect of quick swings of the mean radiant temperature, but the subjects disliked ;hqfﬁ

swings, More comprehensive studigs are needed. Until thenm; I would not- recommend, aiming
. N . -~

5
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. COLOR_AND NOISE -~

«

During the energy crisis, the idea was put forward that by using ''warm" colors (red
and- yellow) on walls or by the use of reddish lighting, .a-psychological feeling of heat
could be conveyed to people, 8o that thermal ,copfort could possibly be maintained at lower
ambient temperatures, Similarly, in summer "cold" color's should be aimed at, or blue
lighting used. Some people have. éven spoken of "color conditioning" rooms instead of air
conditioning them. . ' - e T

>
& t

. - : : : »
Unfortunately, no energy saving seems to be involved.in such measures. Fanger,
et al (61) studied subjects in rooms with extreme blue or red lighting but found practical-

ly no difference in the temperature preferred. Neither ddd the noise Jevel (white noise,

40-85 dB(4)) have any psychological effect on man's thermal comfort. . .
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‘LOCAL THERMAL DISCOMFORT ON THE BODY °

w

. ‘Although a’ person may feel thermally neutral for the body in general,-i.e,, he would
prefer neither a warmer nor a coglér eﬁvironment, he might not be in thermal . comfort if
{one part of the body 1s warm and another, is cold. . . B
\ . ; . '

\ This might be caused by an asymmetric radiant field, a 1oc§iAgonvectiye cooling of
“R}le» body (draft¥7 by contact with a warm or cool floor, by a vertical air temperature,

gradient, or by non-uniformity of the ¢lothing. Besides the comfort conditions for the -
_bady” in general, it is, therefore, esséntial to establishtlimitb-fbg how qen—uniform the

he‘; Yoss from*the ‘body can,be withoat ewoking discomforti o~
\ A %

~
W

. \,
- ~4 E3
‘ASYyy;ggis RADIATION ~
\;imits for asymmetric radiation were regégtly studied experimentally by Olesen et al
(62)." \The follgsing formula for est@mﬁting the limits of acceptable temperature differ-
ences of a local radiant source for sedentary pergeng in thermally.neutral environments
with 8till air was recommended: A . -

A

. o224 - 1.81c <At F < 3.9+ 1.81c1

1= "W p-w=

[N . ) -+
where I, = clozvalue of clothing . -
-Fp_w’;\anglq factor betwééﬂ.person.and radiant source
& Wi - g

. 1Y 4
A;wf‘h temperature difference (°C) between radiant source

< 4nd mean radiant temperature in' relation to the person, '

v

~e T}

This formula is in reasonable agreement with other recent data by McNall and Biddison (63)
‘N

and by McIntyre and Griffiths’ (54). . ‘ "

a

|

' . \IK)RAFT

Draft qk defined as an\inwanted local tonvective cooling of the body. It is perhaps
the most ¢ommon reason for complainte in ventilated spaces, As mentioned earlier, the:
méan air velodity *around thé body influences the ambient temperature necessary for thermal
neutrality for the body as a whole (64,44,65,30). However, in spite of thermal neutrality,
local, veldcities can provide an ugganted cooling (= draft) of sbme parts of the body; the
neck and' the ankles. geem to be the most sensitive parts of normally clothed persons.
Unfortunately, very few experimental results om this subject have been published. 3

. * However, extensive studies (yet.unpublished) on this problem have been performed at ,
§ the Technical University of Denmark during the last couple of years. More than one hundred
acollege-age students have been involved in experiments”where subjects were exposed at the
neck and the ankle to fluctuating and uniform air flows with different mean velocities,
‘with different amplitudes” and frequencies of the fluctuating velocity, and with different ®
air temperatures. Based on the subjective reactions of the subjects, it has been possible
to establish'a mathematical model which pteditts the percentage of uncomfortable persons °

: {due to draft) as,a function of the above-pentioned factors. .
. > .

»

"As examples of the preliminary resulte, the diagrams in Fﬁ%s. 1 and 2 are shown. For
two different frequencies and amplitudes (expressed as Fhe relationship between maximum
and mean velocity), the diagrams show the mean velocity which at different air temperatures
would' create draft discomfort among 5, 10, 20, and 30% of the occupants. . ’

. . P * AN .

' The diagrams show that much higher mean Velocities are acceptable when ‘the véloeity® .
is uniform than when it is fluctuating. They show, furthermore, that frequencies around =
'0.33 Hz are more uncomfortable than frequencies around -0.05. Preliminary analyses of .
velocity fluctuations in a number of real spaces indicate, however, that the characteristic.

: frequencies are-closer to the conditions given in Fig. 1 (0.05 Hz). “-

’ : Co 1Y

»
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Figure 1. Mean air velocities (as a .funZtiop of air temperature) which are
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FLOOR TEMPERATURE

¢

Due to the direct contact between the feet and the floor, \local discomfort of the
feet can often be caused by a too high or too low floor temperatyre. Studies on comfort
limits for floor temperatures have recently been performed at the\Technical University of
Denmark by Olesen (66), who found the following main results. -

, gymnasiums, dressing /

For floors occupied by people with bare feet (in swimﬁing hall
rooms, Bathrooms, bedroomsy etc.), the flooring material is ortant), Based on the
results of experiments comprising 16 subjects and based on hea trans¥~r theory, Olesen

¢ _ found the optimal temperat s and recommended temperature intenvals, given in' Table 1, .//
for a number of typical f1l ng materials. For 10 minutes occupgncy, ajoyt 10% of
people can be expected.to e&p jence discomfort at .the optimal flogr tempkrature while
/ fewer than 15% can be expected %o be uncomfortable within the reco ended températur
» interval. ! :

Q

N }
For floors occupied by people\with footwear (normal indoor footwe ooring
material is without significance. esen found, based on his own exper nd a re-
analysis of the results of Nevins et \al (25,68,69), an optimal temperatu 25 °C for
. o sedentary and 23 °C for standing or alking persons. At the optimal tempRrature, 6% of
’ the occupants felt warm or cold discomfort at the feet. If one accepts
fortable, the floor temperature should be within the interval 22-30 °C for s
- 20-28 °C for standing or walking .persons. ///

entary ind

. .- . VERTICAL AIR TEMPERATURE GRADIENTS: ./
.- \ i . .
In tost spaces in buildings, the air temperature is not constant from the floor to |

-the ceiling; it normally increases with the height above the/floOr. If this gradient is -
gufficiently large] local warm discomfort cat.occur at the head, and/or cold discomfort v
can occur at the feet, although the body as a’whole is thermally neutral. Little infor-

mation on this'subject has been published but preliminayy results from studies at the
_ Technical University of Denmark by Schéler (70), and results by McNair (71) and Eriksson
(72) indicate that the risk of local discomfort is ne@ligible provided that the air temper— .

ature difference between head and feet level is,less than 2-3 °C, .

L)

. ;
. ¢ NON-UNIFORMITY OF AHE cw&m«c

°

'

. - The clo-value is an expression féi the mean thermalgresistance of a clothing ensemble .
over the entire body.s But if the c1oqhing,is very non-uniformly Qistributed over the

- body, it is likely that local warm and cold discomfort can occur at different parts of the
skin, although the body as a whole is thermally neutral. No systematical studies of this
phenomenon, have been performed, but McIntyre and Griffiths (73) found that although the
general thermal sensation of sedent subjects at 15 and 19 °C was altered when they put

on an extra sweater, this did not decrease the local cold discomfort on the hands and

feet. ; : .

- ’ / FUTURE RESEARCH NEEDS . ‘

.

.

Conclusive new evidenéé has come¢ to light on man's comfort conditions as a result of

. extensive research carrigd out during recent years. This knowledge is quantified so that
- s it is directly applicable in practice. However, several problems still exist which demand
our efforts in this field of research in the future.> . 4 . R
» - J/ . ) .
- *It is partly,a matter of establishing comfort conditions during transients (including
temperature. and humidity fluctuations and suddenechanges, for instance, when a person-
?, noves from outdoors to indoors). Ine.this.conrection, it would be appropriate,to perform
., more fpndame2tal studies_to clarify the correlation between man's thermal sehggtion and
- copfoft ané/ he function of his thermoregulatory system. ’ - .,
.t v - 1
Coqfért studies on children are needed to investigate whether the comfort conditions
for adylts apply also to this age group. '
o ' , . -
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P Infpr“;natiOn on the effect of t&e thermal: engirot}merﬁ:a’ons sleep quality is required.
-, The establishment of.optimal fhermal cénditions for gleep is of practical significance’ for
- . ‘the planning and operating of hBating and.air=c ngdit:io'iling systems, e.g., for hotels &nd
‘e hospitals, ) —_— . A 4 D ce T . e B ) .
ae — ~ Sl :
. More|studies -are néeded«on the thermal gtoperties of ‘¢lothing .ensembleg, on the .
.. effect of \nod-uniform clothing, and on the cgnnectio bgt:ween:clot:hing habés ‘and behav- ~
T ioral tempefature xegulation. ./f,en e e "': ) .
By oy e . \ . - 1y ,{_' oo
»  Developmént of new_l?ght:-tleight: clething ensembles with <%ily“adjustable clo-value, -
high pemeqbility for transfer of water vapori and accepgable onpeopﬁ séems required. .
. Development| of therpally rationally designed uniformg, for, difg%sy\ typical ifidustrial .
% jobs requires special attention. ’ ] RN -; - - )
d AN . . . . . ..
Ipformz%t:ion on the acceptability of ‘spo't: heating and §o g’ in ‘industry are required.
Possibilities of ind{vidua‘l heating or -cooling of ‘the' body “sh&¥1ld be ‘considere\d.'
. - 8 .
. "- A study should be made on how people ¢valuate thesxgpal Y{i;;ca‘fiort: compared to other - .
types of discomfort in a building (visual, acoustical, ¥8%.).% suh information could be .
useful for building designers when .deciding howgiven resources fshould b€ spent optimally
to minimize the "total" experience of discomfort in a building. . :
| . . v o
It would bé uséful to investigate whether people f:lbnd,(:iny of thHe cembinationg of the
environmental parameters which provide comfort preferablégto stier - combinations (“'positive"’
comfort?). et g < .
- y . - %L . . ,
» P », ¢ . .
~ Furthermore, studies are needed on whether t:he’rmafly“@omfortable environments also
are optimal for human performance, productivity, ledrning, and health, The fnf,luence on
these factors of slight warm and cold discomfort also r\e;qui_.res ferther investigation. !
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THE USE OF MODELING HUMAN RESPONSE . N
IN THE ANALYSIS OF THERMAL COMFORT OF INDOOR ENVIRONMENTS

. N. Z. Azer and S. Hsu -7
Department of ‘Mechanical Emgineering
Kansas State University . )
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ABSTRACT . . . . . ©

Modeling, the thermoregulatory system is used "in evaluating the threshold WBGT Values
of OSHA Heat Stress Standards. It is shown that physiological‘reacf&dns above or within
the'tdieran?% 1imits can be experienged during exposure to environments having .the same
threshold WBGT Values, particularly at heavy work loads. Also, the ‘'use of modeling human
subjectivg reactions in planning energy cohservation strategies in buildings is also dis-
cussed .~ . ' L ) é
* ‘ N ’ e ’ ', ¢
Key Words: OSHA Standards; WBGT; core temperature; modelingp thermal gensation; energy
consgrvation :
INTRODICTION o “ .

4 ¢ - e

OSHA Heat Stress Standards [1] were developed in an attempt to establish work condi-
tions which would insure that workers' deep body temperature would not exceed 38°C (100.4°F). .-
The 38°C limit was based on the recommendations of a panel of ‘'experts of the World Health

. Organization (WHO) [2]. The Standards consider the Wet 'Bulb Globe Temperature (WBGT) Index

a

’.by“OSﬁA Standards, 18 ¥ime consuming and expensive. In ‘addition, nowhere in the Standards

L

as the most suitable index to specify the work envifonment. In these Standards, threshold v
WBGT valués, for three different wark loads and two different air velocity xanges, were o 2z
recommended. Aiso recommended were certain work practices,\whlgg emphasized the need for
acclimating the workers, and‘adopting work-rest regigﬁns to redpce peaks of ﬁhysiological

strain in order to .improve recovery during rest periods. The WBGT Index was chosen to. -
identify the envirdjiment because it is gimple as far as qeasurements'needed for its determ-
ifnation. It also-¥onsolidates into a single value the four eny;ronmenpat factorsy namely, .

the dry bulb temperature Tdp, the relative humidity RH or vapor pressiire; the mean radiant
tepperature Tmr, and the air velocity.V. For.indoor “environments with'no solar load &

¢ . . . -
b * - g B e
WBGT = 0.7 T+ 0.3 T, . . - L e e

shere , v ) . .

* - -

T = natural wet bulb temperaturé obtained with a wetted sensor exposed to the
natural air movement - to. v, .
PRI . -~ > S
T = temperature at the“center of a 6 inch (15cm) diameter-hollow copper sphere,
painted on the outgide with a matte black finish (globe temperature) B
One aspect which makes the WBGT-Index attractive is the fact that the agr.veiocity need.
not be measured, since its value,is reflected in the measurement of the natural wet bulb
temperature Tﬁw' . o ' i . .
. ' : ¢ - ! v, .
One of the deficiencies in the WBGT index is tﬁe'fact that the.natural wet bulb :
temperature is not a thermodynamic property. As a result, different combinations of -en- °* "
vironmental parameters could have. the same WBGT. Undoubtedly, when man is exposed to '
different combinations of environmental factors, having tHe= same WBGT, he experiences
different physiolggical reactions. Therefore, the experimental evaluation of all possible (
combinations of environmental ﬁérameters, having the dame threshold WBGT values, recommended

was the planning of the work-rest regimens spécified. It is a fact also, that thé dura— -~
tions of the work and rest periods deperid on the‘work load, clothing, and the work envirdn-
ment. The first objective of' the present paper is to“show how modeling of the thermo- -
regulatory system can be used in evaluating the validity of using the WBGT as & heat stress » oL
index, and in the  planning of -the work-rest regimen for any work load and environmenf.

. | . %goh\ s, .13.1313 L :r'h ) " M 1
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During the past fifty years, extensive’stu@ies were conducted to determine man's
physiological and subjective reactions when exposed to different combination of environ-
mental paraméters, clothing, and activity VYevels. Most of the efforts in this.area were -~
primarily experimental. One of the major contributions of such studies wag_the identifi-
cation of generally acceptable thermal eonditions for comfort for slightly active, healthy, -
normally clothed subjects when the air movement is less than 0.2 m/s (40 fpm); These
studies were' condueted without any regard to energy cénservation. Because of the current
drive towards energy-conservation, new aspects §f indoor thermal environments need to be
explored. For example, one needs to consider the possible "trade-off" between clothing. in-
sulation value and the different environmental factors which can allow iowering the
thermostatic setting in winter, and raising it during the summer. The experimental evalu-
. ~N;g;t}on of all possible combinatigns of factors involved, and the identification of the

"z optimum combinatijn of these factors, which can result.in energy conservation while provid-

ing a reasonable degree of comfort, is also time consuming and expensive. ,The alternative
approach is the use & modeling of the human responses, to specifit environmgnts, to provide

this' needed information. This is the second objective of the present paper.

‘e

ASSESSMENT OF THE WBGT INDEX ° ' ~

HI o
ﬁ "~ = Yable 1 lists the recommended threshold WBGT values of OSHA Standards T1}. To assess
W .ghé lidity of' the WBGT index by the use of modeling the thermoregulatory system, one*

v

i needs Bo identify diffgfent combinations~of environmental parameters having the same
ié threshold WBGT values. - .
& § ok > .
- TABLE 1: RECOMMENDED THRESHOLD WBGT VALUES OF OSHA STANDARDS
3 ~ 13 B * . .. »
Work Load - . . Threshold WBGT Valtes ‘
L B .
, - Air Velocity < 300 fpm, (1.5 mw/s) Air Velocity 2 300 fpm (1.5 m/s)
. -Light (200 kcal/hr ) oo
or below) 86°F (30.0°C) 90°F (32.2°C)
* Moderate (201 to N ' =
300 kcal/hr) . 82°F (27.8%C) 87°F (30.6°C)
Heavy (above . e
*300 kcal/hr) ~ . 79°F (26.1°C) nd 84°F (28.9°C) \;
af N

Determination of the” WBGT in Terms of the Environmental Factors
] . - - , ‘ ! *
The instruments required for determining the WBGT.Index, for an indoor environment, are
’~ - the natural wet bulb dnd globe ‘thermometers. If both ‘thermoiieters are placed in-an envir-
ofiment having certain Tdb, Tpr, RH or vapor pressure, and V, and if both thermometers reach
equilibrium with the environment,-one can wiite two equations which govern the heat and*
mdss transfer bf both thermometers. The governing equations can then be solved using an

5

iterative procedure to yield the natural wet bulb and globe temperatures Tpy and T, respec~

tively, from which the corresponding WBGT ¢an be calculéted. Following this proce ure, a
summary of which is given,in Appendix A, lines of constant threshold WBGT values, of Table
1, were generated and plotted of the psychrometric charts in Figs. (1), %2), and (3). In
Fig. (1), the threshold’ values are ploted for the case Tdb = Tpy at two velocities. 1In
Fig. (2), the threshold valués arggplotted for the case Tpy = Tgp + 30°F..(16.6°C), also at

~ two different velocities, while in Fig. (3) the WBGT lines were plotted ‘for Tor = Tdp, and

" Tmr = Tdp + 30°F (16.6°C) at a velocity 400 fpm (2 m/s). Vallies of Tpr and V were arbi- ®
trarily selected. Different constant WBGT lines can result for different values of Tpr and'
V. The question arises at this point as to how would one feact physiologically when, exposed
to,all possible different combinations of environmental factors, having the same threshold
WBGT values? .It is quite obvious that the determination of these physiological reactions
exptrimentally in ‘a climatic chamber is a tremendous if not. an impossible task. A more
direct approach is through modeling pof the thermoregulatory system. -- -
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Modeling of the Thermoregulatory System . . .
— ’/ Pl T - ’ . ) : C
. Interest hag,dévelqped'during the past fifteen years by engineers in applying the
principles of control theory to the regilation of body temperature. As a result, Several
, thermoregulatory models were developed (3,4,5,6,7,8,9]. n all these models, the human body
) is divided into a number of geometrical segments, and each segment into a number of layers
or compartménts. Pagsive state equations for thermal balance, due to blood flow between the:
various compartment¥, and energy exchange between the skin surface and the environment are
developed on the basis of known thermal and circulatory characteristi¢s. of the human body.
Control signals based on set-point temperatures fn the skin, core, and muscle are introduced
into the passive state equations to form a regulatory model for predicting chgngeé in body
temﬁérature after exposure to any combination of environmental variables, clothing, and ac-
tivity. < L0 o -

N
In 1971, Gagge.et al. [5] developed a two-node thérmoregulatory;nodel. In the present
i paper, a modified form [10] of the two-node thermoregulatory model was. adopted. A summary
A ‘of the passive state‘equations and the control function of this model is given in Appendix
‘o B. A computer program was developed to integrate the passive state equations of .the model.
The ifiput paraméters to’the program were the four environmental factors (Tdp, Tmr, RH, and
V), the ¢lothing insulation value, and the metabdlic heat produ€tion rate M which is a
fgnctibn of the work load. The output of the program gives the physiological reactions, -
- namely, the core and skip_temperatures, and the sweat rate or skin wettedness. -
To assess the WBGT Index, difggreﬁt combinations of environmental factors having the
same threshold WBGT values listed in Table 1 were selected, from Figg. (1), (2), and (3),

together with their recommended work loads, and a clothing insulation value 0.60 clo. These
were ugsed ag input parameters to the thermoregulatory model computer program to predict the
N phygidlpgiqal reactions aftér two hours exposure. The results, are summarized it Tables 2,
. 3, and 4. ‘The first column in each table lists the work load. The 'second column lists the
‘ . . — 29¢ - . e
: '\‘l ‘ y , o - ZJ )
&'.EMC . . a " . N -
P racr i e J . . . _— ) ..o
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Lo - recommended threshold WBGT Index corresponding to each load. The following three columns

o 1ist the environmental parameters having the same WBGT at two different air velocities. The ,
last three columns list the predicted pﬁysiological reactions. Thede are the core tempera-= _
ture Tor, the mean skin .temperature Tski:énd the skin wettedness WSW. Since the heat stress

criteria of-OSHA Standards were developed to insure that the workers' deep body temperature

&

s will be on the core temperature results. Situations where such temperature reached or ex-
ceedefl 38°C are identified by an asterigsk (*) .in the tables. In Table 2, at light work load,
TABLE 2: PHYSIOLOGICAL RESPONSES IN ENVIRONMENTS )
HAVING THE SAME THRESHOLD, WBGT VALUES WHEN

S

* Tcr reached or exceedeg'38°h; k¥ SggiAppendix B for its definition

Ter reached 37.3°C (99.1°V) after two hours exposure in all environments. Tgk ranged be-
T tween 34.2 and 35.5°C. (93.6 and 95.9°F). while the skin wettedness WSW ranged between 0.49
- and 1.0. The higher the_gkin wettedness .the higher is the thermal discomfort, according* to

0 Cagge et al. [11]. At hoderate work load, the 38°C (100.4°F) Tor was reached in the envir-
S ongent with 90% RH and air velocity 25 fpm, while it reached 37.7°C (99.9°F) in the other
e environments. The skin temperature and wettedness were different for all environments. At
2o~ heavy work load, when the air velocity was 0.5 m/d (100 fpm), the core temperature reached
- 38°C (100.4°F). -At air -velocity 0.13 m/s (25 fpm), the core temperature varied between 38.3
and 39.3°C (100.9 and 102.7°F). Akso; the skin temperature and wettedness were different

. . for different environments. Similar observationg can be made on the results.in Table'3,
I ‘which were obtained for the case when Tgy = Tdp + 30°F (16.75€).. Table 4 gives the physio-
o »  logical reagtions at an air velocity 400 fpm (2.0 m/s) when Ty = Tdb, and Tdp+ 30°F .

o

" «- (16.7°C). Although the observations made about thetwo previous ‘tables could algo be made

S50

o "about the results of this table, yet it is significant to poiné out that at.similar work
loads, particularly at the thealy work load, the final core temperatures, for aIl environ-

»

. ’ the significance of air velocity in reducihg the heat stress., ?§#¥$%
: - . s .
Nl

S - . C o - B 2%3 | - L "
ERIC . L X ‘.O \__ |

3 st y S -
; = N o ..

6 L Tpr = ng, Iy = 0.60 clo,
: AFTER TWO HOURS OF EXPOSURE :
: - .
OSHA STANDARDS ~ ENVIRONMENT |PHYSTOLOGICAL RESPONSES
. - T - ’ y * %
. Tab . Y Ter T4 WSV
. Work Load _WEGT | °F °c I "z fpm . m/s °c °c
. 87.8 , 31.8 90 25 0.13 [ 37.3 | 35.1 | 1.00
) 88.0, 31.1 9% .| 100 0.50 ) 37,3 | 34.2 | 0.81
Light 96.6 -35.9 |- 50 25 0.13 | 37.3 | 35.1 | 0.79
-150 keal/hr 86°C 97.2 - 36.2 so | 100, 0.50 | 37.3 | 34.6 | 0.59
‘ (600 Btu/hr) (30.0°c) | 107.0 41.7 20 25 0.13 | 37.3 | 35.5 | 0.65
‘ . 1108.5 42.5 20 100 0.50 | 37.3 | 35.1 | 0.4Q
i - T 83.7 28.7 o0 *| 25 0.13 | 38,0%| 36.1 | 1.00 -
T | 838 . 8.8 90 100 0.50 | 37.7 | 34.2 | 0.96 i
Moderate _ ) 92,0+ . 33.3 50- 25 0.13 | 37.7 | 35.3 | l.00
. 250 kecal/hr - 82°F . 92.8 °  33.8 50 100 0.50 |. 37.7 | 34.6 | 0.75
N (1000 Btu/hr)  (27.8°C) | 101.8 38.8 20 1 25 o0.13 |\37.7 | 35.3 | 0.87
> ‘ ) 103.8 39.9 20 5§ 100 0.50 7.7 | 35.0 | 0.63
. ‘é» = - s - LY : = - - .
. S L 80.7 - 27.1 90 25 0.13 ).3% | 36.9 | 1.00
. T ‘ - 80.8 27.1 90 | 100 0.50 | 3%.0% | 35.0 | 1.00
Heavy 88.8 © -31.6 |, 50 25 0.50, | -38.8% | 36.4 | 1.00
2 350 kcal/hr 79°F 89.3 - 31.8 50 100 0.50 | 38.0% | 34.8°| 0.89
S (1400 Btu/hr) *(26.1°C) 98.2 36.8 20 |- 25" o0.13 | 38.3%| 35.67[ 1.00 *
= - 99.9 37.7 20 100 0.50- | 38.0% | 35.1 | 0.76
-, p . . L <

ments, were lower than their corresponding values at the, lower velocities. This e?phqgizes.

e would not exceed 38°C (100.4°F),.the emphasis in the- discussion of the results in the tablés
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"TABLE 3; PHYSTOLOGICAL RESPONSES IN ENVIRONMENTS

" HAVING THE SAME THRESHOLD WBGT VALUES, WHEN <
. Tmr = Tdp + 30°F (16.7°C), Loy = 0.60 clo, .
. N %FTER TWO HOURS EXPOSURE .
OSHA STANDARDS ENVIRONMENT . PHYSIOQOGICAL RESPONSES
) ‘ . . T Voo T, Toy WSW o
Work Load WBGT . B :
- . RH . M ¢ \
. °F °c Z | fpm m/s °c ® °c
P 80.2 26.8 90 25 0.13 { 37.3 35.3 0.88 !
", 83.1 28.4 90 | 100  0.50 | 37.3 | 34.9 | 0.8 -
Light 86°F 87.9 31.1 50 25 0.1§j5' 37.3 35.7. 0.75 hiad
150 keal/hr (30.0°C) 91.6' 33.1 50 [~ 100 0.50 37.3 35.3 0.57
{600- Btu/hr) ‘ 97.1 T 36.2 20 |.~25 0.13 37.4 |%35.0 0.71
. _102.3 39.17| 20°} 100 0.50 | 37.3 | 35.8 | 0.53
X 76.1 24.5 90 25 .0.13 | 38.0%| ‘3.2 | 1.00
, - 79.0 26.1 90 100 0.50 [ 37.5 35.5 Q.76
Moderate 82°F 83.3 28.5 50 25 0.13 37.8 35.9 1.0 ‘
250 kq?l/hr (27.8°C) 87.0 ., 30.6 50 100 0.50 37.5 35.6 |- 0.6
(1000 Btu/hr) 91.9 33.3 20 25 Q.13 37.7 35.9 {. 0.97
. 97.0 36.1 20 100 .50 37.6° 35.8 0.64
73.0 22.8 90 .25 ,0.13 39.2%| 36.8 1.00 v
77.9 25.5 90 100 0.50 38.1*%| 35.5 1.00
Heavy 79°F . 80.0 26.7 50 25 0.13 38.8% 36.4 1.00 >
350 kcal/hr (26,1°C) 83.7 28.7 50 100 ~ 0.50 38.0%| 35,2 0.86 ,
~ (1400 Bty/hr) 87.7 30.9 20 25‘ 0.13 38.5% 36.0, 1.00
R 17 "93.0 33.9 20 | 100 0.50 | 38.0%] 35.5 | 0.78 : ’
3 - N ! -
* T _ reached or exceeded 38°C : - : : g
. ver Ss - . r
At this point one can argue the acédracy of the thermoregulatoty model in predicting the . °
physiological‘reactions. Irregspective of the accuracy of the predictions, the fact that
different combinations of énvironmental factors, having the same threshold WBGT values of LR “

actions could vary between tolerable and infblerab;e limits depending on thetwork load, the N
air velocity aﬁﬂiits relative humidity: as well:as the mean ra@iant temperature. Such obser-
vations poidt clbarly to a major deficiency }h the WBGT if adopted as a heat stress index.

~ ~ . r

OSHA Standards, can result in different physiological reactions, is 8till valid. These re-

Gagge and Nishi [12] pointed out/the fact that there is %o single physical index of the - -~
thermal environment universally usefﬁ?ﬁfot judging both comfort amd varying levels of heat

strain. They also pointed out that the only true environmental index temperature -1s the one :
based on the heat balanc equations between man and his thermal environment, and it is then )

limited jgo"the specific activity concerned and to the specific heat and mass transfer coef--

ficients in terms of clothing insulation and alr.movement of the test environment. Such .
obsétvations of Gagge and Nishi [12] support +£he observation made by the present authors

regarding the deffbiency‘of the WBGT as a heat stress index, Since the-0SHA Standards for ]

work in hot environments were developed to establish work conditions which would ‘insure A
workers' deep body temperature would not exceed 38°C (100.4°F), it 1s proposed here that
safé hot work environments be identdffed by plotting, on a psychrometric’ chart, lines, of
constant’ 38°C (100.4°F) core temperature for diffefEE?‘bE?fﬁds of exposure at specified b
work loads, ai'r velocities, mean radiant temperatures, and clothiﬁg insulation values. This .
can be accomplished using modeling of the thermoregulatory systent. For thé purpose of 111~

=

«

ustration only, constant 38°C %ore temperature lines were generated for two work loads, . "
namely, 1 and 3 hets (1 met = 58 W/m2), at velocities 0.15 m/s (30 fpm) and ] m/s {200 fpm) °*
when Tpr = Tdp, when dressed in a 0.6 cio uyniform, and after one and two hours of exposure.

The résults are plotted in Fig. (4). These lines were generated ueing a modified form of

‘the computer program of the two-node thermoregulatory model”of the present paper. In Fig.

\ 23 ) ) :
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As one would expect, as the work
. toward cooler environments.
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constant cqre tefiperature lire at a s8p

ecified work‘load and expo-
sure time identifies unsafe environments while the region below identifies safe environments.
183d, and the expostre time increase,

v

the safe region moves
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.. TABLE %: PHYSIOLOGICAL RESPONSES IN ENVIRONMENTS
a- < "4AVING THE SAME THRESHOLD WBGT VALUES AT
Vv = 400 ‘fpm (2 m/s), and L) = %.60 clo,®
AFTER TWO HOURS EXPOSURE
‘ ’ OSHQ.Standard . Environment - - Physiological kesponses
¢ ' ) Tmr = Tdb
1 l; 3 . .
Work Load WBGT Tdb . . Tcr Tsk WsW
RH
@ . . °F N °c % . °C °c '
Light 90°F :91.9 33.3 90 37.3 34.6 - 0.88
150 Keal/hr (32.2°C) 101.7 38.7 | 50  37.3 35.0 0.55
(600 Btu/hr) . 115.0 . 46.1 ° 20 . 37.3 35.6 0.46
. 7, = Py -
Moderate 87°F 88.8 31.6 90 37.7 34.5 1.00
. 250 keal/hr (30.6°C 98.2 -  36.8 50 37.7 +34.8 0.68
(100Qq Btu/hr) |- * "7 110.8 43.8 | 20 37.7 35.3 0.56
Heavy 84°F 85.6 29.8 1\ 90 38.0% ' 34.7 1.00
350 keal/hr (38.9°C) 95.0 . 35.0 50 - 38.0% 34.9" |- 0.77
(1400 Btu/hr) 107.1 41.7 20 * 38.0%- | 35.3 0.65
S, ; Tor = Tap #430°F (16.7°C) T :
~- 1)
-z Slight . 90°F 89.2 31.8 90 37.3 35.2 ¢| 0.72
- . 150 keal/hr (32.2°C) 98.8 37.1 50 37.3 35.5 0.55
(600 Btu/hr) - 111.5 44.2 20 . 37.4 36.0 0.48
Moderate 87°F 86.2 ,  30.1 . 90 o317 35.0 0.88
250 kealZhr . | {30.65C) 95.4 35.2 50 ©3147 35.3 0.6
(100 Btu/hr) .7 107.4 ,  41.9 20 37.7 35.7 0.5
- B 1 84°F 83.2 28.4 90 /38.0* 35.3 0.76
: - = 350 keal/hr (28.9°€) 92.1 33.4 ' 50 / 38.0% 35.3 0.76
a (1400 Btu/hr) .. 103.4 39.7 20 / 38.0% 35.3 0.67
3 * T regched or exceeded 38°C - - ,
P . « . . ) | o @
R ' : . .
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w—— Y=0,15 m/s ( 30 fpm )
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- = v Vs1,00 m/s (200 fpom )

VAPOR PRESSURE, mw Hg

. ORY BULB TEMPERATURE, F .
« Fig. (4) Lines of Constant Core Temperature (38°C) at One and Three Mets,
House Exposure. [ ¢ .
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Planning of the Work-Rest Regimen
’

In OSHA Standards, in addition to the recommendation that durin any two~hour period of
the workday, workers are not to be exposed to hot environmental conditions &nd work-loads in
excess, of the levels shown dn Table 1, certain work practices were/recotmended. One”of
these recommended practices specifies that work-rest regimens be gstablished to reduce the
peaks &f physiological strain and improve recovery during the redt period. The duration of
the work period in any extreme heat exposure 18 to be determined by experienced or profes-
sional judgment based on similar work under. similar conditiong. It is a fact that no work
place or condifions are like .another. It ig also a fact that! the durations of the work and

' rest per;bds depend on the work load, and the environment of the work and, rest places. Es-
tablishing suitable work-rest schedules for every possible /work situyation in the laboratory
is also imposgible. A practical approach to planning the/work-rest regimen is through the
use of modeliib of .the thermoregulatory(model.‘ To illustrate such possible use, three -
work-rest schedules were developed in which the core t perature was not allowed to exceed

. 38°C when the wérker works at a load 226 W/m?2 (heavy 16ad) while dressed th a 0.6 cib uni-
form, in environments where the velocity is 25 fpm (0.13 m/s) and the WBGT valug/{a equal
to 79°F (26.1°C). The three environments haying sugh WBGT were selected from Table 2

where Tpy = Tdh. The rest envirohment was arbitrayily selected to be 75°F (23.9°C), 50% RH,
and air velocity 25 fpm (0.13 m/s). The-activity/level during the rest perdod was sedén—
tary (58 W/m2). The work-rest schedules were deyeloped through a compuzgy/program, which

" integrates the passive state equations oﬁ the fwo-node thermoregulatory model. The model

“predicts the changes in core temperature, as well as' other physiologica re§;tions, with

time after exposure and work in the hot envirdnment. The initial input paradmeters to. the
program were the.environmental factors and the work load. The initial core and skin
. temperatures were arbitrarily selected 37°C/(98.6°F) and 34°C (93.2°F) respectively. When
the core temperature reached 38°C, the co 6uter, through the prdgram, was’instructed to
change the environﬁen§51 factors and the Zork load to those of rest period specified
mgbove. Figure 5 shows a plot of the cope temperature variation With time during the work
and rest periods. Arbitrarily, the rest period was terminated when the core temperature

.
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Fig. (5) Work-Rest Schedules for Thrpe Differenﬂpviropﬁegts at a Specif}ed Work Load.

reached 37.3°C (99.1°F). Had the core temperature been allowed to return to the original
value 37°C (98.6°F), the rest period would have lasted longer. If one disregards the first
work-rest cycle, the results suggest that for the .environment with 90% RHM, the duration for
the work and rest periods are 0.48 and 0.35 hours, respectively, ~compared to 0.56and 0.29
hours at' the 50% RH environment, and 0.69 and 0.28 hours at the. 207 RH enviromnentf\"’

A - .- -

On the basis of the prex‘rious discussions, the point was made about the inadequacy of —
the WBGT Index. An alternative approach in developing a heat stress st,andargl was suggested.
It was based om using the modeling of the thermgregulatory'system in identifying on a
psychrometric c];art”\lines of constant 38°C core temperature for different environmental
parameters, work loads, and durations of exposure, and in planjnj.ng thél work-rest schedule.
A two-node thermoregulatory model developed by the authors mO] was used for this purpose..
The predictions of the model were checked against limited experimertal data and the correl-
ations can be .ranked between good and fair [10].5%194 statement is also true for other
existing models.  Therefore, there appears to be a need for identifying the most reliable
:nermqregulatogy model, among the existing ones, to be used in developing heat stress stan- '

3 oot . v
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MODELING HUMAN SUBJECTIVE REACTIONS TO INDOOR: ENVIRONMENTS :
Y _ R < - p

To determine the range of thérmal conditions at which men and women report feeling com-

’ fortable when dressed in 0.60 clo unjforms, at a sedentary level of activity, at air move-

ments less than 40 fpm (0.2.m/8), when Tmr = %Tdb, Rohles and Nevins [13] conducted a" geries
of tests at 20 dry bulb temperatures ranging ‘from 60°F to 98°F (15.6 to 36.7%C) at 2°F°
(1.1*’9)'increments, and at 8 relative humidity levels ranging from 15 to 85% in 10% incre-
me;:”g’ggs. Prom these data, Yegression equations were developed for predicting thermal sensa-
g&gg for men, women, and combined sexes after 1.0,°1.5, 2.0, 2.5, and 3.0 hours-of
exposure. These data also constituted the basls of the Comfort Envelope of the ASHRAE
Comfort ‘Chart. Because of the current drivp towards energy c¢onsérvation, new aspects of
Andoor environments need to be explored. For examplle’, one needs to refocus attentipn‘on the
area of comfort/environmental factors/activity/clothing interactions by generating data

.simi_lar(,gofthose of Rohles and Nevins {13], when subjects are dressed in uniforms having clo
’ yaluqsldif‘ferent from 0.60 (lower than 0.60 for summer and higher than 0.60 for winter) at
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activity levels different from sedentary, at air velocities higher than 40.fpm- (0.2 m/s),
. . when Tpr ¥ Tdp. Undoubtedly, this {s a time-consuming proposition. For example, to test
N human reactions: at the 160 combinations of Tdb and RH of Rohles and Nevins‘T13], at 3 levels
of activities, 3 velocities, and 3 clothing insul§tion values, thle/ﬁtill maintaining -
Toy = Tdp, requires performing 4320 experiments. This is on the basis that both sexes will
; * be tested simultaneously. If five experiments were to be conducted each wépk all year
;'T”T”"' around, barring any, delays due to breakdown of equipment, etec., approximately 17 yegrs will
- be required to complete the. testing, and even then not all possible combinations of para-

I mdters—woukd—be covered. A practical approach to this problem.is througﬁ‘modeling the
¢ human subjective reactions. L .

< .

"Recently, a model [14] was developed B;'the authors to predict thermal sensation on a
nine point sqafg in which zero represents thermal neutrality,” and numericelly positive and
negative values represent watm and cold sensations, respectively. Warm thermal +sensation
.- was correlated with a new factor identified as—wgetedngSS’faq;;g. Cold thermal *sensation. -
¥ wag correlated with a new factor identified as vasoconstriction factor.. For # gilven combi- g
nation -of erivironmental parameters, clg;hing, and ?c;ivity,’both factors could he determined
by the two-node thermoregulatory model of Appendix B, Predicted thetmal sensations of thé‘ ..
model were compared with steady state and transient experimental thérmal gensation data .
over a wide range of enviromnmental conditions (cold, hot-dry, and /hot-humid),) clothing . ’
insulatipn (0.05 to 0.7 clo), and activity levels (1 to 6 mets)./ The accyra f the pre-
dictions was comparable to the uncertainties in experimental mgdsureménts and the individual-. . '
differences among subjects. A summary of the wmodel #s intlu in Appendix €., (The objec-
tive now 18~to show the ‘capability of this model in suppl g some of the information

. . . \'

R " referred to earlier. . .
.

& computer program was developed for the therszl seﬁéation model to predict the thermal
sensation for any ‘combination of environmental factors, clothing, and activity. Through-a
4 search technique, the program 1s also capable of {dentifying the proper cogbinagion of
fagtors which can result in a speéific thérmal sensation. For illustration purposes, a few
of the model predictions are shown in Figs. (6) through (9). Figure (6) shows a comparison .
- between the thermal sensation predictions .of the model and the experimental data of Rehles
’ and Nevins [13] plotted on tHe psychrometric chart. The agreement is good over the entire '
. range "of The dry bulb temp&rature and relative humidity. Figures (7) and (8) show the .
*  constant thermal sensation lines predicted by the model at,acdtivity levels 2 and 3 mets,
respectively, fqr air movement 0.15 més (30 fpm), 0.6 clo, and Ty = Tdp yespectively. On‘
the hot side, thermal sensation lines were terminated when the skin wettedness WSW reéached -
unity. At’this point, it 1is assumed that the tolerance 1limit has been reached. Figure (9) \ ~"F
was reproduced from the previous 3 figurés and it shows the ‘lines of thermal neutrality at <
activity 1evg;s 1, 2, and 3 mets.. All other factors being the same, the lines of thermal
y neutrality move to tooler zones with the increase of the metabolic rate; Similar charts can ¢,
be generated for other air velocities, clothing insulation values, and mean radiant temper- -
atures. Although no experimental data are available at the present time to chegk the
predictions in“Figs. (7) and~(8), yet because of the fact. that the predickions of the ‘model
were tested for a wide range of environmental factors, aéfivity'level§ and clothing’ [14], #t

3

.

- is safe to say that the model is reliible in 1its predictigns. However, if experimental ' .
verification of the predictions in the abdve figures 1is neede » One needs to be qginl%@con—“

" cerned with lines of thermal newtraltity., In such a case, limited number of experimgﬂhs' =

v will be needed. This is one of 'the principal advantages of modeling the human subjecfive . _

reactions. . . - " &

s . '

3 ' Y a{l‘;’ . /

One of the redpmmended measures to consérve enefgy'ég
the thermostatic-setting in thé summer, and lowering It di

!

] R .~
cexisting huildings is raising !
ing the winter, without’ any,

‘ ’ consideration to-the effect.on the thermal comfort of people occupying these butldings. It ) ~ M
2 is also conceivable that these new thermostatic settings might become the basis for design-
" ing cooling "and heating systems in new buildings. Other measures need to be considered _
’ besides changing the thermostatic getting. For é&xample, raising the setting difing the
sumher can be compensated’for by increasing the air movement, and changing the ®lothihg Ty -

habits. Therefore, what is needed most at the present time is the identitication ot those
combinatiofs" of environmental factors (Tdb’ Tmr’ RH and V), and clothing insulation values
. L3

whicﬁ can pn&vide a reasonable aégrée‘of thetrmal comfort *for a givén level “of work. The"
T identification of these combinations can be, achieved by the thermal gensation model dis-

t cussed in the previeus section. ‘A few of these combinations wete identified in Fig. (9. e
.These lines were for air velocity 0,15 m/s (30 fpm). The determining factors in selecting °
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any combination would be its energy demand, dnd the acceptability of certain factors such as
the aif velocity, and relative humidity of ,the enviropment? L - .
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o Modeling the human subjective reactions can, also play a significant part in maki:;'decisions
regarding energy use and conservation in building design. Bill, Kusuda,-Liu ahd Powell [15]

made a’ feasibility study in which combinations of selected weather data for a selected locale
and selected building data were combined in a computerized thermal' simulation program called
National Bureau of Standards Load Determination (NBSLD), the output “of which was a daily .

rofilé of indoor conditions of the building over an éxtended period of time. The
requency and duration of the various indoor parameters were t evaluated in terms of an

index which was called the Predicted.rndOOr Habitability Index (PIHI)., The object of the
index was to d&ermine whether the .space ghould be air—condi&;oned or not. Conceptually,
.the PIHI was described as a.numerical index .covering a range of values that is consistent™
with human comfort under the environmental gonditions that® are likely to be produced ‘indoors:”
as a result of diurnal weather cycles outdoors, typical living functions, and a range of
building parameters. Several subjective and physiological indices were considered for
determining the extent of indoor theymal comfort for inclusion as part of the PIHI Index.
*.Some of these indices were: old ‘ET [16], Rohles and Nevins [13], PVM of Fanger [17], “new
ET**{5], HST (18], and P4SR [19].' Each of these indices has ‘its limits of applicability in
terms of metabolic production (mostly sedentary), clothing, dry bulb and wet bulb tempera‘ ,
tures, and. air velocity. Figure (10) depicts how the feasibility study was carried out.
It is proposed here .that the thermal sensation model, discussed earlier, be used as the
PIHI ex. On this basis, Fig.,(10) can be modified to Fig. (11). By integrating the
weatheY ddta, building data, and Q{e thermal sensation prediction model into a computer
program, one can predict the profile of indgor thermal comfort on a daily, weekly, or
monthly basis during the Hhating or cooling seasons and then decide what actions regarding
controlling the emvironment within the building need tb be taken to insure the comfort of
its occupants. Such integrated programs can’ also be used during the design stage of a-
building to select the best combination of building parameters (insulation materials, ratio
of class to wall areas,. etc.) as well as environmental parameters with#fthe building which
can result in the best enérgy usage.
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APPENDIX A -

se . . . DETERMINATION OF THE WBGT IN TERMS OF THE ENVIRONMENTAL FACTORS

eter.

0
. A P

Figdre (A-1) shows a schematic view of the wetted wick of the natural,wet ‘bulb thermom-
At equilibrium, the energy exchange by convection and radiation with the surrounding

environment is dissipated by evaporation. 'Therefore, > '

y
) . . hc (T_db - T * envfo gy - T W ) = hy (Psnw - R . Psa’) . (a-1)
2° where - . . ) . ] . . )
T4p ™ dry bulb temperature of,'the enviromment, °K, * i
. o = naturgl wet bulb temperature, °K+ , ,
nw . . N -
'QTmr = mean radiant temperature, °K o
nw = emissivity of the surface of tiye wetted wick . ’
L . ° ’ ~
s Psnw = saturated water’ vapor- pressure at an, mn Hg Pt
. hc = convective heat transfer coefficient, W/m2.°Ca
. - . .
N h’2 = evaporative heat transfer coefficient, W/m2 . mm Hg . e ‘e
4+
) e RH = relative humidity ratio
A 0= Stefan—Bol‘tzman constant,, 5.6696 x 10 W/m i@f"l( y -
P o * * The convective.heat transfer coefficient can be calculated ‘by . '
g 465 2 -
-M_ev42.024 7" W . °C . ) c (a-2)
LI
'« ' where V fs the air velocity in m/s. The.evaporative heat transfer coefficient is related to
the convective heat transfer coefficient by - .
. . .
NI h =2.2h A\'J/(A—3)
. e ¢ L.
where 2.2 1s the modified Lewis .relation ‘in °C/mm Hg - " ,
- e Figure (A-2) shows a schematic view of the' glebe thermometer At equdlibrium, &ith the
° °  surrounding environment the energy received by radiation i8 dissipated by onvection. .
The;efore, . - ) PR
&0 . oy .
‘ h, (Tg - Tyw) = &40 (T, T ) ) (a-4)
’ wherte - '
’ . - - - . e N “ 7/ _' .
Tg = globe temperature, °K w T
% €g ™ globe surface emissivity* .
ot The ‘convective heat transfer coefficient from the surface of the globe can be calculated by
) ‘ . .6 2 ’ B )
- hc = lS 889 V W/m . °C ! . (A-5)
‘\ ., 2T N h ' i~ A * ' N .
¢ where V is in m/s. . ¢ .
- 2 * o ’ / -
. The emissivities of € 8nd € are assumed équal to unity. To determine the saturation
h vapor pressure P_.. and P__.,at T_ Pand Td regpectively, the following equation, relating
s the saturation pressure ot water vapor P lJ(mz:n Hg) ‘to(the saturation temperature t (°C) can
. .. bdused -
; : - .
: 2 -3 3 4oy
Ps = 6.168 + 0.0358 tg. - 0.55 x 10 t, 0.105 x 10 tg . Lo (4-6) o
\ ) o
; . . : o -
o ! i N ' ~ 33 . - i '
Q oL - A U .
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If the four envitc;ﬁmengal factors, namely, Tdb’ T r"RB’ and V are specified, Eqs. (A-}1)

.and (A-4) can be solved, by iteratign, for T QnE T_ from which the WBGT can be calculated.
A computer program was written and is availal !e for Phe solutich of the governing equations.

- ., In the program, the mean radiant temperature T _ was set T

Y ;

+ ¢, where C is a,

repepyen
EaTe

T
constant which can be arbitrarily specified. Specigiqg T inmghis ggnner permits solving
Eqs. (A-1) and (A-4) separately by iteration for Tn.w'fand '1‘g respectively. -

\ '
. .
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- " APPENDIX B . .
N A SUMMARY OF THE TWO-NODE THERMOREGULATORY MODEL,

In this model, the human body ﬁay be represented by two concentric cylinders as shown
in Fig. (B-1). The inner cylinder represents the body core, which includes the skeleton,
muscle, and all internal organs and has a uniform temperatpre. Thé outer layer represents
the skin., A third layer may be added to represent the clothing. Energy is exchanged be-
tween the core and the skin through direct contact and peripheral blbod flow. _ This is
expressed in terms of conductance KS. Metabolic heat production M*is generated in the core
and it depends on the activity level. The' core also exchanges energy E with the envir-
omnment through respiration. .The outer layer, the skin for nude and the ciothing for
clothed body, exchanges energy with the environment by convection and radiation. In
addition, body heat is disdipated through &vaporation. of sweat and/or water vapor diffusion-

" through the skin. These principles are used to write the following passive\fystem equations.

v

h dT ~ .
cx - . ) -
Mcr Ccr d(t =M+ w"'\Eres - kS (Tcr - ?sk) A (B—l)
d Tsk _ ¥ ° .
M, Cogc - KS (T, - TSR‘) + (R+C) - E S (B-2)
. . ) .
where 3 )
Mcr = core mass per unit body surface area ’ Yo -
= 90% of the body mass per unit«body surface area, kg/m . .
MS“E: skin mass per unit body surface area
= 10%Z of the body mass per unit body surface area, kg/m - M ,
Ccr = average-specific heat of body coré = 0.97 W. hr/kg.°C
Cop = specific heat of skin = 0.97 W.hr/kg.°C .. 2
'Tcr = core témpegature, °C . .
T ., = mean skin température, °C : o
ok 2 ime,“un Vs \ o
M = total metabolic heat production tate per unit body surface area/f/,//" -
= sum of basal metabolic r te (Hb),\activity (M ), and shivéring (M h) if any,
Wm2 s _
W = external mechanical work, W/i2 -
Eyreg = Sensible and latent respiratoEy energy ex’hange with the environment, w/m
KS =.overall skin conductance, W/m*.

Egk = total evaporative energy loss from the skin by diffusion and regulatory
" sweating, W/m2
R-% C dry energy exchange by radiation R, and convection C, W/m
The.total heat exchange (latent-+ sensible) through. the respiratory system Eyres can be cal-
culated by the expression suggested by Fanger [173. , -

. .

E_ g = 0.0023 M {44 - (RH) P, ] + 0.0014 M (34 « T b) )

-

-~

Sy
The firet texrm on the right hand side represents the latent part, while the second term rep~. .

resentg the sensible part. . Lo - e 5

- - \Y
- ‘The dry heat exchange by radiation R and convection C can be calculated as follows:

~ (R+0).= h_fcl Fq (Tsk/‘ ng ) ) o - . ; )
; ‘; N
" . | ‘
.- 35 43 . )
' % - |
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the combined convective and linear radiative heat exchange coefficients, W~/m2.°C~'
the ratio of the sufface area of the clothed bbdy to that of the nude bedy
thermal efficiency factor of the clot%gng
- 1
1+ 0.155 h Ic

- B

, hin W}mz,.°C, I . ineclo units
1 cl \
%
operative temperature of the ambient, °C
h T, +h T RN )
c ~db r mr
h_+h -
c r

a

- PR 3

~hc’hr'§? convective and linear radiative heat exchange coefficients,‘ respective°1y, w/m2 °Ce
Tm_"is the mean _radiant temperature, and T b is the ambie}\t temperature in degrees Centi-
grade. The convective heat trapsfer coeffgcient can either be estimated from the values
suggested by Nishi' #nd Gagge [20] for certain laboratory exercise

ior calculated from the
formula suggested by Kerslake [21]:

°
9’

h, =83V, w/m2.°c} V <5n/s

-
- .

where V is ithe air velocity in m/s. The linear rddiative heat transfer coefficient can bé
estimated from the relationship suggested py Iberall et al. [22]:

h-=3.87 +0.031 T, Wml.°C
A r mr

5°C £ T _ £50°C , .
mr « 2 »
- \ '
The total evaporative heat loss from'the skin Egg, in w/mz,

- - N
takes place by diffusibn of
water vapor through the unwetted area .and by the evaporatioh of sweat:

= - <
E = SW# (L - WSW) Egyee, 1€ SW S Ep .

. . ] []
= Epax™ - — if sW>E oy

where

.
&

- ) * ("
WSW = sweat wettedness = Sw/Ema £1-

X
o,

and SW is the equivalent evaporative heat loss‘of s‘;eat, in lW/mz*, and wil
later. B, .. is the evaporative heat loss due to skip diffusion !17].

. PEET - ) -
Byypp <0408 [P, - (R) P, 1, W/m ‘ \ .

is the maximum evaporativé capacity from the skin surface to the ambient and ig gi

f
e det ermipid_

max

ven
t \ - . ; . : - D
I - 2 .
2.2 h chl\[Ps -@ne ], Wo K

<« - (Y
clothing motsture permeation efficiency factor [23]

»

1

= T30 h‘% T hc in W/mz.";g, Icl in clo units " a
s \ cl - “

R
B e

P _ = wsaturdted va
“as -

'Bor pressure at Ty, mmilg
P = saturated vaer pregsure at T, , mulig
‘R .

R = relative humidity ratio . -

©

-

v




‘gental parameters (Tdp, Tmr, RH and V), clothing insulation I metabolyic heat

. - ‘ s
R - L e 1

t [y

Three control signals, based on set -point temperatures in the skin and body core modu- ~N -

late the thermoregulatory, mechanism " These are the skin conductance KS,,thermoregulatory

sweating SW, and the metabolic résponse by shivering M sh* These are given by the following

expressions. T
|
\
|
|

Y

KS = 5.3 + _

6.75 + 42.45 (T, - 36.98) + 8.I5 (T__~ 35.15)0-8 (T, ~33.8) ’ .
. : — ,  WmS.c (8-3)

1.0 + 0.4 (32.1 - ?sk)
. : « 4 -
and d - . . . . , !
(260(T, -36,9) + 26(T -33.8)] exp [(T_, -33.8)/8.5] PN ' i «
SW = @ s 7.4 , W/ . ) (B-4)
1.07+ 0. 05(33 37-T k) :
A) - .
where ’ )
¢ = suppression factor die to skin wettedness [24] ; .
A |
= 1.0, when WET £ 0.4 - ’ .
' |
= 0.5 + 0.5 exp [-5.6 (WET - 0.4)], when WET > 0:4 ot . (8-5) |
WET = skin wettedness = E (f-_~_-~ ) '. > 1 .
sk{ “max - .
and - . T .
. . X )
My, = 20°(36.9 = T ) (32.5 - T ) + 5 (32.5 - T_}),W/n L (B-6)
When Tcy > .1°c, no ghivering occurs, irrespective of the skin temperature Such a situa-.
tion was tified as the central warm inhibition effect,‘according_to Benzinger [251.
All, brackgled terms in Eqs. (B-3), (B-4).and (B-6) must be positive. Negative values are N
assigned a zero value. After the control signals equations are introduced into ‘the passive -

system equations, Eqs. (B-l) and (B-2), they can be integrated numerically for small time
increments (At = 0.0l hr) or small increments in core and skin temperature (0,01°C) which-
.ever is smaller, with.certain initial values of T¢r and Tgk, for any on of *%hviron-

roduction M. The integration results give the variations i or and Tgk, with time and the
associated valiies of WSW and XS. &
2

.
4
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Fig. (B-1) Schemar,i’é Repregentation of ‘the wo-Node Thermoregulatory Model.
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. . APPENDIX ¢
A SUMMARY OF THE THERMAL SENSATION PREDICTION MODEL

\ . A}
-~ - . N
i the model- the following thermaI Sensation scale was a ptedx . -

ernal Sensation (I87) -4 . -3, -2 - -1 o

Category - Very ~  Cold Cool’ Sliglitly Neutral
- _' Cold v Cool o (

s e, T . ‘ 2 » )
Thermal Sensation (TS ) 1 2 3 ¥ 4 '1‘2
,Category 2 Slightly Warm Hot Very =~ - ' e

. rm Hot .
~

quitive‘numerical values are for warm sensations, and negdative values are for cold’ sensa-
tions. In,the model, warm thermal sensationg. (TS+) can be’predicted by

-

rs“-[so—sss(m—osonx

KS ig the overall skin conductance given by Eq. (B—3) of the two-node thermoregulatory model.
KSo 1is the overall skin condrﬁ:tance at thermal neutrality and is given by
P

KS ‘= 12.05 exp [0.23 (NMET - 1. O)J,h/m‘.

. (c-7)
R W, - _ .
. R . 39'* fo \
47 . \ -
' -~

SWS -t : (c-1) ‘
where RR is the relative humidity ratio, and Eygy is a wettedness factor defined By -
wsk - WSW_ . ’ .
Easw = 1.0 - wsw ' - T (c-2)
. . . . .
. < -
where . ' . o
- WSW = skin wettedness due to regulatory sweating o ) , ° .
v \ A ' -
= SW/E , dimensionless -~ o . . s
WSWO = skin wettedness at thermal tieutiz‘glity, dimensiionless v LA
WSW can be determined from the two-node thermoregulatory model’ discussed in Appendix_ Ba
WSWO can be calculated by . - . . .
WSH, = 0.02 + 0.4 {1.0 > exp [-0.6(0ET - 1.0)]} . L (c-3)- S
where ' ) R . - T ol
A 7/ N . e s
) W~
NMET = ———Hgs . e (C=4). .. .
. . . s ¢ N ~ )
l;t = metabolic heat production, W/m'2 - ~ - i A -
‘W external body work, W/m2 .. 2 . -,
€ . . . . N
Cold thermal semsation (TS™) can be predicted by - T i, T
TS = 1.46 E, +3.75 152 ~ 6.I9‘E3 ) . . (C-5) ¥, o
. . 4 -
where E‘! is a vascOnstriction factor defined by ) ,:?_& .
KS -Ks . _ ‘ . :
A T (c-6) -
ve T KS, T RS . . _ (‘f ,

=




- where 'NMET ia defined by Eq. (C-4). é ?1 is thg overall skin conductance at -thermal sensa—
' io

scale), It can be calculated by

E - -
Ks(_4) = 5.37% 0.261 (XS, - 5.3), Wimt.oc S~

tion very cold: (-4 on the thermal sensa

At a given ac ivity level and a set of environméntal parameters, the overall skin conduc-
tance KS can e calculated from the two-node thermoregulatory model in Appendix B. If

2 KSqg, the thermal sensation will be pn the warm Bide of the scale and can be determined
by Eq. (C-1). If KS < KSy, the therhljgensation will be on the cold side of the scale and .
can be determined by Eq. (C-5). Any detailed informatidn about the development, of this model
can be found in reference [13]. ' T
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L, - INDUSTRIAL HEAT STRESS MONITORING o ]
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"” ; ‘ “Public Health ! Ser%ice ( L
s ! : Center for Disease Control s
3 i National Institute for Occupational Safety and-Health .
: RN . Division of Biomedical and thaviogal Science
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/ .

R When assessing the heat load which is imposed on a worker by his job, the

_method of choice will depend on the purpose for which t’l&s information is
needed, ' If the question is whether the heat load excee the threshold it

. ~value (TLV) adopted by the American Conference of Governmental Industrial

£ Hyglenists (ACGIH) or whether the job is in compliance with the standards

. recommended by NIOSH or by the OSBA Standards Advisory Committee, the method
to be used is the WBGT index. There are séme important-differences, however,
between the monitoring requirements in the.three documents which will be
discussed. in detail. . - e d

oo

Since work metabolism is fairly constant for a given job, once it has
.. ‘been reliably establi%ped, no further monitoring is required. However, .
since envirommental conditions of the job-site vary with changing outdoor ,
temperdtures, eavironmental monitoringfhas to be elther continuous or at
least measurements have to be repeated|im certain intervals., To eliminate o
. the need for either continuous or repefdtive monitoring, NIOSH imltiated studiés
- - for the development of mathematical models to predict job-site WBGT values
N from outdoor temperatures, Such a model is of particular value when jobs have
to be rated according to the heat load they impose on the worker throughout
a year, This¥information is necessary for studying the long range health
effects of work in hot environments, )
v -

If the question is how to reduce the heat load most efficiently or i£ ~ - : .
human responses to heat stress are analyzed, monitoring has_to be performed ) %
by one of the physical heat stress indices., Several investltators recommended '

& that industrial heat exposure limits shall algo be®expressed in terms of s
physical indices. However, this cannot be dome until the permissible exposure

= *.14mits expressed in upits of these indices are validated for all combinations . .
~ .of environmental factors, clothing, metabolic rates and then displayed "in :
simple graph, such as.the present TLV. The 1limits must also be validated .
be safe for the worket.population, assit was done with the WBGT index.
Key words: Industrial heat stressj heat-stress monitoring; environmental
monitoring; heat stfegs indices; metabolic heat load; heat stress ¢ontrol.

-

L

g .

INTRODUCTION . —

- . -Industrial heat stress is defined as the heat load which is imposed on the worker by
A hot climatic conditions of the work environment and by the metabolic heat generated inside
¢ the worker's body., The assessment of the magnitude of heat stress to which a worker is
exposed 'on his job is a very difficult problem which is far from a satisfactory solution. =~ .
The reason for this difficulty ig“that there are many factors which influence the heat -
" exchange ‘between man and his enviromment and these factors»may vary a great deal with
. time and space as well as from one individual to the other. In order to.make this point e,
4

clearer, a short review is presented here of the problemgﬁwhich hay arise when measuring
the environmental and metabolic.heat load. Kainal -

s

. En;}fonmental Heat-Toad. There are four climatic factors®conttibuting to heat stress:
air_temperdture, humidity, wind speed ‘and mean radiant temperature. A worker's exposure
% to these gay change a greaf deal within a short period of time, particularly when,the ™~ o
N - v character|of his task is such that he or she has to move frequently from one plate to .
,another of the climatic conditions of the job site change Very rapidly. The instruments -
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: available fod measuring the climatic factors, especially those for humidity and radiant *
SN beat, are not well suited to follow rapid changes. Furthermore, the readings of the instru- )
ments do not tell us directly thé‘magﬁitﬁae of th environmental heat load. They have to be -

. inserted into mathematical equations in order to galculate the heat gain and/or loss by

s conduction, convection, radiation and evaporation. However, heat exchange between man and,
his- environment depénds greatly on skin t per;ﬁyﬁeTEgurface area, wettedness,.body position,
gpegd of movVement and” clothing. All of thése factors have a great intra- and inter-

#ndividual variability so that even if ‘we could measure all of the climatic factors
: accurately, the calculated heat load would be valid ‘only for the momént whéh the instru-

ments were read, and for-a single set of combinations of all the variables 1isqéa above.

o

-
Kd

Metabolic Heat Logd. The amount of heat generated within the worker's body is the

— other component of heat.stress, and it may vary greatly as the work rate changes; it also

) varies frdm one individual to the other even if performing the same job, depending on body
* weight, age,s sex, physical fitness %nd skill,, In addition, even.the best methods for
measuring work metabolism have an accuracy no better than % 10% in skilled hands. .

i

— S - N
. . Heat Stress Indices. In an effort to simplify the assedsment of the worker's heat
load, several heat stress ‘indices have been velop&d which combine either‘the four
climatic factors or both the climatic and metabolic ‘factors into a single mumBer by using
‘equations or nomogramg., The authors of these heat stress indices claim. that if a heat .
stress condition is characterized by a certdin index value, mo matter in what proportion
the climatic or metabolic factors contribute to the condition, the resulting physiological
strain will be identical.. However,.in a recent well-controlled experiment, Wenzell could
not confirm these claims for most of the heat stress indices, even while keeping wind speed
nstant and mean radiant temperature equal to air temperature. It is fair to assume that
if wind speed and radiant heat would also be treated as variables, the claim for i tical o
physiological strain for each gombination of climatic factors would be even less”t@ilible.
Furthermore, the heat stress indices were derived from data obtained from experin whicl *
did not-reproduce the complex real life situation of an industrial workshop. First of all,
1 the experimental subjeces were highly trained young men whose physical fitness was above
“that of an average worker population of hot plants; they were dressed in gym shorts and
shoes instead of:work uniforms;.the climatic conditions and work rate wére kept constant,
thus bypassing most of the problems encountered when measuring the climatic factors and
work metabolism in the real life,situation. As was pointed out by Belding,2 all heat stress
indices are poor predictors of physiglogical strain when used under conditions whic differ
,-substantiglly from-those used in the experiments for developing the index. Gagge and Nishi3
rated, several empirdical heat stresg indices according to the accuracy by which they can B
« predict heat disqohforﬁ’anqwettedness of skin in the average acclimbii;fg individual, but
. this by itself{ls mot "the most, important criterion ‘for the applicabil f an index for
industrial heay stresg monitoring., Other factbrs Telated to the worker's heat exposure in
industry vary’ Bo rapidly andé;o such a Breat extent that gven the most accurate puediction *
of heat*strain will be-walid only”for a specific individgdl and for a short-lived situation. .
simplicity of application i% a'fiZh?moge iﬁportaht.nequigemg t in heat stress indices for
& N <

industrial use.’
N — P

°

- qb”

£
' Other investigaﬁors recompended assesging heat sééain direcgly by measuring the
workers' physiological respopses chﬁ%ﬁg stic of heat str&iﬁ, stich as heart rate, body
temperature or sweat rate ifistead o§ moniNoring: the «climatic factors and work metabolism.
Whereas such measurements are indeed most- e%pful @n.preyenuing beat illnesgses, they
cannot be used in industry because the preGemtly available methods for monitoring physi-

) ological responses are not acceptable For routine ‘use %on workerg., Furthermore, physiol-
L *  ogical measurements per se will not tell us anything about the magnitude of different heat
sources on the job site. 7Thus, they do not eliminate the need for the assessment of the
climatic and metabolic factors for déveloping. corrective procedures,

‘ I's
S - * 7In spite of their shorﬁcoﬁings, certain heat stress ind&g%s can be applied for a
. — number of practical and scientific purposes such .as developing-guidelines for industry to
i safeguard workers' health in hot jobs, for establishing workers' tolerance to different
. combinations of heatzstress factors and for determining the most efficient ways of reducing
. heat stress in specific jobs. Each of these applications requires a diffeerent level of
{ simplicity and accuracy, ‘as well as different type of infosmation., Let us now examine
" which of the available heat stress indices satisfy best the requirements of industrial heat
stress’monitoring. ‘ & s
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HEAT STRESS MONITORING: FOR PREVENTION OF HEAT ILLNESS. )
“ . k23
Envirbémental Heat Load, There are two different basic apﬁgé; hes possible for the

prevention of heat illnesses among workers of hot”industries: one is to prescribe limits
for permissible heat .exposure levels; the othér is to specify cerfain preventive measureg
i.e. work-practices which have to be introduced in a workshop when the heat stress exceéds
established levels. The first approagh Has been adopted by the Aﬁﬁ%iggn.Conference o
Governmental Industrial Hygienists (ACGIH) in their Threshold Limit Véiﬁé‘(TLv) for /heat
stréss. Tie second has been followed in the recommended heat stress standards of”NIOSHO
as well as of the Standards Adyisory Committee on Heat Stress (SACHS).-whéch wag” convened
by the Occupational Safety and Health Administration (OSHA) 1in 1972, All the fhree atove
mentioned documents prescribe the use of the Wet Bulb Globe Temperature (WBGT) index’ for
the_gurpose of monitoring the enviropdlental heat load. Other indices co?sideged by the
committees approving these documents were‘the Effective Temperature (ET)%8 the Heat Stress
Index of Belding and Hatch (HSI),9 and the Predicted '4 Hofir Sweat Rate (P4SR) , 10 They all
agreed to-select the WBGT index because .of its simplicity of applieatien., The equatiorfs for
calculating the WBGT index are indeed very simple: ot

For indoor use: WBGT = 0.7 NWB + 0.3 GT ) h 6y

For out-of-doors use: WBGT = 0.7 NWB + 0.2 GT + 0.1 DB ' ) 2)

where NWB = Na;ural Wet Bulk Te;pe;aturg /// ' _—“ T
. GT = Globe Temperature ) //i * - -

DB = Dry Bulk Temperature
p & .

Another way by'which the use of the WBGT index simplifies environmental heat gtress
monitoring is that it does not require the measurefent of wind veloeity, .It has been
assumed that since both the natural wet bulb thermometen and the globe thermometer are * -
sensitive to air moveTent, the WBGT index includes the cooling effect of increased wind _
speed satisfactorily,il However, Romero'slZ experiments skowed that the natural wet bulb ‘
thermometer loses its gensitivity to wind speed if that exceeds 250 fpm., Therefore the
SACHS document stipulates that the threshold WBGT va%ggs“(above which prevéntivg work
practices have to be introduced) shall be 4 to 5 °F higher if the air velocity exceeds .
300 fpm as shown in Table 1, *

. -~ —_

. TABLE 1 Threshold WBGT Values ’ ¢
Threshold WBGT Values
Workload * Degrees Celsius and Fahrenheit
Low air velocity High air velocity
(Up to 300 fpm) (300 fpm or above)
Light (Level 2). - ' : . )
(200 kcal/Hr or below) o o o « o o o o & 30 (86) 32 (90)
. ) S
Moderate (Level 3) : "
(201 to 300 keal/hr ceese e e 28 (82) 31 (87)
- [y . - . ) P
Heavy (Level 4) * ) . fff
(Above 300 keal/hr) . v v w v . ... 26 (79) 29 (84) <
i .

- N N -~ T - -
This provision Of the SACHS makes industrial heat stress monitoring more complicated because -~
it requires either wind speed measurement or at least gome rough estimate of the air
velocity at the job site, Interestingly, recent experiments performed at the Pennsylvania
State Uniyersity by Eliezer Kamon under NIOSH augpices, cast severe doubt on the need for
correcting the threshold WBGT for the effect of air velocity, The results of thege
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. experiments indicate that there seems to be no benefit to the wofker in terms of physiol-~

ogical responses if the air velocity is increased from 100 to 800 fpm in hot environments

ranging from 27.2 °C°(81,0 °F) to 34.4 °C (94 °F) WBGT, with no radiant heat sources =

present, One posSsible explahation of these results is that the subjects in these experi-

ments wore regular work unifoims, the type of clothing’ worn by workers in hot jobs. Such

. cloth'ing acts as a wind buffer and reduces the air velocity substantially by the time it
reaches the subjegt's skin surface, Thus, it is entirely possible that even thoughsthe
wind speed was increased up to 800 fpm in the test chamber, the air movement at the skin
surface. mever. exceeded 300 fpm. If ‘these results are confirmed.in further studies, it will
not be necessary ,to uge a correction for wind speed, and thus not have to estimate air
velocity when-applying th GT index for heat stress monitoring. ’ .

-

. \

The use of the natural wet bulb thermometer and the globe thermometer is quite time
consuming, Dependin§ on the climatic conditions the equilibration time may be as long as
30 minutes. Olander:> in Sweden recommends the use of an aspirated wet bulb thermometer
instead of the natural wet bulb and an aluminum sphere or a balloan instead of the copper
globe, thus reducing the time needed for a WBGT index assessment to 10 minutess The only
cortection needed in calculating the WBGT index by use of aspirated wet bulb thermometer is
that at air velocities below 100 fpm (0.5 m/sec) the WBGT index value has to be increased
by &4 °F (2 °C). A lagtime of 10 minutes is still very long for measuring the climatic
factors in a workshop where the level of heat stress may change substantially from one
minute to, the next. To overcome this problem, the SACHS docgyéﬁt stipulates that in
extremely high heat exposures the workers should be permitted to withdraw from the heat
whenever they feel that they may.-become overheated. Furthermore, all’thrggﬂheat stress
_standards, (NIOSH, SACHS, and ACGIHgTLV), express their limits in terms of time-weighted
average WBGT index values. According to the NIOSH and SACHS standards, these time-weighted
WBGT inde# values will determine whether or not preventive measures have to be introduced.
According to the provisions of the ACGIH TLV, the time-weighted WBGT values can also serve
for calculating how much time has to be spent in the cooler areas of the workshop so as not

“% to exceed.the TLV values for continuous work, as shown in Table 2.
- ' TABLE 2 .
’ . . AR .
. Permissible Heat Exposure Threshold Limit Values
. : Values are given-in °C and in*¢°F) WBGT
!

T —

L ¥
R - . _ Work Load
Work -~ Rest Regimen Light Moderate Heavy
. I - @ *
"Contindous work i 30.0 (86.0) 26,7 (80.1)

~

25,0 (77.,0)

The NIOSH and ACGIH documents prescribe that in jobs with continuous heat exposure, the
time-weighted average WBGT value has to be calculated hourly, whereas for jobs where heat
exposure is intermittent this calculation has to be done for periods of 2 hours, This
provision is based on the assumption that in continuous heat exposure, one hour may be
long enough for a worker to develop a heat illness if the heat exposure is at a level which
does not force the worker to move away from time to time to cooler areas but high enough
to cause excessive heat accumulation in the body., .In intermittent exposure,.if heat, accu=
mulation does occur, it will be slower, thus it will be safe to do the averaging over a
period of two hours. The SACHS version, however, eliminated the requirement for calculating
hourly averages in continuous expesure and prescribes for all hot jobs, continuous and '
intermittent, that thé~averaging be performed for periods of 2 hours, The assumption here
is that only in very rare instances would a 2-hour time-weighted average WEGT remain below
the threshold values shown in Table 1 when the®l-hour average exceeds these same threshold
values, * . . ’

é@ & -
According to the SACHS document, heat stress monitoring is not mandatory as, long as
preventive measures are practiced, This policy is supported by the observationl® that
where workers are provided with adequate drinking water and supplementary salt, where they
are given time to become acclimated before they are required to carry a full ‘load of heat
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exposure, where they are given advice how to prevent heat illnesses and to take rest breaks
" whenever they start to feel overheated, where the management is thoughtful of reducing the -~
workers' heat exposure by all possible means, including protective clothing and engineering
"control of climatic conditigns, in hot industrfes 1like this Phe occurrence of heat illnesses
will be extremely rare. ‘ ) .
- : L - A
If ‘heat stress monitoring. is required only for the purpose of determining whether or
not preventive measures are required, the main problem of heat stress monitoring in most
hot plants will be not so much the.accuracy of envirommental méasurements but the relation-
ship between the climatic conditions out of doors and at the job site. According to the
"NIOSH heat stress standard, a WBGT profile has to be established .for each work pl by
monitoring the climatic conditions of the jobs both during the wintet and summer so iy to -
detetmine during which part of the year preventive work practices are required, After this
. has been accomplished, heat stress monitoring is required only during the hottest months ¥
I of each year, i.e, in July and August, Accord%Pg to the SACHS version, heat stress
i monitoring must be performed during the hottegt' two-hour period of the work shift, in order
to. determine whethet or not preventive measuéis must be applied. However, as mentioned
. before, once preventive measures are observed, heat stress monitoring is not mandatory,
i The text of the ACGIH TLV does not address the question at all at what time of the day or
of the year the environmental measyrements,shgll be ‘performed, Mutchler et alld ypder
. NIO§¥~contract develoggd a methodology for assessing the relationship between the climatic !
‘conditions out of doors and on—thq:;ob site. This requires a minimum of 30 simultaneous |
agsessments of the climatic factors' out of doors and at the job site. 1In order to predict
the climatic conditions at the Job site at a given out~of-doors temperature, one of 7 equa~
tions have to be used, depending on the degree of difference between inside and outside
ambient temperatures specifit to that particular job, There are three regression‘constantg
in each equation which have to be caléulated from the simultapeous measurement results by
multiple regression analysis. Subsequently, from the U, S. Weather Bureau reports, a pre-
diction can be made concerning the dates when the job‘siteffé&pératune may exceed tHe
Threshold WBGT values, i.e. when preventive measures will have to be observed. Another
important application of this method 1s in the area of assessing the long~term health
effects of employment in hot jobs. *In studies dealing with this problem, there is a meed .
. for estinating the workers' heat load retrospectively over a period of several years. This -
" can be done by obtaining the U. S. Weather Bureau records and inserting the values in the
appropriate equations -selected in accordance with the difference between outdoor and job-
; gite temperatures, :
F= : N . :
Lagt but not least, the prediction of heat load on the job site from the records of L.
the U, S. Weather Bureau can be helpful in planning the energy needs for climate control
. 1n a particular industry as well as planning for the increased manpower need in view of the
necegsary rest allowances in hot plants. However, before this methodology can be recommgnded
for general use, its accuracy has to be tested in further field studies, Several industries
and investigators are already trying to use this approach, but the results have not yet » -
been publighed,” . | - .

An alternative approadh for simplifying envirdnmental measurements would be to dévelop
a technique for personal heat stress monitoring, This would have the advantage that the
I instruments would be exposed to the same climatic conditions as the worker a&j the time, If

e
&
rar

_ fast responding sensors for measuring the climatic factors would be availabl » personal
- monitoring could give us a true picture of the workers heat exposure over the whofg work
. shift, Studies for developing such a system have been carried on by Peters et al™". under
_ NIOSH contract, The approach they recommended was to develop miniaturized sensors for. the
. different climatic factors to be attached to the workers and the readings should be either
., recorded on magnetfe tape by a small recorder al'so carried by the worker or telemetered to-
a nearby receiver, They prepared a mock-up model_showing the sensorsigttached to a safety _
: ~ heldet (Figuse 1), Simultaneously, Gempel et all’ experimented with BStsford's Wet Globe'
& Thermbmetetl in rubber tire manufacturing plants. They,also fastened this instrument on
the workers' helmets and found the obtained readings are compatabis with stationary WBGT
measurements. However, in earlier studies .at NIOSH, Sundin et all” found that the relation-
ship bétweén the Wet Globe Temperature (WGT) and WBGT is curvilinear with a -correlation
coefficient of 0.9755 (Figure 2)., At different job sites where the WGT reading was 80 °F,
‘the simultaneously observed WBGT values ranged from 80 to 94 °F WBGT. Compared to other -
singlé reading instruments described earlier in the literature, the Wet Globe Thermometer
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: ) FIGURE 1: Mock-up model of miniaturized sensors ggs measuring the A
b . . climatic. factors of the work environment in hot jobs. The
; _ ..sensors are mounted on a safety helmet. 1 5 "
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+ has the advantage of simplicify, and 1s réTatively inexpensive. . Thus, it may be a useful - -

tool for preliminary ‘exploratory measuregsntq in hot plants, The idea of developing such
an instrument explored at NIOSH by Hughs“" led to the conclusion that even if.modern
technq;ng would permit the construction of such an instrument, it would be too edmplicated
and expensive for routine use in industry. Similar experiments at the University of 21'*
, Pittsburgh performed by P.C. Magee (under NIOSH grant) utilized the ideas of T, Hatch
;.and resulted in some definite progress in making the instrument's heat exchazée coefficients
regembling that of man's; however, a nuigber of problems still remained unresolved, :
' v ‘ o‘,‘_ I —
Metabolic Heat load. The most accurate method for measuring the heat generated in the
body during work and rest is indirect calorimetry, iie. the assessment’ of oxygen consumption, ’
This requires the measurement of expired air volume -as well gs its oxygen .and carbon #ioxide
content. Jhis method requirgs_that the worker carry on his back an air-collecting bag or a . 2
. _gasometer connected through a flexible tube g}th thngworker's mouth, A face mask or a mouth~
plece with a néq;aclip has to be worn in order to assure an airtight connection, Wearing ;
such equipment and breathing throygh the tdBe against the resistance o the system, is ]
quiteburdensome and thercfore cannot be tolerated for @ long period of “Time, Furthermore; ‘
wearing the equipment in hot jobs interferes with heat 1d6gs from the body and with moving -
rapidly back and forth around furhaces and otggy extremely hot areas.\Therefore, in order ..
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to determine the metabolic heat generated during a long period of time, the task performeé’
have to be broken down inte small components, such as standing, walking, lifting, carrying,
machife operating, etc. and the metabolic cost of each component has to be assesséd. There-
after,\a time’ study has to be-performed to determine how much time is spent during the
workday with each component activity so that the Hourly or daily metabolie heat load can be
estimated. This.whole pggcédure is quite complicated, requires some expensive instruments
¢ - and its accuracy is quite limited .because of the variable intensity by which each task is

carried out and the intra- and inter-individual variability of metabolic rate as mentioned
. _ dbove. ,Therefore, none of the three heat stress standards (NIOSH, SACHS, and ACGIH TLV)

.

& requires the aig;ication of indirect calorimetry. The SACHS version prescribes rough

o)

4,440

o

. categorization gf -jobs into light, moderate, and heavy workload, as shown in Table l. The

: K‘ _. ACGIH TLV mentions indirect Galorimetry as one ofBeveral alternatives for measuring

: metabolic heat. The TLV lists several references to energy requirement tables published .

' in the literature for estimating work metabolism.” Such methods are mugh simpler but still
require experience’ to achieve an acceptable level of accuracy‘(t 10Z). In unskilled hands,
the scattering of the estimates can be as high as & 30 - 100%. A time sttdy is required
to calculate hourly time-weighted average metabolic rates for continuous heat exposures.
For. intermittent heat ‘exposures, the averaging has to be dome for periods of two hours,
similarly as with the time-weighting of the WBGT values. *

s\ .

. Realizing the cumbersomeness and limited accuracy of gil the available methods for
assessing metabolic heat, the NIOSH hegt stress standard tefrained from prescribing such ’
~meagurements. .Instead, it establishes fairly low limits: 79 °F WBGT for men 'and 76 °F WBGT
for women to be estimated in térms of ome or two hour time-weighted averages for continuous . N
_or intermittent work, respectively. This 1imit applies only to deciding whether or not .
preventive measures shoulgmge introduced for a job, According to the ACGIH TLV, 79 °F is
¢- the permissible heat exposure TLV for continuous work between heavy and moderate levels, Jd
as shown in Table 2..Since most,gf the.hot jobs are in the moderate or light work categorigli®
the 79 °F WBGT seems to be too restrictive. Howgver, it was the concensus of the review TH¥
committee that the resgrictiveness of this provieion is well compensated by the fact that %i
metabolic measurements are not.re%uired. L g * ‘ .

1
~ i
~- The recommended nger limit fer womeﬁ was based on datazin the literatuf§22’23 showing .
“that women have a h heart rate and body temperature than men when osed to identical
P levels of heat stress. However, recent studies performed by Kuhlmeier2 under NIOSH auspices
- ghéwed that the -upper.limit of the prescriptive:zone (ULBZ) -of heat acclimatized women,
- . working in hot jobs, is not si ficantly different from the ULPZ of men, In’view of thes .
" results, it mdy not be necessary\to prescribe lower limits for women, if the limits are .
- used only for deciding when and wigre to introduce preventive measures, Actually, the SACHS
- version aqs the ACGIH TLV do th have a different get‘of limits for women.

e =
-

L]

. . ™ Several hot industries have available the experts add instrumeats for measuring work

M metabolism and have in the past gppliedkthese techniques for heat stress monitoring. For .
. *  these industries, it may be adyantageous to abide by the,SACHS version or by the ACGIH TV - - Y
N because they permit higher environmental heat loads for moderate and 1iPht work, Further- .
s more, once the work metabolism of a job has been measured, it does not, have to be repeated
N + - as long as the tasks to be performed on the job remain the same. Recently, several direct
- reading,.self—containedésportable instruments for m%?Suring oxygep consumption became

- . commercially avaglable, They are quite expensivé; but if their accuracy can be verified,
they may be well suited for the purpose of monitoring metabolic heat load. -

- Monitoring for*BngineeringYEZ;:’;tress Control, When faced with the problem of how to °

. reduce the Wltkers' heat load most efficiently, it is necessary to know the proportionypthat

& . the different climatic.and metabolic factors contribute ggﬂthqaeﬁisting condition’ The’ .

: ' [ empiri heat -stress indices such as the WBGT ET or P4SE/are not well suited for this .
purpose/ Physical or rationdl indices such as the HST and .the operativestemp®rature(T )
mdke -if possible to calculate the amount of heat gained or lost by an individual th%ougg _ .

. diffefent heat exchange mechanisms such as convection, radiation, and evaporation as well

o « as by mgtabolic heat generation. If the results show that most of the heat is gained

“ through conyectipn, then the most effe¢tive way of reducing heat stress will be in lowering

: the* air temperature. On the other hand, if most of the heat is gained through radiation, .,

M then the lowering of the mean radiant temperature wii; Be more helpfpl. This caun be done by ¢

= placing/a refjlecting barrier between the radiation source and the worker, -However, it is
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even more useful to better isolate hotovens or/f::;aces in the worKers' surroundings. This
ﬁhy requﬁre initially a large investment, but in the long run, the pay off.is much greater
because it not only reduces the need for air cooling devices but also reduces the energy
need for both air conditioning and the manufactur}ng process., .

R

* If the main problem is high humidity, t ost efficient method 6f climate control will
~ be dehumidification of the air by cooling. ver, by using a rational index, it is possi-
ble to predict whether facilitation of Sweat evaﬁoration by increasing the wind speed would
be s@fficient enough by itself t4§ reduce the heat stress. IE this turns out to be the case,
then ,substantial amounts of energy can be saved by making cooling of the air unmnecessary.
Similarly, it is possible to calculate by a rational index, whether the worker can be kept
in heat balance without excessive strein by making available near the hot job sites air con-
ditioned resting cabins instead of air conditioning the whole plant. If this can be accom-
plished, the energy saving can be tremendous, However, on the negative side of the balance,
there will be some loss in per capita productivity due to the need for_ increased rest
: allowances and also due to higher wages paid to workers who have to tolerate the discomfort
and health risks connected with working in hot envinonmgnts.

[}

. Beavy physical work in hot environment is undesirable not only because it causes great
discomfort but also because the metabolically energted heat imposes twice as much stress on

- the circulatory system as the environmental hegt load The method for reducing the
physical work load is eithgr mechanization or employipg more workers. The decision between
the two alternatives should be based on the avatilability of energy sources and manpower and
economic payoff. .- >

P Recently-Gagge et al29 developed a new effective temperature scale based on a mathe-
matical ‘model of human physiological regulatory response. This new index not only cArrects
some of the distortions of the original ET scale but also'makes it possible to use a com-
puter for estimaling the heat load of a worker*and the most effdctive way of reducing the

. heat stress of a hot job. . - ,

Several investigators recommended that industrial heat exposure limits should also be
expressed in terms of rational or physical indices; however, for industry-wide use, they
are too complicated at the present, as was explained before. Furthermore; the‘rational
indices are based on laboratory experiments on subjects not representative of industrial
worker populations. In’order to make rational indices applicable for a practical heat
stress gétandard, permissible exposure limits would have to, be established in terms of these
p standards, and they would have to be validated in Sield studies of industrial workers,. in a

fashion similar td that done with the WBGT index. Furtﬁermore, the estimation of these
indices would have to be greatly simplified and limits displayed in a simple table or graph,

. encompassing all combinations of environmental and metabolic factors, as well as clothing

worn, encountered, in hot Jjobs. . . .
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ESTABLISHMENT OF THE BOUNDARIES TO COMFORT BY ANALYZING DISCOMFORT
e ) - <,/A -7

by

S

. ~
- , . Ralph F. Goldman
*  Us Army Research Institute of Environmental Medicine
Natick, Massachusetts 01760 -

. -
.

- 5 ABSTRACT . ) .

The simple word "comfort” confounds a variety of social, psychological and physiological
perceptions. Even if one delimits the comfort area to the physiological correlates of human
thermal comfort, there are still a number of facets which must be addressed. Physiologically,
thermal comfort is an integrated system state, with primary inputs from ‘the mean weighted skin
temperature (Tg), the % skin wettedness and the tempergture of the extremities (particularly
Tfoe and Tf}nger) and secondary inputs from alterations of deep body temperature (Tye) and
pgg;s rate (H.R.). These secondary inputs result from the body attempting to compensate for
she strain imposed changes in the resting level of body heat content (4AS) by the enyironment
and work load. As one might expect, comfort exists across a range of these various parame-
ters, rather than at any single, unique, state point. It is easier to delineate the boundary
between comfort and discomfort, or between comfort and performance decrement, than.it is to.
delineate comfort per se. ,Tﬁe following table provides some representative values for com-
fort, discomfort and performance decrement levels, and adds the confounding factor that the
comfort zone can be dramatically altered by clothing insulation (clo): N

@
.

COMFORT , DISCOMFORT PERFORMANCE + «

.

25.5 °C f (clo + RH) j) f (clo + RH)

N
0 -

50% " . <5 mm Hg .
>18 mm Hg

<0.2 m/sec ) >4 m/sec >6 m/sec

-

Eff. Temp. 21.6 °C ET _ 26° - 29.5 °C ET. >30_°C ET

WIND CHILL " 200 kcal/m’ « hr ~ >600 ) £ (clothing)

T 33.3.°C 31 °C 30 °C

% Wet Skin <20% ) >20% >40%

o L3 . o

Tt inger. | >21 °C <20 °C <15 °C

T >18.5 °C <17 °C . <13 °C
toe K

Tre

37 + 0.5 °C ? >38.2 °C
. <36.0 °C

Ee ) -
48 . 0 kcal ' + 25 kcal + 80 kcal

+

18,0108 0% 2 4% N

WORK 100 kcal/hr >300 kcal/hr - . >425 keal/hr
w7

H.R. 60 - 80 min >30/mint . - ?

Key Words: Clothing effects; comfort; heat °storage; work effects -
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There has been a'great deal of work on assessment of comforf, usually by ‘comfort vote.
Other studies have shown that shbjective interpretations of comfort are different from those
of pleasant versus unpleasant, and different again from those of temperature sensation. All
three are clearly related to the immediately preceding environment of the subject, with a
pronounced hysteresis loop in-pleasantness, comfort and temperature sensation depending upon
~ ° -thé disection of fhange from an existing baseline.. ,
7 L v ¢ )
S One of the problems in the definition of comfort has been that in a comfortable environ-
' ment little or rothing changes. There are clearly differences in comfort sensatian associ-
ated with season of the year, with habituation as well as acclimatization, and perhaps with
such other factors as age, sex and .physical condition. Thus, studies of comfort which merely
attempt to dq ine the zone of comfort have to decide at what point the normal variability
asgociated with the season, the individual, and his clothing, etc. diverges sufficiently to
be considered a significant departure from the comfort zone. In addition, the "pass band"
(i.e. the range over whic¢h comfort is not significantly altered) 1s fairly wide not only with
perature, but algo humidity, air motion and radiant heat exchange.

[y

cach taken to this problem in my,laboratory has been rather different, Instead"
define comfort and its associated ranges, we have looked at tolerance to heat,
ZLo work: We thus approach comfort along the other end of the axis; instead of
comnfort to discomfort, we work from digcomfort or limits of physioclogical tol-
e very dramatic changes in physiological status can bg monitored, and approach
conditions. Thus, we interpret comfort as those conditions where significant
1 changes do not occur. The argument used is that somehow the cessation of phys-
terations is easier to detect agd delineate than the onset of altered physiologi-
‘cal status. | This approach also involves an attempt to express the physical factors in the
environments|, and the relevant physiological factors of the individyal, in fairly rigorous
thggggtical hysical terms. These are assessed by either direct physical measurement or bio-
physical gimdlation, such as the heated copper manikin, by subsequent development of predic-
~ tive models what the physipfogical responses would be to any given combination of work,
temperature, humidity, -air motion and clothing and, finally, by controlled physiological
studies to rgfiine and ultimately validate the biophysical models developed.

“erance, whe
less severe

This manusFripc will review this approach.to comfort and consider the comfort .equations -
primarily from tWo aspects, heat production and heat loss. We will reference the comfort
, sensation &ssociated wit e percentage of the body surface area that is sweat wetted, but
"the primary emphasis will be on the terms’ in the clgsgic heat balance equation which specify
that change of heaf storage (AS) should equal 0 for true physiological comfort. This equa-
tion is: e . Y
. / -

. ‘ AS=m+q + (R+C)-E ’ ] ).
- where M equals metabolic heat production, qg equals solar heat load 1f any, R + C ‘represent
%Eradiant and convective heat exchanges respectively, and E'represents evaporative heat loss.
In the usual resting situation, the metabolic hemt production term (M) ie readily
" described as a heat.produgtion of 1 Met, defined as 50 kcal/m2/hr; roughly a heat production

of 105 Watts for an average male with 4 surface area of 1.8 m2, On the other hand during
work, heat produc¢tion can be varied over a significant range, perhaps by an order of magni=
tude of fifteen for shzrt bursts of activity. Thus, definitions of heat production can pose
a problem in assessment Qf comfort. There are several approaches that can be used other than
actual measurement of metabolic heat production by the usual oxygen consumption measurements
and calculations., Many tables exist which describe the heat production for almost all con-
ceivable forms of récreation,.work or other activity. .In addition, we have explored this end
of the heat balance equation quite thoroyghly and can predict heat production as a function
of the subject's weight, speed, the load he carries if any (and its placement), the:type of
terrain he is covering, and its grade. Altérnatively, when the work involved is not simply
walking and carrying a load, and if we know the physical work of an individual (i.e.. foot
pounds of 1ift work per minute), we can assume an efficlency factor of about 20% if the indi-
vidual 1s using his large muscle masses and convert the physical work to a heat production
nerely by multiplying physical work (expréssed in kcal/hr) by 5. If only arm work 1s in-
volved, 1,e. smaller muscle %asses. then we can use an efficiency factor of about 10 or 12%. -

‘ \d b A
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Thus, for well de¢fined work routines, we+have a variely of approaches; either direct measure-
ments, or tables of existing values, or estimation as a function of speed, grade, terrain and
weight, or estimation of the physical work involved. —_— ‘
™~ ° .
On the other hand, in the usual industrial situation, the individual tends to set his~ !
own pace rather than to work at a glven rate. We have explored this problem and have deter-
mined that, given reasonably good motivation, a relatively fit 18 to 25 year old soldier will
tend to pace himself as a function of his load, the type of terrain and its grade, 8o that
the physical work will be regulated to give a heat production, at most, of about 425 kecal/

hr + 102 This self-paced hard work level seems to be relatively independent of fatigue,
ambient temperature, or time of day, but may be consjderably different from 425 keal/hr for
less fit, older or female pépulations. The 425 kecal/h? level for these fit young male euk?@w
jects represents between 40 and 50% of their maximum work capacity and is an intermediate g
Value between the 600 kcal/hr rate which would exhaust them in about an hour if they worked
at this rate comtinuously, and the 300 kcalthr rate which, again for this population only,
represents only moderately hard work. These then are our varitis-alternative methods f°§h
assessment of the'metabolic heat production in our heat balance equation. Tt

.

The “sotar heat load 1s not usually-a major consideration in indoor environmerits, but
must of course be considered a prominent featufe in outdoor environments. Without dwelling
deeply on this rather specialized portion of the heat balance equationﬁ I should merely like
to indicate that solution of .this term involves knowing 3 terms in the radiant surround--the
direct, the diffuse, and the reflected terrain albedo radiation, and the surface area of the
individual exposed to these three raiégtione in an XYZ plane, for a given individual, how
his surface area is-changed by his clothing, and the transmissivity and absorptivity of his
clothing. We-have developed such a model. It appears to be able to predict the net solar
heat load arriving at the skin within 5 ‘of 10 Watts of that actually measured. Our major
effqrt in this area at the moment ig directed towards resolving how one adds solar heat load
arriving at the skin to metabolic heat production in terms of physiological effects. Surely
the effects 6f solar heat are quite different from the effects of an equivalent wattage of
metiabolic heat produﬁed internally, but the relative proportioning and effects on skin temper- i

ature, rectal temperature, heart rate, sweat production, and evaporationyrequire elucidation.
a ; 4 4
. p .

Turning next to t&e heat loss side of the equation, let us consider the radiant and con-

vective heat losses. |-Conductive heat lods 1s ignorable in most practical cases since it usu-
ally involves only a very small surface area (e.g. merely the soles of the shoes for a stand- |
ing individual). WhiEe rigorous physical equations do exist for the heat .transfer between a
nude individual and his environmentalyg irround (as a function of the temperature differences .
and vapor pressure differences using su sophisticated theoretical physical terms as Reynolds,
Grassoff’, and ‘Prandtli numbers), no such nglyses or equations exist for thejclothed man. Y
Indeed the problems of combined evaporative and sensible heat transfer through multiple cloth-
ing layers, with thei assoclated multiple Jdayers of trapped still air, is ome that currently °
defies rigorous theorktical solution and will probably rtontinue o do so for thany years.
Instead, to resolve this problem we have resorted to a biophysical analog, a heated life-sized
copper. manikin which, when fitted with a thin nylon-cotton skin which éan be saturated with | '
water, can define not] only the radiant and convective heat exchanges of a human through a

given clothing system, but also his evaporative maximup treat transfer.

-One can measure the.actual change in body heat content using the classic relationehiﬁ
that_there'is a mean |temperature for the mass of the body, Tp, (ugually defined as Tp = ’
1/3 Tgan + 2/3 Trectial) and that the specific heat of human tieé%ee 18 .83 kcal/kg + °C.
Thus the change in hdat gont®nt (heat storage or AS) can be defined as: W
L AS = 0.83 + mass +-AT, Cy- @. .
H oy
1f we défine the masg of a standard reference man as 70 kg, the simple multilecation 0.83 x”‘
70_implies that a change of 58.1 kcal corresponds to a 1 °C change in mean body temperature
(ATy,). . Thus we Have|a physiologically measutable quantity to use as the basis for heat stor< ™
age SAS) 1& the heat|balance equation (Equation 1). : : v

. B e
Having defined the ‘metabolic heat production, and indicated an appféggh ;o’reeolving thej
solar load problem #f necessary, it only remains for us to interpret the data from our'anthr§=J’
pomorphic copper mAjikins, for us, to be able to completely resolve the coﬁgprt equation, usi f%

as the-criterion foir comfort that there should be no change in heat storage. - Ay
. Y, - L)
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~ We have beaBed this interpretation ypon the classic work of Gagge et.al., who defined the
* lo unit of thermal insulation as that insulation which allowed the trdnsfer of 5.55 kcal/m?
of surface area per hour for each °C difference.between skin and air temperature. We then .
introduced, following Woodcock, the concept of the permeability index (ip). This describes .,
the ratio of the.possible evaporative heat loss to the maximum that could exist in any given )
, ambient vapor pressure environment, as a function of the difference between the vapor pres-
sure of the skin (Pg) and ambient vapor pressure (Pg). VWhen this differénce is comverted to
. an equivalent temperature gradient using the physical rélationship (Lewis relationship) that
1 mm Hg vapor pressure differential 1¢ equivalent to a temperature difference of 2.2 °C (as
observed in the slope of the,wet bulb lines on a psychrometric chart); we can write the fol-
lowing two equations for radiation and conveetion, H (R + C) and maximum evaporative (Hg) heat ‘
transfer from .the body, for our standard man with 1.8 m2 of surface area, as a function of
the clothing (clo) and its permeability (ip): ¢

H(@®R+C) =10+ 1/clo,* (T_=T) (3)

H, =10 "1 /elo + (2.2) * (g - P) , (4

Agsuming & standard reference skin temperature of 35 °C (95 °F) for a nude man, there is an
assoclated saturated vapor pressure of 42 mm Hg for sweat at the skin surface; for a clothed
man We generally have found skin temperatures of approximately 36 °C, and therefore an assox
ciated vapor pressure of 44 mm Hg. It can readily be seen that, having ‘established the skin
temperature (and its ‘assoclated vapor pressure) of men ima hot environment, we can estimate
the radiation and convective heat exchanges and the egaporacive heat loss for any ambient.tem-
peratyre and humidity, since equations 3 and 4 above give these heat losses per °C.and per
,mm Hg of vapor pressure difference between skin and ambient environment conditions. Thus, we
can define, for a given uniform of measured clo and in/clo characteristics, the actual radi-
ation and convective heat transfers, and” the maximum.evaporative heat transfer possible in
any given environment. . . . :

We now ddn define the "Psychrometric Range': of 4 given clothing system. The lower limit
, .of this rang}a ds the lowest dry bulb temperature .at which an 4ndividual seated at rest (losing
. about 25% of his resting heat ‘production from the ‘respiratory traét .and by diffusion of wate
vapor from the skin without active sweating) will lose only 75% of his resting heat prodyctiol,
i.e. no more than 75 kcal/hr (300 BTU/hr) of a total 100 kcal/kir (400 BTU/hr): of heat produc-} . .
tion at rest. Note that this_limit parallels the dry bulb temperaturd lines on a psychromet~/ -
ric chart. The upper limit is a line paralleling the wet bulb temperature. lines and.defineg
those combinations of air temperature and vapor pressure below which an individual having a -
heat production of 300’ kcal/hr (1200 BTU/hr) is able to eliminate 757 of it by a combination
of radiation plus convection and evaporation, when he 1is 100% sweat wetted (assuming roughly
that 25% of his metabolic heat production can"be lost from the respira;gﬁr tract as a result
of the increased respiratory response associated with the' incréased oxygen gemand of the woxrk).
! .This ¢éncept is illustrated-in”Figure 1, vhich shéws the predicted psychrometric range for an
individual with and vithout body armor, at rest (100 kcal/hr = 400 BTU/M of heat production),
_ with a"need to lose not more than 75 kcal/hr (300_BTU/hr) by radiation and convection, and at
~ work (héat production of 300 kecal/hr = 1200 BTU/hr), with the requiremeat to lose 225 kcal/hr
(900 BTU/hr) by combined evaporative and nor-evapogative heat transfers through these two
/. N

; 2+ clothing systems. v o «

——

1

P This concep'c of psychromecric range is clearly an imprecise statemens because’ of the

X ¥ alteration of the insulation end vapor permeability of clothing with varied air motion, the
ability of the;bddy to produce different amounts of sweat, %0 aceustomize to differeat degrees
of heat storage, and to alter skin temperature as a function of state of acclimatization and
hydration etc. Névertheless, it is a very useful-concept in delineating those envirénmental

.conditions under which tests of- several clothing systems are most apt to show physiological
- differences. This can be exemplified by considgring that if two clothing systems are studied

under conditions well belgw the upper” psychrometric range of either, then the-body ‘can come
" to a common physiological state+(as indicated by measurements of evaporative sweat loss, rectal
. " temperature and heart rate) by relatively minor variation in the sweat wetted surface areas.
5 ‘. Thus any difference between the two uniform ensembles 1s apt to be lost between this immea-

+  gurable and the normal-variability inherent in small sample #halyses. On.the other hand; .

QO thould the study of these two theoretical clothing systems be conducted well above the theor
EMC etical upper range of }eicher, then che.physiological' responses of-subjects wearing either
R | e el T R N :
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garment will be driven to their maximum heart rates, rates of rectal=temperature-change, and

‘of this age and size who store approximately 160 kcal of heat in thelr body r

100% sweat wetted areas. Rather than studying the differences in uniforms, one will be study
ing the differences in physiological tolerances of the wearers under extreme stress. The
results will be relatively independent of whether, with one uniform, the stress is 130% of -
the maximum:the individual can bear or 115% with the other., This lack of discrimination is
shown in Figure 2, where the change in rectal temperstur€ for men during a 100 minute march’
is graphedaét 5 different environmental conditions, expressed as the WBGT index (WBGT =
0.7 Typ + 0.2 Tq + 0. l\Tdb). It can readily be seen thdt the 100 minute march cannot be co
pleted at either of the two highest WBGT conditions and that the differefe between the rec
¥al temperature change with or without, armor is barely distinguishable. In a'similar manner, -
although all subjects can complete the march without difficulty under the lowest WBGI- condi

tion, there id again no difference in rectal temperature response., The comparability of r E
tal-temperatures is achieved by small, relatively immeasurabI® differencets in sweat wetted N
body surface area. Only in the mid range, i.e. conditions which lie between the psychrometric
upper ranges' of the two uniforms, can one clearly see the difference of wearing or not weat-
ing body armor. The advantage of the Psychtometric Range concept is that it allows the_s
entist to select those conditions which are most likely to exhibit any differences in.the
physiological responses of men wearing various clpthing s gtems, fﬁ\pther words, the inves- .
tigator can dramatically alter thé<signal (data) to noise (variability) ratio in his stud
by appropriate selection of the environmental condition under which he studieg a given c
ing system, based upon consideraticn of its insulating clp and vapor permeability iy valdges,
as determined on the heated copper manikin,

An example of this approach is given in Figure 3, which shows the average change in heat
storage for 8 subjects walking at 29.5 °C (85 °F), 502 R.H. wearing either a full lengtl plas-
tic raincoat, or the same coat cut down to 3/4, 1/2 and 1/4 length. ,The copper manikin/val- .
ues, given at the right hand side of the figure, were used to calculate that at the ambient
temperature of 85 °F and 50% relative humidity, the maximum combined heat loss by radigtion,
convection and evaporation is 142 kcal/hr wearing the 1/4 length raincoat. This is reduced
to 126 kcal/hr by the 1/2 length and to 108 kcal/hr by the 3/4 length raincoat while, yhen

wearing the full-length raincoat the wearer will have only a total 92 cal/hr of non-evapora-

tive plus maximum evaporative heat loss. A resting,individual, producing ‘perhaps 90 cql/hr -
(105 wWatts), should have no problem with heat storage; however, during work (walking at 3 mph),

there should be a distinct difference in the relative heat storages of men when they Wwear

these 4 raincoat systems. The agreement with this prediction is clearly demonstrated in the

figure (cf. Fig. 3). With no heat storage at rest, there is good agreement in the rank order-
ing of the 4 raincoats as a function of their cio and ij/clo ratio rank order. Similar agree-
ment between the relative rank ordering of clothing systems suggested in the iy/clo.
and the actual heat storages, 48 shown in Figure 4, for 7 men walking in a 95 °F environment, 5
This. condition minimizes the differences between the clothing systems associated with differ-

be almost no radiation and convective heat transfer, K The heat storage yhen wearing the two
garments with a 0.34 ip/elo are obviously identical during the two walk periods, ag are the
heat storages of th2 men wearing the two garments with 0.22 and 0.23 ip/clo ratios, at least
for that portion of the time when enough of the subjects (small, numbers in cirtles represent
subjects remaining) are still able to continue.  The heat storage of these men*wheén they wear
the 0.27 im/clo ratio garment can be clearly seen to _be betwepn the heat storage ith the 0.34:
and 0.22 garments. ' } .-

‘‘ences in clo. In the absence of a significant skin to air temperatureg:;adient, there will

a 507 risk of N

being a heat dxhaustion collapse casualty, this rmation, in combination wigh the ability

to predict heat production as a function of the and heat losses as a function of the L
clothing, forms a complete system for prediction of tolerance time. Tolerance time can simply N
be defined as the time to accumulate either 80, or 160 kcal of body heat storage.~ This time g -

. . N }
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Lone prablem in this otherwise ideal system is that the observed heat storages, while
almost always ranking in”the order predicted by the static copper manikin values, very seldom
actually €qual the predicted heat storages. The observed hedt storages are almost ‘always

» ‘signtficantly ‘léss than those predicted from the static copper man values. The difference

. reflects, the fact that clg™pd ip change.as a function bf the air motion. The "air motion

., + occurring inithe studies are usually dif?e‘rent from those used during the determination of
the clo and iy on the copper manikin, and the subjects generate air motion while walking and
wearing the clothing. The change in clo and iy as a funcdtion of wind velocity can be readily
determined by exposing our copper manikin in the wind tunnel while measuring clo and iy.*
These changes in clo and i with wind speed are illustrated for a standard tropical fatigue
uniform in Figure 5. » .

- i N\ -0
* The problem of dealing with the air motion generated by t:hL wearer while wa%king is more
complex. Studies have been conducted using naphthalene spheres set off the skin surface, but
' . attached by bands to the skin surface. The rate of air motion across the naphthalene spheres
+ - 4g directly determined by the rate of gublimation (weight loss) of the naphthalene while sub-
' jects wearing the spheres walk either on a regular flat surface of on treadmill. Treadmill
wflking obviously results in different air motion from road walking because of lack of for-
‘ward progression. This data is currently being correlated with the effectivé air motion we
calculate by assessment of the "effective clo and i," values; "which must have existed", for
subjects wearing given clothing systems in given enviromments while walking at given speeds
and accumulating -the heat -gtorage. In essence, one uses the phyﬁiological heat storﬁgee and
matches them against the nt temperature and vapor pressure differences «o, determine what
the effective clo and iy valugs must have been. The effect of the combination of wind and
subjective air motion is expiessed in our models as a "pumping coefficient”, an expoment which
modifies both clo and iy as a function of what we-have chosen to call the effective wind :
velocity, Vege. This is the sum of the ambient wind speed plus a mathematical constant times
the metabolic heat production generated while walking. , " \ .

.t Using eithér measured or predicted heat production, and the clo, and i, for a given
clothing system as modified by.the pumping. coefficient, Vef{:‘ ﬁ'; have been able to preditct

A both the rectal temperature and heart rate response patterns for a wide variety of work, rest

and recovery dver .2 wide range of warm to hot temperatures with low ‘to high humidities. A

sample of the agreement between predicted and measured rec¢tal temperatures 1s shown~1in Figure

o~

6. One can,see that the agreement is usually with 0.1 °C for the average of a group of 8 sub- '

jects. The agreement between the predicted and messured heart rates is shown in Figure 7 +and,

again, the agreement is quite good,-usually on the order of 3 to 6 bpm.

. . Y
o , In summary, -our approach to comfort- 1s to use this well validated predictidn model to
predict those envirommental conditio (i.e. thogse combinations of temperature, humidity,
. solar -heat” load and wind speed) which do not significantly alter either rectal-temperature
.- or heart rate. Heat production, skin temperature, skin wettedness and heat storage)can also
be ppredicted. This approach alloys us to consider- comfort for almost any clothing system
and work—gest--recovery combination. It is, we believe, a fruitful approach to the predic-
tion of discomfort and to the e/s'tablis}ment'%f appropriate working conditions and appropriate.’
recovery times.” Indeed, we feel that this ‘approach to defining the discomfort boundaries to
comfort is a valuable supplement, and offers:several distinct advantages over the usual sub-

*  jective comfort vote evaluation. .
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HEAT STRESS. WORK FONCTION ‘AND PHYSIQLOGTCAT HEAT EXPOSURE LIMITS IN MAN

!
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Abstract
. 14 ’ , .

" Various operational trials using tolerance criteria available in the literature '
revealed that predictions of physiological exposure limjts were rarely compatible with
observed status of men in a wide range of heat™stress and work .copditions. Computer
integration of laboratory and industrial-type datg led to establishing a comprehensive
of physiological criteria for tolerance limits appropriate to man at work within time-

,weighted-mean (t_ ) metabolié¢ rates from 76 - 126 kcal/(m?-hr) [88.4 - 146.5 Wem~2]. These
criteria and work rates were integrated with industrial-type heat stress conditions over
the tyy WBGT Indexlrange of 82 - 130°F [27.8 -'53.4°C]; vhich resulted in developing the

set

Pﬁygiological Heat [Exposure Limits (PHEL) concept. Several electronic heat stress monitor-
devices were evaluated and employed in determining environmental conditions. ab-
oratory and field studies the dry- and wet-bulb and globe temperatures were
Physiological data/ were obtained at the same time as the environmental data.
physiological data obtained in the laboratory®were huch more broad in scope than in the
field settings, the field approach included physical characteristics of the subjects, body
temperatures {skin and rectal), cardiovasFulag~(héart rates and blood pressures) and
metabolic-respiratory (0, consumption, respiratory minute volume and respiration rates)
.data during rest énd performance of dynamic work; sweat rates were determined by body
weight. changes wher feasible in the nom-laboratdry trials. Coefficients for physiological
factors in the heat stregs and strain equations were automatically adjusted for physiolog-
ical changes determined in the actbal situations. Compdrison of over 203 sets of environ-
mental and physiological data supported the PHEL concept and permitted mdre definitive™
identification of material areas requiring corrective engineering actions in the industrial-
type settings. Corrective engineegggg.actions bgsed upon results-df the data analyses have
permitted nearlﬁ a sixfold increase of the maximum physiological exposure times; simulta-
‘neously, the estimated cardiovascular reserve increased from 15%.to as much as 85% during
routine work.. ’ - * ]

&
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Introduction

;o . -, - : . )
_Heat stress and strain have a profound impact upor man and’ industry. ngafdless of
the specific causes,,the immediate consequences of uncompensated-heat stress upon man are
N, N N e} s e ! PO
observed as ajmajor loss of man's performance efficiency and thg loss of work productivity
enerally knbwn that excessive heat stress exposures lead to a progressive
,qﬂowered resistance to some stresses, and low reténtion of

ational Safety and Health Act of 1970 was a significant
; ) 1

s i -
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- .. initiation of corrective actions relative to heat stress problems. Lengthy deliberations
were held by the: Steering Committee for the Occupational Safety and Health Adiinistration
(OSHA). Numerous testimonies were given and a number of drafts of a proposed U.S. Federal

' Heat Exposure Standard were submitted to 0OSHA. The Steering Committee's final.

:gsgyent was submitted on 11 January 1974. The main intent of the proposed Standard
cument was to provide guidelines as to when sound health Practices should be introduced
to protect workers. In the final docufient it was clear that questibns regarding heat
tolerance limits,remained unanswered. In other words, the proposed Standard was to serve

as a basis whereby industry should begin to institute sound health practices as the thermal

environment and.rate of work b g an to impose strainywithin workers; conversely, the document

did fot truly address tolerance:limits where exposures and work rates would have to be

terminated. A number of pitfalls in attempt1ng to establish a more encompassing heat expo-

sure standard were recently presented and it is very likely that many of the limitations
in the proposed standard have had a major impact upon the absence of a currently OSHA
approved set of heat -exposuge gu1de11nes in th1s country.

4

. Progress in ident1fy1ng and combatt1ng the adverse effects of heat stress, and attempt-

ing to minimize the phys1olog1caL strain in men have been extremely varied over the years.

It is readily apparent that the total problem is far more complex‘yhen research is confront-

ed with“the real world of multiple combinations of, physical factors in the environment and

the phy51ologica1 capabilities of mian, whether it is a civilian or military situation. The

majority of prior efforts were limited to studying only a few variables simultaneously. .The

technology-of-the-day did not permit development of concise solutions to involved questions;
«~ the scope of generally used phy51olog1cai variables was extremely narrow; and, occasionally
some past research was influenced by subjective information. Exploitation of modern tech-
nology has increased the ability to integrate numerous research findings and to improve ~
bilatéral cross-d%ers between labpratory and field efforts. It was through the use of the
practical state-of-the-art technology today that_ the questions regarding heat stress, work
function and physiological heat exposure limits were examined. The product, in terms of
‘what can be assessed objectively at this time, has been the demonstration that it is
feasible to dramatically reduce high heat stress leveis and obtain a marked improvement in
physiological performance. °

‘e

- ° ~
. - g < - ° L . . . -
S { - C g A
Physiolog'cal Criteria of Heat Tolerance.in Man

3

. Studies of man's capac1ty to endure heat stress, or heat tolerance as used here1n, :
have utillz.dsa wide range of upper limits for the same phy51qgog1ca1 parameters. The
conventional physiological criteria of heat tolerance have been asSociated with a range of
heart rate (HR) values from 150 - >200 beats* m1n rectal temperaturt (Tpe) from 38.0 -
Y 4018 C, and sweat rates (SR) to 3.5 Titers-hr-t i Furthermoré, there Yas been’ the '"too

. late" approach of allowing exgosures to continue until personnel demonstrate imminent

- .collapse or an ove:t 111ness - .

° L

o

v . It has been shown that -HR, by itself, is a poor pred1ctor of card1ovascu1ar 11m1ts
when dealing with var1ous ages of‘workers, rates of work, and states of phys1caa condition-
ing.and acclimatization.? On a sound physiological basis it is mot surprising that a
HR limit cannot be well-defined as, there are numerous offsetting cardiovascular factors °
which are not illustrated by HR alone 17 1n ocgupatlonal situations the sole use of HR ma;
be of little slgnificance relative to heat tolerance under’a variety of conditions;10,18-2

. HR may be altered by the influence of items such as sodium chloride,?! or may be m1slead1ng

«.. - - in comparison with other changes within the cardiovascular system. 15,22 0n the_ other hand,

Ha Tre is subject Yo various interpretatibns, depgndent upon the rates of change 11 12,23

- ’ "qk the dynamics of other internal body temperatures are such that in trans1en! ates Tfe

s 'the least reliable of ?he internal body temperatures to depict ‘the more mean n‘f ,‘_\
- . thermal status of man. Also, the use of SR must be done with caution as there*¥s Y

evidence that SR's are subject to decrease in comparison with high SR's found early in the
total heat acclimatization profile, %,2% and SR's are markedly reduced with varﬁ’ng amounts

of - sodium’ chloride 1ngestion 21 P . y ({r .
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stimulus for the civilian community to recognize the need for much greater awareness and -
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Driven by a basic common sense question regarding what are tolerance limits to heat
stress over a variety of general work tasks, and an urgent need for a simplified method
" which employs factors essential for practical engineering actions, a review of phy51olog-
jical data from over 160 experiments resulted in Table 1. Applieation of Table 1 required
at least two objectives to be reached in order to define physiological heat exposure
limits within mdn; the most appropriate for laboratory and field studies are indicated by

" of "T" respectively.

“

-

"

Table 1

/

Heart Rate
*1- ‘

. Improved Physioloéical Heat Exposure Limits Criteria N !

N

.I. At Any Time During An EXposure:'

N

Rectal Temp. .

>180 beats-min.'l - |
239.0°C or,21.6°C+hr~} ’ |

ERIC

*  Tympanic Temp. . . 239.5°C or .2.3.S°C-hr'1g , .
A * " Esophrageal Temp. 240.0°C or 24.4°C+hr-! . |
s *1 Total Vascular Resistance . S£20% of Control value , Vo
or e s ' -
*t  CardioWyscular ReservelSs 22 0% . - . i \
Mental _ Disorientation - ' ’ -
1. During Sustainpd Physical Work: ) ¢ "\ ‘
. *.t Systolic Blood Pressure 240 mm Hg decrease within 3.5 min. interval (U
*  Electrocardiogram R-wate height 51 mm of T-wave (using Lead I _l
or TransthoraC1c) or T-wave 4nversion \
Korotkoff Sound Intensity >3-fold increase from Control value’ \
Ventilation Equivalent 247% increase from Control value ’
@ Ratio of”éxygen Removal 233% decrease from Control value c
Mental - Onset of euphoria immediately post-irritable
oo , \
« TII. Recovery: . s .
\ . -
« *1 Total Vascular Resistance <80% of Control value within 20 mim. post
. exposure . e
. . *1 Cardiovascular Reserve <75% within 20 minutes post-exposure
) Heart Sound Intensjities Sounds I and II remain >3-fold higher than
- Control, e though Heart Rate back to 3
, . Control 1eve1 . L
. Creatinine Phosphokinase— Blood level >1000 un1ts 24-hours post-
exposure
+ * These factors most common in coéntrolled laboratory experiments. .
t These factors most common in field experlments where monitoring is less - . -
extensive than ifi laboratory experiments. ..
» - ’%
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Selection of a Simplified Index of Environmental Heat Stress . . -

Earlier experiments in high temperature situations illustrated the difficulties in
using available heat stress indices to scale short to long expdsure times for men perform-
ing a range of routine tasks in industrial-type environments. 7:8'18'2%525 As the U.S.
Navy Psychrometric Chart for High Temperature Habitability Limits (NAVSHIPS 4767) had a
: potenttal of application, a series of éxperiments were conducted to examine the validity
E of the NAVSHIPS Chart for exposures from 15 minutes to 6 hours. Results of the study

- clearly indicated that the NAVSHIPS Chart was able to provide reasonable agfgeggnt with
heat tolerance in the so-called "4-hour'" and "3-hour" zones, as long as no radi QE heat
was present and the metabolic rate (MR) was ‘between 55 -k94‘w-m’§.‘ However, when xadiant
" heat was present there was virtually no agreement with the "4-hour -and "3-hour" zon S, .
» and absolutely no agreement with any time zdnes of less than three hours. Careful examin:
ation of the original Bureau of Ships files indicated that the limits for less than three\\
hours, in the proposed but unissued Chart, were based upon the original coefficients of
. the Belding and Hatch Heat Stress Index (HSI)27 and that men were dressed only in shorts,
socks and shoes; whereas, the "3-" and "4-hour', zones were very wide and were based upon
-data from men normally clothed. Obviously, the NAVSHIPS 4767 Psychrometric Chart for
\ Migh Temperature Habitability Limits was unsatisfactory in dealing with combinations of
adiant heat environments, was not sufrigiently specific-even in the absence of radiant
heat for short exposure time, required a bxoader range of MR and should have been consis-
tent with men wearing normal wBrkjng clothey throughout”delinedted zones. 3 . ¥

¢

- The HSI, with revised Foré?E;ox coefficients, was a likely candidate for selection as
it developed ;hg rational concepts of evaporation required to maigégin heat balance (Ereq)
and maximum evaborative capacity ( )*in order to obtain the-HSI (See Appendix). Un- .
fortunately, even the new nomograms of McKarns and Brief2® to estimate Ereqs* Emax and HSI

e are much more complicated than a simplified chart for lay usage. Furthermore, using the

- improved coefficients and making corrections for actual skin temperatures, numerous calcu-
lations of the HSI revealed that the HSI values were either negative, implying mild cold
o~ *  stress when in reality there was high heat stress, or the values were far beyond the
upper limit of 100. In separating out the factors within the HSI that may have been
subject to further modifications, it was determined that when the partial vapor pressure
(Py partial)} of the air exceeded the corrected vapor pressure at the skin the value for,

. Ereq became negative; in other words, a negative Epagx in high heat stress dg@Bted that at
the higher. Py partial of the air, water would condense on the skin of man../These results
also meant that the HSI cencept was limited, in its current scaling terms, to environmental
conditions where evaporative cooling (compensated hegi stress) was present. Rescaling‘bf

¢ <he- HSI was, considered unwarranted to fit environmental conditions of uncompensated heat

( stress,andf&o}erance times of less than 8-hour exposurés., (Data relative to these ’

. negative and greater thaﬁ\logwyalues are given later inwfhis text.) ' .é[’

A

. “Selection of the Prescriptive Zone (PZ)ZJ29 relative to physiological heat tolerance
and the physiological heat exposure limifs criteria, as given in Table 1, ‘was not appro-
priate. .By definition, the™PZ is based upon 95% of an average population not exceeding
a body temperature of 38.0°C. The PZ concept emphasizes the need for a nearly steady level

. of equilibrium'in a wide range of climates. Above the upper limits of tlié-PZ an increase

=. in heat stress would result in a disportiongte increase in cardiovascular $train*unless

T?ax increased beyond 38.0°C, As indicated previously,’,8,10-12,18-20,26 heat tolerance
1imits rarely can be defined by internal body temperatures as..low as 38.0°C; tolerance
limits must be judged by objective criteria which truly reflect the upper points (which

s

., . are limits) rather than the points of departure from equilibrium. Data comparing "l-hour"
- and "30-mipute" "heat tolerance" using the PZ versus HSI and other indices of heat stress
; © ' are qucuSSed later in this text/ , ) ST -
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. " Review of information on the Wet-Bulb Globe Temperature (WBGT)/Index indicated that
Y there were no less than six WBGT equations used, in both theoreticgl and gractical situa-
i tions. Furthermore,‘reports of Yaglou et. al.,3? and Yaglou and Minard,3! did not specify
. which WBGT equation must be applied indoors. Although usage of WBGT,* for’outdoors and
g WBGTb** for indoors has been widely referenced back to these reports, therg was .informa-
. " tion 32733 that WBGT.*** was applicable indoors with varying radiant.heat levels and was.
. -the sign;flcant form of WBGT in establishing standard criteria for heat tolerance limits,
' This latter approach utilizes the integration of t1me-we1ghted-mean (twm) metabzﬁzé\rates
(MR) and tym WBGT. with scaling for physiological heat tolerance limits, as given in Table
1, to permit practical utilization of essential, environmental factors for physiological

i

industril- tyﬁé situations.

*  Curve f{tting of radiant *heat research-data obtained by the Heat Stress Division,
Naval Medical Research Institute (NMRI), revealed that the best fit curves were power
-~ regression relationships (r's = -0.985 and -0.998) between tym MR's of men in normal work
clothes, tym WBGT: and exposure time limits when the phy51olog1ca1 -heat exposure-limits
criteria (Table 1) were met but not exceeded. On an injtial basis there were two typ MR's
.(88.8 and 111.7 W-m-2) and the majority of the 70 sets of data from 15 subjects for each .
tyn MR were within the typ WBGT's from 3171 5 36.7°C. At approx1mategy the same time Royal
%g§ﬁ”* Navy researchers8 combined WBGTg**** ‘with.a continuous MR of about 170 Wem~2, but without
¢ - the presénce of radiant heat. Results of combining three phases of the RoyalxNavy effort
_included a total of 87 subjects, 440 sets. of observations, and WBGTq from 32.1 - 53.9°C.,
" Replotting the Royal Navy data revealed that again the best fit curve was described by a
power regression (r = -0.983). One major difference between the NMRI research and that of
. the Royal Navy was that in the NMRI studies exposures were. termlnated in accordance with
N the critéria associated with Table 1, whereas, the Royal Navy researchers terminated
N\ 8xposur “the vpoint of imminent collapse or overt illnesses. Another major difference
“yas that the Royal Navy studies were based upon continuous work at & much higher MR than in
.I‘twm MR method used by the Heat Stress Division of NMRI. The Royal Navy goal was pre-
dominately directed to problem situations where emergency work would have to be performed
. continuocugly at-a verythlgh rate of energy expendlture- The goal within the U.S. Navy was
. d1rected tong brodder spectrum\of'exposure tlmes (up to six hours) with typ MR and t,;, WBGT
" values repres‘-tlng a more normal range of env1ronmentg%wand physical work conditions

. encourftered in hvd industrial-type civilian and military situations alike. Noise levels

‘ * in both the NMRI aﬁ?~Roya1 Navy Studies were maintained at 90 dbA. In NMRI trials away from

™ the laboratory the.subjects were required to wear standard stock hearing protectlon deV1ces

¥ -when the noise levels exc~u--d 90 dbA. - 18, bt :

. "_ . Research was continued by Ch Heat Stress Division, NMRI, and in September 1971 the

. v Navy estab d-t¥e Physiologi osure Lipits (PEL) Chart for use in high temperature
enviropfients. It could be said at thattime, .that the PELChat} permitted determination of
" the™taxinum physiological exposure limits3 Jhich if not exceedeaEWDulgiggrmrt rever51bility
of the physiological strain without detectable harm provided rest was altowed 1n a codl

. environment. The acronym PEL came into general usdge w1th1n the Navy unti
' - acronyms also appeared... In 1973 the Environmental

Public Exposure Limits (PEL) covering ‘a.broad scope o

;\ n heat stress; furthermore, the National Institute of Occ onal Safety and,Health (NIOSHY~ —
. ppb11shed Permigsible Exp_§ure Limits (PEL) %Q&September 19%. In order to avoid con- .

fusion in Teferring to the three identical acronyms, “the Navy, November 1973, adopted
the more appropriate title Phy51olog1ca1 Heat E osurs L1m1ts ( \i\\ The PHEL Chart

tolerance limits, correctlve englneerlng actlons and rout1ne§surve111ance of work areas in

&

i Physiq*gg?cal Heat Exposure Limits (PHEL) Chart - oo \\ ©

¥

* WBGTQ = [(0.1 Tdb) * (0 7 Tab natural)“* (0.2 T )] i : . .
' o P .
** ‘WBGT, . = [F0'7 Tub natural) (0.37T 7] ! EO . : 7y
Mt OWBGT = [(0.1 Ty Jpsopgea) * (07 wa psychrometric) + (0.2 )] S~
*hkR wBG’]‘d = [(0.7 T ) + (0.3 Tdb)] . . . t . T v
iy - A E . Pl % \\\l 5
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as of 1973, consisted of the previous U.S. Navy PEL curves of .1971 with an additional curve

for tym MR (146.5 W.m~2) and extension of the typ WBGT range to 51.7°C for "all three curves.

Clearly there is a difference between the U.S, Navy PEL or PHEL.Charts and the NIOSH PEL

° _concept; it must be recognized that heat strain will be readily apparent with the U.S. Navy
PEL or. PHEL when physiological heat exposure limits dre reached,.but the strain'will be

reversible if the limits are not exceededs On the other hand the NIOSH PEL was designed to

restrict deep body temperature rises to a maximum of 38°C.

¢ ~

5

ts of typ MR from "76 - 126

Following the original research design of six equal incremen
kcal/(mzrhr)" [nowyin, equivalent metric units of 88.4 - 146.5 W.m~2]} the PHEL Chart devel-
opment continued b?*ﬁbtaining exposure limit curves for 100.0, 123.3 and 134.9 Wem=2. The
number of subjects, number of observations and other pertinent information,xregdrding each
curve are summarized in Table 2 below, with equations for the respective PHEL curves given .
in the Stress/Straih Evaluation Program (STEP-M2) Abbreviated %;:Ehg‘éppendix. As indicated
previously, the typ WBGT range was 31.1 - 51.7°C. )

H
A 3

-

siikesn

&

.

Table.2 ‘ ~
o tym MR . LabOEEEEEZ~Effji£ - FTeld Data
. (w2 No. Sv;;!(j.' No. Obser. ~EO¥®T Re8-  No. subj. 'No. Obser. Power Reg.
f . . /’
88.4 /52 147 -0.997 T 18’ 66 ".0.995 -
¢ . R < *(t = 155.1063) *(t = 79.6997)
/ N ’ Y -
. 100.00' . 26 132 -0.998 1638 52 -0.494 :
: S , *(t = 180.0070) . *(t = 64.2589) .
.7y 28 137 -0.997 18- 57 -0.992 7
. / , " (e = 149.6623) ’ *(t = 58.2778)
_=-123.3 25 © 128 -0.997 é 48 -0.993 -
h {5" - ! *(t = 144.5875) : *(t = 57.0198) .
Lo e
> / ERAN <7 I V/ 67 -0.987 7 20 -0.978
, TN L . T x(t = 49.3516) *(t = 19.8907)
CAR 146.5 11 '46 -0.989 5 12 -0.975
. - *(t = 44,3516) *(t = 13.8756) ’
,;. N 0 r3 _W -
2 * t statistics from correlation coefficients, using Hewlett-Packard HP¥6S’ STAT 2-16A
, 7 transposed for Hewlett-Packard HP-67/97; df = nobser. - 2; all t values significant
: . at p<0.0001. Ages of subjects .from 19 - 43 years; all subjects health clasgified
- - as "fit for duty'" and each subject.experienced in work tasks performed at the
t,m MR's. o - 5
- . - , . . N %.:& .

‘ Utilization of all of the data resulted in the equation PHELgpecific given in the '
Appendix : (STEP-M2 Section) for tym MR's 88.4 - 146.5 W\m~2 and t,p WBGT's 31.1 - 51.7°C. .
Comparing PHELgpecific exposure“times\ﬁith the "Safe Exposure Times" given by Bell et. al.¥ s
indicated that ghe upper and -lower 99% confidence limits of PHELspecific are safe for

8 >95% of the population of subjects; for >99% of the population the lower 99% confidence

- limits,from' PHELspecific Were safe, but the upper 99% confidence limits exceeded the .

% classification of?"safeu. N s : -

D R » . ) ~

§{, . Figure 1-is the PHEL Chart as developed for operational usage and released in the ¢ .

A ' revision of Chapter 3 (Ventilation and Thermal Stress Ashore and -Afloat) of the Manual of ot

. Naval Preventive Medicine.37 However, for practical situations which do not need all six . * -

of the PHEL curves, an abbreviated PHEL Chart was issued3.8 which contains only "PHEL curves . :
I ("A"), 111 ("B") and VI ("C"); thg abbreviated PHEL, Chart “is also given in the Manual of \ A

%{ Naval Preventive Medicine. Y o
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Statisticalycomparison of adjacent PHEL curves I = IV, within the tym WBGT range of
35 - 45°C, are presented in Table '3. Paired data from field trials show that the adjacent

PHEL curyves, based“upon ghe physiological heat tolerance criteria from Table 1, are signif-

icantly different.

« '

. feble 3

»

. " Comparison Of Adjvac\enf: PHEL Curvés \
StatiktRes - .
Ivs. II . IFvs. III Y otrn vetry
Paired t 10.0489 7.9242 6.4916 .
df 33 £ 18 ) 19 "
P <0.0001  , <Q.0001 <0:0001

o

s

The series.of intermittenk work-Trest cycles in Table hedemonstrat‘e the utility of the

PHEL Chart within the steady st}t'e oxygen consumption versus physical activity Wescriptions

given in the ASHRAE Handbook of Xundamentals.3®

rest limits suggested by Esso Reskarch § Engineéring Co.,40
- tiomis using PHELspecific for 1light\and moderate work showed that the large percent
differences between the Esso approach and PHEL are related to the more conservative physio-

In contrast with,the intermittent work-

a limited number of calcula-

logical limits criteria used by Esso, compared to the, criteria lipits in Table 1 of this text.

Table

4

PHEL Qurves F

4

-

] Intermittent Work-Rest * L -
. ] \ o . -
Work No. Minutes Work/No. Minutes Rest
Physical Activity ** 03 -Consump. ..
e’ .+ (Lemin7l) 10£50 20/40 .. 30/30 .  40/20  '50/10
. Standing . £ 0.50 - - - oty
-~ Avétage Light Work _ 0.75 --- I -, II 111" I¥
Upper 1light to o v —_—
Lower Moderate Work 1.00 . If . A vi
_ Average Moderate Work 1.25 r . III VI ¢ === -—-
. . Upper Moderate-to ' .y '?___ ’ . Z.
* Lower Heavy Work 1.50 I v 7
. b *
- ‘Avérage Heavy Work 1.75 11 VI -— —-—- R
Upper Heavy to Lower . 5, 007 . 1 e ozl ) N ___'
Very Heavy Work R - o 4
Average Very Heavy Work ,2.25, v . -— ——— . ——— ——-
. . . __o —_— e —
' \Upper Very Heavy Work .?.’50 - Iv.. gy pA

= g
P .

- * Use of this approach involves the .selection of the closest PHEL cutfve representing

.

'.thé typ MR appropriate to the work-rest cycle at the specified.level ‘of physical -

_.-Appendixs<  *

*% As. indigated in Table § of

activity. An alternate .approach

12

.

ASHRAE Handbook of Fundamentals.??

B e
»

84"

] -

is to use PHELgpecific as given in STEP-M2 of the

h

..
b
.
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WBGT increased -8 - 11 percent and MR remained the same it was ‘expected that heat .
tolerance times would decrease and cardiovascular strain would increase, or cardiovascular

reserve would decrease.

: * v ' - i
" b mther important set-of comparisons with the PHEL concept is given in Table 5. As

*

In Table 5, due to changing the environmgntal temperatures, WBGT

increased within each set of physical aetivities, the PHEL decreased and estimated cardio-,

L .~ _vastular reservel®:22 (CVR) decreased; therefore
. increased.

the stress increased and the strain also
However, the work of Nishi and Gagge‘1 to predict both comfort and heat tolBr-
ance through use of the PZ does not agree with the above expectations. Although a deep
body temperature rise limit of 38.0°C for the PZ may be practical for instituting sound

+ health practices of a preventive nature $uch as providing drinking water, etc.), as environ--

" ,mental temperatures increase (like that, in the proposed OSHA Heat Standard),gthe limit of -

38.0°C again does not define heat tolerance limits of man. Furthermore, as’ reviously

noted relative to tie HSI,' a negative HSI does not necessarily.mean the

/
’ . " cold stress".

[

v

. s . . .
) R . Table S. ) - '(
% "]-Hr. Heat Tolerance" Using Prescriptive Zone *, Other Comparisons ** i
: " Activity Tap & Tg  Twb_ Py partial FRH™**  HSI WBGT PHEL ~ CWR =
. (°6)  (°C) * (Torr) (%) (°C). (hr:min) (%)° o
, - . = . , N £ * A
© Sedentary «  35.4 354 . 43.1 100 . -82.1 35.4 _ 5:10 , 56
(58.2'W-m™d)  '42.2 - 34.8 | 37.9; . _ 6l 137.9  37.0 4:00 52 )
4748 **34.3. ' 337 .4 75.9 ,38.4 3:20 48 )
° Light Work 34.3 34,3 ~40.5 100 -57.3 . .34.3 . 2:50 4s
' ‘(116.3 Nem™2)  A1.7. . 33.%8 55,4 59. 82.8  36.2. 2:05 40 . '
- ' 46.9 33.3 3r.4 40 62,3+ 37.4 ,1:40° 37 -
3 ¢ £ ¢ -~
Medium Work 3.1 34.1 '80.1 . 100. -85.7  34.1  0:10 32 -
o (174.5 W-m-2) 41.7 33.8 35.4 59 88.7 36.2 0:05 26
. E , 47.2  33.4 _ 3L5 39 66.5  37.6 0:054. 22 . /
< . ""-i -
B (] . ) .
. - - . .
- "30-Min. Heat Toletrance'' Using Prescriptive Zone * . - E . /"/
- . Y o "
" Medium Work 34v9  34.9 41.9 ' 100 <55.8 . .34.9 0:10 ., 30 -
. (174.5 Wem™2) *, 42.2 34.8 37.9 .61 15709 37.0  0:05 24
* 48.3 ° 34.6.  34.2 40 . 89.0 38.7  0:05 19°
} ’ L { - - /‘ .
A . . b ‘:" ° y g 2
L [¢ * Adapted from Nishi and Gagge.“! . :
Yt . .
. ‘}. ** Using STEP-M2 Abbreviated (See Appendix}, with PHEL's rounded to the nearest S/min‘s. c,
N Relative humidity, as obtained from STEP-M2 Abbrevigted. ‘ '
f, Note (s There are considerable differences within the literature as o definitions of
; ! physical activity relative te MR, therefopes~th¢ MR's given in this table are )
e those appropriate to uses by Nishi and Gagge.“! PHEL's of very short lengths of
N e L . tim’e. are comparable with Bell et. al.® in the sense that ‘the PHEL's would be "safe" '
L for 99% of the population of unacclimatized, fit exposees, ., = . | - -
E‘é“ K K . . ) ‘ " ; ' \\. r .
?:“ , ! .— ( ' ‘r .
Z’t‘" ) s ! . Lt .
e o .- . o . . . A g e O
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Initial Field Survgys and Development of Analyses and Corrective Programs

INE R
A series of 1S5 special Field surveys wer% conjtct’ed in industrial-type environments.
The operational objectives of the surveys wewe to dgtermine the range of thermal conditions
to which workers were exposed, the magnitude of physiological strain during routine work<in
these environments, and to attempt to identify primary problem areas where corrective
, & engineering actions could most significantly minimiz& high levels of heat stress. In .

- order to permit comprehensive apdyaore. exﬁeditipusébﬁitoring of the environment and physio-
) logical parameters a number of tethniques, developed originally for, laboratery tesearch,
were introduced into the field surveys. Critical data from the.l5 initial surveys are
summarized in Table 6. - ' . )
; A . .

- . Table 6 b *

Average Range  _.Maximum Range

TR
.

Sy

P
Environmental Pactors: \| .
v L ol .
o Dry-bulb Temp. (°C) e . A6.7 - 55.0 | 65.6 - 73.9
. +  HWet-bulb Temp. (°C) . . 29.4 - 33.9 40.6 ~ 73.9
" Globe Temp. (°C) L 63.3 - 67.2 68.3 - 82.2
Effective Air Movement Over Men (m/sec) ‘ ., 0.10.- 1.78 i 1.7é - 7.62 ,
7 Mean Radiant Temp. (°C) ¥ 75% - 85.0 ¢ - 87.2 - 106.7
. Partial Vapor Pressure In Air (Torr) ). $7.6 - 53.9 11.9.; 82.0
N :  Rélative Humidity (%), . 14.9 - 68.9 ‘6.2 - 100.0
’ * N -
} Physiological Factors: . ‘ f
- . 3 ‘a '
- / .. Mean Skin Témp. of Men.(°C) 38.8 - 41.6 4189 - 45.4
; Rectal Temp. (°C) © 38.6 - 39.3  39.4 - 40.2
> - Heart Rates (beats-min~1) .. 147 - 176 ~° 180 - 190
’ As has, been ﬁresented ih this text, there are many combinations of envirgpmemt3l and s

»H

physiological factors which can be used to obtain practical estimates of environmental
o stress and to predict ‘the impact of heat stress upon and within man. Fortunately, the
- computer programs SPEEDARD-I and -II* have been’ in large scale us ge? to integrate heat
stress and-strain data. These programs, designed for bulk data processing in a Univac
. 1108 at the National Bureau of Standards, were reyiewed and markedly condensed to provide
; the most significant 20 outputs for these special field surveys. The resultant SHIP-6/4
‘. program, requiriag only 7 i.nputsé was modified for operation in a Hewlett-Packard HP-65
. . Programmable Pocket Calculator.*? SHIP-6/4.gas &fadually improved as there -were needs for
5 more descriptive information, as the surveys$to,ceeded. " The most important change, prior
;,:..‘ to.designing the third generation program STEP%*, was to develop the equations for
- _estimating mean skin temperature (Tskx) and rectal temperature {(Tre) from 213 sets of data
' (See Table A-1 of the Appendix); dn turn, the esfimated Tgk was used as a means of better’
. correcting radiant (R) and conwvective .(C), heat transfey, Ereq, Emax-and HSI. .Furthermore,
e cardiovascular factors monitored in both laburatory and,fielg studies, within the heat

I stress ranges noted in Table 6.Were selected for their value in STEP programs. The
: . -—techniques for monitoring the cardiovascular factors, steps, to carry out the necessary
S calcilations, and meaning of the products havé®been presented elsewhére.!5:22 The: — ~

. pertinent aspects relative to t,, MR's from 50.0°- 146.5 Wem~2 and t,p WBGT's from 19.8 -
49.7°C are presented in the Appendix (Tables A-2 - A-5 and STEP-M2}. Therefore, in the

- . - _ e b s R
* Unique. computer programs wiwj,n the Heat Stress Divis\:.m‘_NMRI. :

%

Tavg e b
. / .
..
.

o *x §TEP is the magter program used to ‘develop STEP-M2 Abbreviated as given in the Appéndix.

» ! ’%'l ] . o. - . ) . ' .

o . - - .86 - .. : .
K * . ‘ ) - . : “K;i%‘ >
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final development of the STEP series.of prbgrams, for the!most advanced, programmable, -
self-contained, portable calculator*, the cardiovascular factors were incotporated with
“heat stress analysis equations such that.one could easily obtain practical estimates of
environmental heat stress and resultant physiological strain. To assist the many requests
for the now cbsolete SHIP-6/4 program written for the HP- 6§, and the increasing number of
requests for STEP-M2 Abbreviated, the HP-97 program is g1ven in the Appendix for STEP-M2
Abbreviated. STEP-E2 is the same as STEP-M2, but STEP-E2 is written for mixed English and
metric inputs and outputs. Another advantage of the STEP programs is the section which
permlts,calculatlon of max1mum allowable exposures (MAE) for noise levels without hearing
pootection; as noise levels were monltpred in all, heat stress surveys this portion of the
* STER,programs became very 1mportant - -

Key to analy51s‘6f heat stress data from surveys is the quallty of the heat stress

- data pbtained from the.inddstrial-type. environmejts. Therefore o,series of evaluations
were conducted to find a simple, light weight, fast response, si Letectronic, device which
measures and displays values for Tgp, Tub, Tg and air velocity in desired accuracies

while exposed to dynamic heat Stress conditions. 43,44 Over the range of temperatures to be
- encountered and the types of hard usage and shipping constralﬁtg there wekre five such
devices** evaluated in changlng environmental situations, as viewed by the, devices. In
* reality, there were fixed environments of different Tdb: Tybs Tg.and air vements which
.~ the electronic monitoring devices were moved into and out f for 30 minutes 6r more. From
. the standpoint of Tqp and T}, sensors absorbing radiant heat, the Bendix units were the
most influenced and sthe Reuter-Stokes units were the least influenced by the radiant heat »
Erom the standpoint of fastest T, response, the Reuter-Stokes devices were the most com-

. parable (within less than three minutes) with the values obtained from a Vernon globe that
had been in position for 30 mimites .or more. The electronic device which best met the
defined performance needs"® wad the Reuter-Stokes digital display unit that had Been
built as-part of a s1x-sen51ng he&d monitor sysf%m ) N

a8

¥ A composité of the environmental and physiological findings from the special heat’

stress surveys was gisembled and subjected to critical review at varlous levels of pol&cy,
research and dévelopment, and operational supervision. This led-to the formulation of a
,high temperature/heat stress correction program which was divided into seven major cate-
gorits; maintenancc, medical, design, development, education/training, emergency ventil-
ation problems, ghd related topics. Each of the categdries had a number of sub- elements
.to accomplisit the objectives of the;categorles The most decisive phase of the total.

* program was to determine if a routime engineering overhaul was sufficient to minimize the‘

. sheat stress and strain or if addltlonal coPrective engineering actlons were requi?ed

Three separate industrial- -type settings wWere used to compare the impact of routlne o
overhauls and the additional corrective engineering actions. Settings No. 1 and No. 2 werd
alike in terms of layout of machinery, tybes of machinery and operational status. Setting
No. 3 was documented to be the highest heat stress industrial-type setting found during\the
special heat stress surveys. A general comparison of what was to be done is given in
Table 7. The emphasls of the additional corrective engineering actions was to ensure that
steam leaks were reduted as much as p0551b}e that the majority of heat radiating surfases
were sufficiently insulated, and.that there was a more effective dglivery of ventilating
air to work sites and 1mproved exhaust of air from the areas. These actions. wer& under-
taken to produce a combined effect of increasing the economy and performance of both the
workers and the equ1pment Followup evaluations, after returnlng the Settings to full

PR >, 41._._
- * Hewlett-Packard HP 97; for HP-67 operations delete SPC steps and 1t is recommended that
! R/S steps be substituted for PRTX steps. - ' - . ' '

fex Light Laboratories Min-Lab 3 (England), with anemometer, Bendix WBGT Meter (manufac-
4Jurecrl 1972), finely adjusted prototype with ademometer; Bendix WBGT Meter (manufattured
1975), .pre-production unit without anemometer; Reuter-Stokes RSS- 211 Analog Readout,
commercial grade without anemometer; amd Reuter-Stokes RSS;211 Special Digital Readout '
- un1t {also known as the»NMR&D MK- I/S(LED)], a linearized unit .with anemometer -

3 . . , «
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§ operation, were scheduled at approgimately Zix month intervals fof no less than one year.
¢ . . -, ~
- Table 7 R -
. - S
S - Industrial . |
. < . !
< Setting No. Basic épproach Do . .
L
. 1o To receive-a routine overhaul and completion of . .
. ’ T : préviously scheduled alterations. N !
Lo < 2 . To receive.a routine overhaul, completion of the = *
T ... . . same previously scheduled alterations®as Setting

, .No. 1, and accomplishment of additiong§¢corrective
engineering actions. (Setting No. 2 was used for

\\\__’/ e . the most direct comparison with Setting No. 1)

e

w

To receive a routine overhaul, completionsof
previously scheduled alterations, and accomplishment

. ~ - of additional corrective engineering actions.
’ . (Setting No. 3 was to serve as a means of evaluating:
’ * . the ben s of the additiopal engineering actions ‘
: ' in what h3® been the higheSt heat stregs settifg .
found during the special.heat strefs surveys.) <
. . g
Present Results of Engineekring Actions to Minimize High Heat Stress ) s
. Comparative envirdpmental and physiplogical data from followup evaluations for- the
. corrective action program in industrialstype Settings No. 1 - No. 3 have revealed signif-
P icant reductions of high heat stress and physiologieal strain through a comprehensive
_approach to the. total problem, rather than pursuing routing oveghauls in anticipation that
- . the overhauls alone will significantly minimize heat stress. Table 8 clearly shows that it
. was possible tordecrease the level of heat streds, even in the worst thermal stress situ-

ation reported here, to the point .where routine maintenance could be conducted much more
efficiently and a small reduction of heat stress continued over a one year time after

restoring the Setting. back into operation. - .
" L o Table 8 i '
: v ' Averaged Data from 14 Sites in Setting No. ¥
- e . B T . T,
’ . - . - 1] - B
Y . . Environmental Egctors Pre-CbrrECtigp PosQ-Corrective Actiong
- ot and, PHEL's Actions ) * 6 Months- 12 Moaths'
P PN I A X © 371 39.6
L T Twp (°0) : 33,5 - v 268 Carg -
. : T Ty (°0) - '71.5 . 439 . 4l.2. <
o Effective Air Velocity - 2 ’ - mc 55 . r - a
S OVer Workers (m/sec) 1.15 "“*4(2?, 1.27 '
. . - . . . .g . ‘°
v T, (°0) . & 102.5 © 83.9 | 43.3 )
Ce Py partidl - (Torr) . $29.7 . 21.6 T20.7 ‘
) t g WBGT (°C) LT 432 . 31.3 31.2 '
. o Bt ‘ | - ? ]
* . PHEL's for tyy MR's? - (hrs:mins) ) : . -
- . A - v N
; 88.4 Wem-2 .1:20 .70 7:10"
% 146.5 Wem=2 g 0:20 . 2:10 2:10
£ Y = .
5? diant Eemperat;re. i T e . S -
' .. ¢ : : o
%} ' oot ’ A - ..
£ . s . Q- . ' -
‘ % 82§ e P
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Summarized results of PHEL values, body temperatu¥es and cardiovascular factors are
presénted in Table 9 for all three industrial-type settings. This information ciearly .
indicates the value of a comprehensive approach to heat stress rather than expecting ; -

routine engmeerm% overhauls alone to combat hlgh heat stress. o
) Table 9 7
2 . « i
- . ) Averaged Data from Settings No. 1, No. 2 § No. 3 h i
- b F ~ o * . P
f : 3 N .
L . PHEL (hrs:mins) Cardiovascular Factors * °
... ¢ Setting Corrective Action Tex Tre ,
. No. Phase Normal Maximui C)  (°C) HR SP/DP MAP CVR
- . : - “tym MR typn MR e ’
. ; " :
2 30 Days Post-Achion. +8:00+ 6:00 34.6 37.8 98 138/77 9 .83
.' . 6 Mos. Post;ﬁctip 8:00+ $:00 34.8 37.5 98 . 137/76 - 95 84 )
o0 " 12 Mos. Post-Action, 8:00+. 3:40  °35.0. 37.6 "% 98  134/74 93 87 &'
o T “ ! " ’ “ N . . - .
: 1 8 Mos. Post-Action '3:20 1:00 3757 39.0 © 128 207/51 75 15 '
N 3 Pre-Action ©  -1:20  0:20 44.9 39. 8 180 8442 71 *1 -
\ . " 6 Mos. Pos;.—Action 7:10  2:10¢.  36.4 38 1 - 107 16%75 93 63
" 12 Mqs. Post-Action 7:10 2:10 34.8 37.5 169 17472 92 59 .

— . Al R . . ¢

-
o

-

() . . é \

* The cardmvasculgr factors are defined and in the following units: HR = .h‘z:t rate

- (beats-min-!); SP = systolicblood _pressure (mm Hg); DP = diastolic blood pressure (hm
Hg); MAP = estimated mean artenal "blood pressure (mm Hg); and, CVR = estimated cardio-
vascular reserve (%), . . % . N -

- P . = “ .. . -~
- < ‘The cardiovascudar respdénses irf Setting No. 1 were such durmg the first one-thlrd of the
trials that compensatibn was approaching i s, maximum; thereafter, there, was rapid
decompensatlon due-to the=excessively high llevel of heat stress at the same time that
workers were attempting to perfory their normal tasks. As-digcussedgearlier, the low HR's
were not descnptlve of heat tol ice limits being reached as the strain was shifted to

., otheriaspects of the car;hov_ Cular system. .
L Sumady 0 ¥ /T - ) Y Y .
et 557 o 4 7 Y as
- '33"“ Major accomplishments have been™ achleygd during the past “few years in the control '
- _,,M gf “industrial heat stre s. It is highly, e:rcouraging to pote that, through the strong . ot

and the capabll;ty of biamedical R§D to a551st both management and

4 supggr;: of management"
that! 51gnif1ca;ft reductiops of .excessive heat stress are a reality

'i;( “.industrigl-type worker,

‘. - today. .The utilizatign of resedrch technology has permitted the establishment of an '~ g
: ,g,m-} . objective bas?s to dramatically é’xgpro\'e hlghlyq{lmltmg heat sxress situations which have N <
w;;r;f { v had a ofound adve se 1mpact uypon man and mdustry‘“ - . * !

M umentation of the- ranges of industrial heat stress and ¢the physiological responses T

to that stress was/the first step in ifitiating a direct attack upon high leveld of heat
S~ | StrTESS, Once evidence could be produced t%.show,the ,problems invelvéd, a series of phases
. were. formiated %

'L ’ fungtim .and av labg.it‘y qf obj_ecgiv,e X tituted to guide . e
ERe desigg of b 4tter working envivopmentd. ';‘_h,e edtablis ﬁn,ﬁ .

eriteria was gra;ive in order to \
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develop trﬂe\ exposure limits. As exposure limits are a function of thce\\intensity of the
exposure, length of time in the specific environment ahd the rate of performing work under
those conditions, it was possible to develop the PHEL concept and exposure \limit curves.
L5 " which recognized that physiological strain would bé-present but also would beg reversible.
~ o ™ Meanwhile, -a series of computer programs wege prepared to integ’rﬁe the variab les of heat
- étress and strain. This was done in such a manner as to permit pFactical partitioning of

TN

signifigant changes of\

N the'environment, and better redict alterations of limitin sio-
/T logical ' . P &
logical systems. TN - N

. The benefits of the program to date have been ill\u§trated in terms of a marked reduc-
T \%i{g.p of physiological straiq and neariy a sixfold ihcreas\e of maximum exposure‘t’img;_fzz
N> eater_productivity. In areas where corregtive engineering actions from the program are
\ v ¥/ et yet existent-or are not ¢ pleted, the PHEL concept and associated guidélines 7 have ©
not. resulted in a detectable increase of morbidésy. -However, it is very likely that mone
of the operational exposure limiting methods today can be safe for all workers, even though
there is reasonable assurance that\‘t;}{\ EL concept 1s. safe in a practical sense up to the

1limits for greater -than 95 percent ‘th 1t‘.p‘6puiation of workers within the range of
~ yl9 - 43 years of age. Therefor®, in support of Dinman et. a“ll.,"7‘ a standard for heat stress
he side of the workers nor-too liberal on the side

must neither be oyerly co_n‘servati on \

—. of management.. The-most.p ctica‘lr’eﬁpjo chi"toan industrial-type s}:Qndard,for hgat toler-
R ance limits is where workefs perform within their.limits as sho ‘herein, while at the game
‘ tim‘e a concerted effort j rﬂad}; to minimize the,:!i’%‘éens'rty &f the environmental stresses.
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e ™ —
T, Range (°c) N T.. Encountered (°C) T ., Determined (°C) | T__ Measured (°C)
. - o r . sk . re - .
o 32.2 -'37.7 28 33.9 £ 0.37 33.4 £ 0.13 3 36.6  0.31
) 37{8 - 43.3- 44 40.9 * 0.18 34.5 £ 0.14 37.5 £ 0.04
43.3 - 48.8 16 45.7 0,42 * - . 3511024 37.7 £ 0.04
48.9 - 54.4 22 ,/  51.3 £ 0.28 35.8 + 0.13. . 738.0 % 0.07
54.5 ,-'sgf.. 20, 57.3% .30 36.6 * 0.18 38.1 £ 0.09
60.0 - 65/5 15 63.3 + 0,41 38:3 ¢ 0.36 38.4 £ .03
65.6 - 71.1 22 °°. . 68.0.% 0.33 T 39.3'%0.31 38.6 * 0.03
‘w712 - 76.6 12 74.1 + 0.47 39.7 + 0.08 38.8  0.02
. 76.7 - 82.2 - 12 79.5 % 0.52 40.6 * 0.09 39.1 & 0,03
82.3 - 87.7, 15 .~ 844 %0.43 41.4 £ 0.07 39.2 £ 0.02
87.8 - 93.3 11 90.4 ¥ 0.51 ‘- 42.5 * 0.08 39.5 + 0.02
- ) .:.:"\ A%
. - - - ~ [4
; o TR .
* Subject.s age ‘range 19 a3 years, SubJects normally clothed *T range 32.2 -
93.3 °C' tm MR range 50.0 - 146. 5 Wem™2. , A1l values ‘given in above Table e =
S Stk .
_are expressed .as Mean % Standazd Error when appropriate. Total N = 213. . !
. e ) [ 3 v - i L 2N .
Best fit estimates of, T Y and R . : - . .
N Esf{x;:leted T (°.C}’1' r~ aE t s
] sk . :‘,'. . ‘
- g N ,» . -3 ) - ’J' ] . . »
T, = 28.857-¢4 32111077 Ty ON=213 . o .,
. - . R ; ‘N r = 0.953 o
. . t = 45.4796
. v < 0.0001 R
K |‘. " 9’ i ’ b
‘ T ;."é' .. ]
" \ e . ., - .
) , N = 213 ,
.. .. .r = 0.944 ) :
. P to= 41,5976 .
‘ *p5.0.0001 . C
] TS = .

" Table A- 1

‘ Appendix -

- N ' . R * *
Summary of Tr Encountered versus ;/sk Determined and Tre Measured

’ - - —

.Tr = mean rad1ant temperature. Tsk ﬁean -skin wmpﬁrature Tre =
tem MR = t1me-We1ghted-mean metaboll
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' a0 . Appendix . B
r. . R " e
g Table A-2 Summary of ‘Cardiovascular Factors versus t.- *WBGT at t MR 50.0 Wem™2 -
: ) , RN ' ¥ S
: ) ’ ’ t, WBGT  (range 19.8 - 22.2°C) } o
, +  Factors . 3 — - =
. 20.8 ¥ 0.1 21.4 £ 0.2 20.7 £ 0.2 18.9 £ @1 20.6 £ 0.1
. f e (n = 27) (n = 16) (n = 22) (n = 19) (n = 15)
» ' Ve A ~ . P
¢ ., - X . i
HR- °* 81.7 £ 1.5 94.0 2.4 90.6 * 1.6 83.7 + 2.6 76.0 3.5
, SP 130.8 + 1.2 130.9 + 1.9 130.3 + 1.1°  128.3 + 0.8 ~ 124.9 £ 2.5 *
bP © 78.3x 1.4  80T7T:1.4 |, 83,1 %1.1 84.5 + 0.7 ., " 72.5 £ 2.0
95.9 + 1.2 97.4 + 1.4 . 98.6+6.9  99.1%0.5 P 89.8 + 2.1
‘ co * 4.940.1.. 5.2%0.2 4.9 % 0.1 4.4 £ 0.1 1+0.1 '
VR L1572.7 + 48.9 1526.7 + 5790 1641.9 * 42.2 1801.9 + 50.9  1430.2 # 57.2 .
cvR ' 7100:0 £ 0.0 100\0 + 0.0 100.0 * 0.0 100.0 % 0.0 100.0 0.0 :
. . ~ ) o . o
L. - . \ . ' [ - ! * !
Table A-3 of Cardiovascular Factors versus t_. WBGT at t_ MR 88.4 Wem™2 f‘, . gty
+ . . o &
° » ' » * - ¢ oy«*’\.“.j (:“%
o - g} S & < ° S
Lo £ HBGT —frangdM.3 - 59.5°C) — > I
Ractors . ; p - ; = 7 .
N A +Q,5 . 30,5:1.1 32.7 £ 1.4 35.4 + L0C . 37.8 0.0
) = 22) (n = 5) (n=5) /nyr"'S) (n=4) .
. , < . ’ - - '. . ~
- ‘ 1 ‘ R ..X ’ - A 7
HR 106.0 .0 +4.1 105.6 * 1.6 152.5 + 3.2 e
SP + 4.0 121.9 # 3.2 103.8 + 1.3 )l
DP ) +2.4 " 63.4%5.0 34.8 + 3.5 i
’ MAP . . .2+ 2, 94.6 + 2.9 82.7 4.0 57.8 + 2.6 ‘
Co-* \ 8.3 % 0.5 15.7 = 0.8
X TVR 829.5 + 83.1  298.6 #:0.8 .
- CVR 32.8 £ 5.8 9.6 £ 3.6

. ~

. .
. . »
= - - »
. . i
+

values given as Mean * Standard Error. t . = time-weightéd-mkan. HR = heart rate

(l.)eats-xpin'll). SP = syst;alic blood pressure (mm -Hg)\.’ pP = bc}‘i’astolic blood presshre '

(mm-Hg). MAP = mean ar{;rial prw Hg). CO * = estimated cardiac ofntpqt

~ . ¢ M

R ' (liters-min~1); these values are consedgktive estimates. -TVR = estimated tothl ~_~ ~

vascular resistdnce (dynes-sec-cm's). CVR = estimated cardiovascular reserve (%): '
- + : . N . ¢ hY -
. ’ - ! P - - N
£ » L] -
4 .
‘[ - Y " )
' / . . [ !
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{77 -7 Table At Summary, of Cardiovascular Factors versus twn; WBGT at 111.7 Wem™2 .~
o \ . :“}- LRI .., - ) ] . ,_L ) K .
. <‘ ' éﬁ‘hi“ ‘ B .
t,m WBGT -(range 20.7 - 49.7°C)
. Factors-: . = - — 5 +
o 24.1/ 0.5 29.3 1.5 31.3 + 0.0 30.7 £ 0.6 - 44.9 + 1.4
- (n%= 22) (n=5) (n=4) (n=11) (n = 12)
HR 8,.5 + 1.8 11%.4 + 2.7 91.5 £ 0.3 .. 99.8 * 2.5 145.3 £ 9.7
T Sp 126.74 - 1.3 146.2.1 1.9 , 117.5 + 0.9 119.2 + 3.8 143.4 8\5\
‘- op 72.7 & 1.4 J8.4 £ 2,7 69.0 £ 0.6  ,59.6 +4.0 .  S51.3 & 3.2
’ MAP  * 90.4 £ 1.1  101.0 + 1.8 85.0 + 0.8 .  79.3% 3.9 82.Q % 4.0
... cox 6.1 %0 7.2+ 0.5 6.5%0.1  7.6-+0.3 148 ¢ 1.4
¢ - . . TR 1208.7 + 440  1142.4':,107.6 1047.5 + 8.4 (867.7’. +76.6  505.} # 55.3
~. - CWR. T 83.2 + 3.3 -64.1 + 13.8 63.7 £.1.4 35.5 £ 5.4 _15.3.% 5.0
' N * -
- N - .
< \.._ * ' t,
. ! ) : K / i N Fron
. Table A-S Summary of Cardiovascular Factors versus t,m WBGT. at W .
- * « . e 7
< . . fo ’ ’ :
LN - WBGT _(vange 21.7 - 37.3°C ]
~ [N » v twm Ly . ‘(1 ange oS =3 ) .
,Fac;ors - M : —
‘ 25.2 + 0.4 29.5 £ 0.6 31,6 £ 1.0 34.1 £ 0.8 - 36.4 0.0
* (o= 31 (n = 19) (n = 12) . = 12) (n = 6)
' N C. ‘ , .
* s . N\ . L - .
HR . g£.9 +.0,9=""1 .1,2 3.3, 122.6 + 6.4 110.1 £ 1.9 131.8 * 3.2
SP . 131.7 £ 1,5 “147.7 * 3.0 136.3 + 3.5 129.6 * 3.5 . 116.8 + 3.0
P 79.1 £ 0.7 ° 67.0 % 1.7 .70.3 £ 3.9 6471 ¢ 3.8 27.5 + 1.1
! MAP . - 96.3 + 0.7 v93.9 £'1.7 , 92.2%1)9 85.9 £ 3.4 . 57.3 % 0.4
T co 5.1+ 0.1 9.6't 0.4 "~ 8.11%80.7. 7.8 + 0.4 14.7 % 0.3
, TVR 1534.4 + 28,7 807.,§ + 38,8 971.4 £ 71.8 «+ 923.0 + 89.5 - 313.5;1' 8.5
CVR « 78.1%+ 2.1  43.9 % 3.4 43.4 + 5.5 38,6 + 6.0 . 1.1 z\ojs
! . 2
‘Values given as Mean + Standard Error.. tom = time~weighted-meéan. HR = heart rate
(V8ts -min~1). "SP = systolic blood pressure (mm Mg)é;DP'= diastoﬁc blood pressure
« (hm . MAP = mean arterial pressure (mm Hg).. ¢co * = estimated ca;‘diéc output . ,
(liters-mip.'l); these va1;i'e§ are conservative estimates. -TVE = estimated total
, ~  w vascular registance, esesececm™5). CVR = estimated cardiovascular reserve (%). . .
‘ . / " o ‘ ) ’ '\ Xi
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¢ Appendix .
" Thermal Analysis Metric Equations For appencix i .

S Stress/Stram Evaluation Program (STEP-MZ) Abhreviated

o " -Saturated-Vapor Pressures: » T - - =
. ’ # w v - -~
Ps T* = [Antilog (2.339 - X*Y)]:P Al o ! ra
- ] . ..A'- ~ e
2 - wher€: ps,T = saturéted vapor pressure at°T Tab or wa = (Torr) NN ’
: ) = [A3(1 17-1078)] + A {5.868°10") + 3. 244) ' e
R o . e :1+[A(2188103)] . [ e
A > . 93 = _ ' A
o . A =647.27 [(Tdb.or wa):+ 273.4’5] . ) r ] »f ~ oo
~ Y = - AS .0 * .": ' a
i : © (T or T) + 273.15 lp ' - N |
/\‘ Typ © _&i‘y-bulb te;nberature{/.%%) . \ Tt )
: M | : - ° ° .
wa.j wet-bulb temperature [(aspirated) {°C) © <
. ! s ‘p = Barometr%é i;rersgure (Torr} J
' . Soive using-T, for F; .3 'Iand, T . for P ) ) A
o Mgy TS wo ST Ps T . - '
Iy ,- - ¢ .- T Y - )
% . . : . . _—
. : '% -t . ¢ -
Partial Vapor Pressure: P g ' . . .
- o .
= - -4 - \ - -3 - T, .
P, partial ps,T [[(6 6:107* P) (Tﬂb T b 3] - [1 + (T wa.) 1.5 107°]} .
- . e’ wb ¢ PR 2 ¢ . h
g where: P = (Torr) -+ ’ ’ ® ) ,
: 5L , SRR
f Relative Humidity: I ", *
o .. ’ )
_ RH = (Pw partial / ps’Tdb) + 100 =_'€5) s P . s .,
. - S8
v - - I * > , -
. ‘ . 3 . .
s ‘Mean Radiant Temperature: o e y NS *- .
P / : / .- B T,
: =Tlry~ 273. 15)% + [(0. 247’109 708 (1,4-"1y )]]° 25 - 27315 S
[T 5 where T =* radiant temperature ©C ... o ‘ LN
:“:}" v . Tt T, ) , - ' " N ; L3 A .
35 . , T: = e temperature "(° C] . v . , * Py
- L 4 ' ‘g . [ 9 . e - $ ., .- .
= ‘ <ty - veloeity (m/sec)*” - e T LA™ N
h_'-n.n‘p\ K . o ., ” G‘ g ¢ 3 e
5 — . v . at- . A4 } - o )‘.
= . . . "2 . . ' 5, v &
T [l - . ‘. > '} “ '*; ﬁ&:&}‘ :"'. :
. Terms, where appropriate, 3;8 consistent with the Internatlonal Union of Physiol s ": .
e Scienbes. (Glossary of Tevhs for Thermal Physiology, JAP-6(35)3941-961, 1973) s
Yo s e . . . »
e ~#nce a symbol is%defined’ herein the repeat of the symbbl,is not’ re@e{}nedr,, - e LR
o — = o m~ » g ) \ e
SR \ ! . s : s . . .
Lo . K .96 T .
) . - - A
N 2 . . .
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. g « :
Estimated Skin Temperature: ,

- “4.321-10°2 . . '
T, = 28.857 ¢t 32LIAT T (ory
7  vhere: Estimatelesk is applicable to nd}mally clothed man within the
. ranges of T, 32.2 - 93.3 °C and time-weighted-ﬁean metabolic
‘ - rate 50.0 - 146.54 Wem 2. (N-= 213, r = 0.953, t = 45.4796, p<0.000F) |
Estimated Rectal Temperature: . -
. . .
= 27.37 +°(2.68 = (° : : - *
Tre = 27.37 +7(2.68 Ln T) = (°C) .
- where: Estimaged Tre is applicable to normally clothed man within the ‘
' > ) * ranges of Tr 32.2 - 93.3 °C and fime-weighted-mean metabolic ’
rate 50.0 - 146.5% Wem™2, (N = 213, r = 0.944, ¢t = 41.5976, p<0.0001) ‘
»f",’—‘
- Radiant Heat Exchange: , N _ - - |
' hl J\
[13.130 (T - T_)] ) ) . i
. R = 0.7 = Wm™? (reduced 30% due to clothing) . ’ <
’ m? : : |
’ . - . . . ‘
where: m? = DuBois surface area from [71.84.10~%Ht0:725 . y0:425) ° ]
where Height in cm. and Weight in kg.* - . -t
. b P
: \
Convective Heat Exchange \
. - . , -
] . . . . , . |
[15.456 ¥0-58 (T, - Tyl - ) - ) ' [
C = - - 0.7 = Wem %2 (reduced 30%‘due to clothing) !
me \ \
\\ . : T, ’ \\‘ -
Evgpoyétion Required For Heat Balance: . - T \\‘
* . s ? . \
. Ereq =t MR +ReC = w.@'{ " (using R and C as reduced abové} * : ‘ «
, " where: t o, = time-weighted-mean ' . -
. ~ As in the.cééq of twm,Metanlic Rate ‘the following applies
;'. . . . 0. . . ~
N N L . . [(;1 . MRI') + (tg « MRp) + ... + (t\.‘ MR )].
/ b .t MR ="— _ n n
/' i - - P I P R TE ‘ .

. . ;
where: t, is the first time interval and MR1

is the metabolic rate for the respective
timevinterval, etc. - -
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Maximum Evaporative Capaci‘tx:

‘ [25.15 v0.58 [[(Tg, - 34.94) 2.34] +42.00] - P partial] °
- . A
Epax = L2 : 3017
m “
where: Emax = W-m™2 -+ (reduced 3p% due to clathing) ‘
¢ . ’ Cy v ‘ i}
Heat Stress Index (Belding and Hatch): K
L]
;HSI = [('Ereq/Emax) .- 100) (unxt_less) “ ] :
Wet-Bulb Globe Temperature Index: (See Text) | ; e

*  WBGT = [Eo.l Tep) * (0.7 Tp) + (9.2 T = E"f:) .

Physiological Heat Exposure Limits (Dasler): (See Text)

v ~d
I 4 7
PHEL I ("A") for ¢ _ MR 88.39 W-m™2 . 4
~ t. g .
PHEL I < 741.594-106 WBGT-3-36%  ~ *
» . * +  where: PHEL in hrs. with pins. in'decimali'PHéL converted to
' hrs:min in STEP-M2 Abbreviated. . .
+ +_ Laboratory data: N = 147, r =--0.997, t°= 155.1063," p < 0.0001
’ Field data:™ N=.66, r=-0995 t= 79.6997, p<0.0001
.PHEL 1I for t_ MR 100.02 W-m-2 o
PHEL 11 = 592.561-105 WGT-S-3%6 - ) T

wheré: PHEL in hrs. with mins. in decimal; P;IEL converted to _
hrs:mins in STEP-M2 Abbreviated. } '

132, 1= -0.998, ¢t
52, r = -0.994, t

‘e,
0.0070, p <0.0001
442589, p < 0.0001

Laboratory' data: N 18
6

Field ddta: ¢+ N

PHEL III ("B") for t _ MR 111.65 Wem-Z
A .’

‘ PHEL III = 487.461-108 WBGT™S.35!

whére: PHEL ip hrss and mins. in decimal;

hrs:mins in STEP-M2 Abbreviated.

Laboratiory data:
Field data:

PHEL IV for t _ MR 123.28 Wem~2

N
N

nu

57, T

57, r

PHEL IV = 432.399-10% WBGT 5-371

= -0.997, t
= -0.992, t

PHEL: convexted to ’

149.6623, p < 0.0001
59.2778, p < 0.0001

where: PHEE in hrs. andwains. in decimal; PHEL converted to
’ +hrs:mins in STEP-MZ Abbreviated.

Laboratory data: N = 128, r = -0.997, t = 144.5875, p<0.0001

Field data: N= 48, r = -0:993, t =, 57.0198, p < 0.0001

. . ) e ' . > ,
3 . ‘.‘ A
- . T By ’f;\'(
Pag T




\ . e / -
. PHEL V for t MR 134,91 Wem=2
. . . . wm \ : - . - i
PHEL V = 334.370.106 WBGT=5:373 _ - -2 . |
N . .- where: PHEL in hrs. and mins. in decin;al; PHEL, convgart.edn ‘
& v - e / hrs:minsvin STEP-M2 Abbreviated.
T : 4 Laboratqry data: N = 67, r= -0.987, t = 49.3516, p<0.000 -
i - -~ Field data: © N=20, r=.0978, t = 19.8907, p< 0.0001
- z ". . . _2 . } 3
PHEL VI ("'C') for twm 146.54 Wem™2 . . /,
~ PHEL'VI ='207.825.106 WBGT-S-34Y . ’ -
where: PHEL ip hrs. and mins. in'décimal; 'C/
hrs:mins in STIEP-MZ Abbreviated.
A T ~ Laboratory data: N = 46, r = -0.989, ¢t =
. ' Field data: N =12, r = -0.975, t =
. - "o Y
m-2 y
PHELspecific for twm MR range 88.39 - J46.54 Wem .
. } p .
e PHE' = <108 - +106 €103 2 -5.360
B . ?HELspec. [l’7.251 10 (12.967-10 twm MR) + (18.611410 th MR )].EVBGT
- where: pHELspecif:ic, in hrs. and mins. 1/n decimal; PHEL converted to
-, - ' +  hrs:mins in STEP-M2 Abbreviated. pmsr.specific applies to
’ . » . WBGT's through 55 °C.. The first thrée coefficients of
.- o ' ELspeEific were derived from PHEL’s 1 - VI above; N = 6,
' Y ooor.=0.994, t'= 18%4887, p<0.0001, Exponent for WBGT based
e _
. upon N = 6 with SE *0.005, ‘ \
s " Estimated Recavery Times: ) . . - / ' ,
! Mjn’mum Recovery Time PHELspec. + 1.195 '
' . where: PHELspecific prior to conversmn‘;eo ht\sl:mlns.
. O 4 ’ z Minimum recovery time based upon. 8 minimum Relaxation Allowance
T - ' . of 119.5% (See Footnote). STEP-M2 converts to hr;%ims. . )
S , - / 3 o
. General Recove_g Time = PHELspec. + 1.994 {
S . ] where: pHELspecific prior to gonyersion to hrs:mlﬁ_s. .
L . " . General recovery time based upon a general ‘Relaxation Allowance ¢
. / . of 199.4%" (See Footnote). STEP-M2 converts to hrs:mins.
/ N .
. . . i *
) Maximum Recovery Time = p}.iE.Lspec. +.2.260 .
. b ’ J . Iy ’ ‘ 3 . 3 ‘ / —
. wherfa. mELspecific pnorlto cor}versl.on to hrs:mins.
. - " Maximum recovery time based upop a makimsm Relaxation Allowance
., of 226.0% (See Footnpte/)/. STEP-M2. converts to hrs:mins.
. -
. [ ] 7 ; . . -
. - . - . 7
‘ Relaxation Alla‘ha“nce-concept from: . Curie; R. M. Work Study. Coppelark Pub., Co.; \
' Toronto, Canada. (Ch.apter{ 12, pp. 156 —/164)- Reprinted. 1969, -
. . . "‘/F' . / 87. * . R
. . > / . ! e
o . ) 29 : :
- lC { : . : . -
. ‘ . ’\.‘ . /-H J . « . :"‘,_1 . - - -
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7. .

Card1ovascu16 Factors Without Subjectively Detectable Levels Of Fuel Combustion
Gases or Pfe-Combustion. Fuel- Vapors:

Heart Rate. (beats;'min-l) T N : 3
, LA S . N , , AN
CHR = [48.15 + (0.08 t. MR) + (64 WBGDI Tt T4 /

s , 0 . N = g77‘ rx-,yz = 0.4052. t = 7.3497 p<0.0Q?1
o, .o = 0.6518° t = 14,2531 , p < 0.0001
s, . { yexz . 4 . oy
RS . o ‘ T = 0.6519 t = 14,2544 p<0.0001 * s
< z-Xy : .
[ . . . * .
Systolic Blood Pressure .(mm Hg) ' .°
= [125.67% + (0.06 t_MR) (0,08 WBGT)] 2 ‘.
/ ‘ A 1 )
.- N=277 g =.0.5741 W= 11.6279 p <0.0001
. - ) R o . . S x_\- . ) . I l
. - ‘ Tyxz ,045627 N -:}\%1.28’76 p < b.0001 g .
. . . rz-xy =0.1526 © t = g.s&;o p<0.012 | . :
Diastolic Blood Pressure _f{mm Hg) ‘ ’ < .
.+ DP = [107.88 - (0.0 t, MR) - (1.29 WBGT)] o Ty
) N=277 T, ='0.5215 t = 10.1349 p<0.0001. .
s T p T 07196t 17.1839  p<0.0001- -
SESS. S S ’ . o ‘
L. . T,y 0?50.6 x t‘}—«14.2607 PT0T0001 T,
. - i a{:-.:’ '~-°‘"-1c - . ‘
Mean-Arterial Pressure (mm Hg) ]
v ' - . \
CMAP = [109 669 + (0.022 t. MR) - (0.765 WBGT)] t <
. =277 r = 0,4862 - =9, 2265’ p < 0-0001
. “X.yz p .
_ £ =°0.6070 ~3-=.12.6957 'p<0.0001 . T
» A .
’ ~ % . '. ) ‘
. T,y = 0-4445  t = 8.2293\ p<0.0001 . .
- (' . L o .
- o ; ) .
Subscripts of multiple correlation coefficients *(r's) apply as follows: x =t o ‘MR,
y = WBGT, and z = cardmvascular factor. o s . e
Breakdown of s/eg./s>9f observations, as follows: t7 - MR 50.01 Wem™2 (N = 99);"
t.n MR 88. 39 Wem2 (N = 45), t wm MR 111.65 Wem=2 (N = 52), and t.n MR 1&.54 Wem™2 (N= -
81); ‘WBGT's obt@med as twfn durmg the detemme t MR's. Total N = 277 per . i
’
(~<ardiovascular factor, t o MR and WBGT . . ' W ° L
. A N ) € ‘ ] ot
- s 4 T . T ’
. A100 o g
= ‘ - o . A Cl
’ } 1 ’fl K - .o .'—" ) ) ‘-' “ ““
— 3 ‘e, N - o N pe .. .
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. Estimated Cai¢iac\Output (liters-min>l) (See Text regarding evidence of conservative
: A\ . - estimates by the ‘technique utilized)

2 (0.001 t_ MR) - (0.765 WBGT)] : C ©

. N=%77 1 ., =0.5345 t=10.4876 p<0.0001
s ’ ‘ .
) . ’ry'xi = 0.8186 t = 23,6327 P< 0.0001 .
- ~ . .
; . ; rz.xy =,;Q.784? ~/t';1 = 20;96‘12 ‘ p <0.00601
Estimated Cardiovascular Reserve (%) (See Text) T,

' T CVR = [170.978 - (0,242 t  MR) -,(2.843 WBGT)]

13.2033  p<o0.0801

*

= 0.6229 t

0.7879 21.2174  p<6.0001

©
t
1

0.8305 t = 24.7231  p40.0 )

e ‘

Supplementary Section Of STEP-M2 Abbreviated: . L
. ¢ Yo ’ -

Maximdm ‘Allowable Exposure Time Without Heiring Protection * Based Upon Noise Level

MAB - vm = wemzzend : S W s g [ X R -
(AE o o o= TAntiln-{(db-# 105.00)7-N\217}
. ’ > ' 1
where: db A = noise level on '"sDow" A scale .
- . +
o ' Note: The above equation is a tr sposition of a logarithmit curve
- ¢ - fit with r = 1.0000; the equation mdy also be writter as
an' exponential curve fit (w§§§\r = 1.0000) in the foll'owing
. ’ form: ’
. . MAE_ .° = 2097151.954\¢ 0:138629 db A '
. noise N ]
' * From data provided in: Control'of Noise (12), American
¢ . Foungrymen'a Socigety, *3rd Ed., 1972,
- ]
e £ ’ Bureau of Mediciné\and Surgery, Navy .
$ ’ Department, BUMED Instruction 6260.6B,
; ‘ , . 5 March 1970. A
¢ Ddta, from these sources were subjected to the'least squares
Cow t L . famiFy of regression curves to provide the above equations.
v I", ' N '\’ <
- ' 4 \’\ / . //’r
z £ . ) ’ \<“ /
., . ) \
‘ . . s \ »
! ~ - A
A s \ . ! //7:
K ’ .\\ /
y . _ " /
} 2
. P . ) / *
. . 8 /

Ei{fc . | o 101 o /.

s . Y
. .
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. . LT . p ) . -
STEP-MZ Abbreviated Program FQLHewlett-Pat‘:kaq*d Calculator (HP-97)*
o (Total running time, including inputs and all prints, averages 1.min. 56 sec.)
.~ Inputs: . iy oo ] . -
" T, (LBL A); T, (LBL B or R/S); T_ (LBL.C or R/S); V (LBL D or R/S); t MR (LBL E or ,®
+ db Wb g » ) wm »
' .R/S). [Tdb must be entered using Key 'Mwa, Tg’ vV and tom MR may be entered by using -* -
’ . the designated ke'y or by use‘.‘of R/S Xkey. Using the useg defined key permits altering
¢ * , the séquence of entries; however, ‘STEP-M2 starts running immediately after ent.ering , y
N - . B P S . Kl s
Lt MRy . A DI . . .
. wWm , B VLR ’ 7 g B
e r\ @ I&Q - » ‘ - .‘-( - ’;. . .
’ Grouped Order of Printing: (each N%?up separated by a space) . . N
K] N 3 13 .
- .t . . 3 ey LI ' . . . +
. |:Tdb’ Tub? Tg’ v,’ S !AR] [;?s,]?db’ %;wa’ Py pa'rti/,al] ,[RH] |:Tr] [R; C; Ereq’ Emax] .
L] . . 3
[WBGT] [PHEL . -: ] [Minimum Recovery Time; General Recovery Time; Maximum Recovery
' R specific; FRAN . .
Time) [PHEL I; bHEg. I1; PHEL ILI; PHEL IV; PHEL V; PHEL VI] [HSI) [T ;5 T ] [HR; SP;  » o
' DP; MAP; CO;.CVR] ['I‘db; T"P; Tg; V; Ao EAR arg r?peated at the eng as a means of N <
rechecking and/or permittirfg comparisons] T — .
‘ . [} ) . ¢ o ! e
. Supplementary Portion of STEP-M2 for MAE_ .  : - . . <
. ' . . noise J
T -
) 'Two options exist for cglculating MAEnoise: (1) After STEP-M2 has run.as given above, .
. : mpuf db A using key "A" and MAE  :ce will be printed in hrs:mins provided the program N
—  from Card #4 is still i_n the HP-97; or, (2) Insert. Card #4 (both sides) and input db A
. » : .
us.ng key} "A" to get MAEnoise printed. . . . .
1-0- o K ) ’,/‘ . v, .
\ - 7 . ’ - . » T _~“‘;"l ‘“:v:'-—‘-—
, Card #1 oL .o - . Lo . . )
. 001 -*LBLA  ~ 017,~ SPC* * 033 ., 3 _ 049 STO3 - 065 7 081 STO8
. 002 DSP2 018 : 034 . "-0S0 RCLB,. 066 EEX 082 X
003 STOA ° 019 - S 035 1 051 - RCLI , 067 CHS - 083 +
’ 004 PRTX - 020 - ;3( 036 5 . 052, ¥ ' o068 8 084 3 *
© . 005 R/S , 02 y'. . 037 STOI . 053 STO4Y 069 STO7 085
006 - *LBLB + 022 STO# ;038 + 054 .RCL6 070 X 086 2
007 STOB 023 ° RCLD 039 ,STO2 055 X&Y 071 RCL3 1087, >4
008 PRTX 024 R)S - 040 6 056 - 072 5 088 3
. obo R/S 025, *LBLE , 041 - 4 057 STOS - 073 . 089 8
0 010 . *LBLC 026 STOE 042 7 + 0S8 RCL3 074 8 / 090 STO9
v 011 , STOC | 027 - ?RTX \ 043 , 059 ENT4 075 6 091 +
' 012 = PRTX 028 ’SPC 044 2 060 X2 076 8 092  RCL3
Y. 013 R/S 029 SPC 045 o7 061 ° X 077 3 093 - 2
- > 014 *LBLD 030 RCLA 046 STOG .- 062 1 , 078  EEX 094 M
_ ¢ 015 STOD 031 2 047  WY. " 063 . 079 ' CHS 095 /1
A 016 PRTX 032 7 . ‘048 - ' 064 it 080 3 096 8
] : - o

~ . - -
- —

* (from title) STEP-M2 Abbreyiated provides:68% of the full STEP-2 Program. The

¢ program &s giyen herein permits autoloading of Sides #1 of Cards #2 - #4; when Sides #2
+ of Cards #2 - #4 are entéréd the program restarts automatically, should and ERROR
display occur reenter Sides #% and '¥2 of that Card and press ‘key R/S to continue

. . program. AIT factors printed/in units of time are printed as hrs.miits, the decimal ,
point serves as a colon (:\)3,@'.g., 5.59: in units of time is 3:55 as hrs:mins.

[ g e

-

- . . -
: z
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. Appendix > ) s .
_\ Cdrd '#1, continued -, Card #2, continued
e 097 7 156 . 2 215  RCLI -048* 2 107’ 4 186 5 .
098 8 157 .. 216 + 049 7- - 108 - 167 . 1 ’
: © 099  EEX ° 158 3 217 ENT+ 050 . 109 2.+ 368  EEX N
100 cHS 159° 3 218  ENT4 Qs " -3 110 ¢, 169 . 8 -
¢ 101 .. 3 160 8  ,219° ENT4g=- 052 L7 111 3 170 RCEE .
102 X 161 8 220 X 053 T 112 4, 1n In ’
. 103 .. 1 162 X2Y 22 X 054 SFO3 *\_113- X. * 172 2 J
: 104+, 163 .- 222 ° X -~ 055 RCLL 114 4 izt )
© 105 4l ,124 10X 223 PpSE- 056 * RCI2 iqs T2 174 7, -9
g - 106 RCL¥ ~ "165 7 224 RTN. 057 s e~ . ' 175 4. 6
107* RCL2 - 166 6 s 08— 1 {17 "9 176~ 7.
108 _: > 147- 0 , 059— 3 118 0 177 EEXx '
© 109 X ‘168 X 001 RCLC - 060 119 ~ 178 6 ,
! " 110 2 169  STO4 002 RCLA 061 . _1 120 RCL6 179, X .
A § 5 B 170  PRTX 003 - 062° 3 121 - 180 -
112 3 171+ 6 004  RCLD 063 . 122 RCLY. °181 RCLE .
. 113 3. 172 . 005 X v 064 j 123 % X 182 x2 i
Ny 114 , § 173 6 006 . 065 — 124 ¢ 2 183 1 .
115 8 174 EEX = 007 . 2 | ‘066 7 - 125 5 184 8
6 WY . 175 cHS L 008 4. 067 . X 126 Y00 g )
117 -t 176 4", 009 7 068 1 -127 1 .186 6 . s
- 118 10X 7177, STO7° 010 EEX ' 069 .o 128 5 187 1 O
© o, \dle 7 178" RCLA 01} 9 070 8 128 . X is8 ‘1 | .
* v 120 6 179 RCLB. 012 X ™ on 5 130 . '189 . EEX -
. v 121 0 .18 - 013, X 072 STOI - 131 7 190 3
. 122 *Xx 181 *STO1 014. -+ 073 * ¢ 132 X 1917 X ’
=, 1% -S102 - 182 * RCL7 - 015 JX ., 074" STO4 133, RCLI' 192 s '
T, ' 124y DSPI 163 7 016 X 075 _BRTX 13 .+ 193, RCLO
12;\ PRTX . 184 6. 017 RCLI 076 RCLA 135 STO8 ™~ 194 5 . :
126 ~ RCLs  * 185 0 018 - 077-_'RCE2 136 PRTX 195 AR
127, 'ENT4 186°° X 019  3ro01 078 - 137, SPC+ 196 « 3
— 128 X2 187 X 020___DSP1 079 . RCLE 138~ RELY St L > N S M
125 X 188 RCLl 021 PRTX  .08) X 139 xxy g8 o
: 130 RCL? 189 , 1 022 sPC  * 081 ! 140 + 199 cHS
131 X 190 CWR3 4. - 082 3, 141 EEX 200 yX
. 132 RCLS 191 1 024 083 * 142 2 201 X
. 133°  RCL8 192 5 025 . 3 084 ' = 143 , X 202 STOS
134 X 193 EEX 026 2 085 5 144 STO4 203 +HMS ., o
135 + 194  CHS 0277, " 1 086 6 145  RCLA 204  DSP2
136 . RCL9Y 195 ° 3 028  EEX 087 X 1467 - . 205  PRTX
137 + 196 X 029  CHS 088 147 1, 206 SPC
138 RCLS - 197 1 030 3 . 089 "7 148 X 207  RCLS .
139 2 198 + . 031 X * 090 X ' 149 RCLB 208 | 1
Y40 . 199 .x 032 eX 091 RCLI 150 e 209 T~
1417 1 - 200 RCL4 033 2 092 + 151- 7 210 9 -
142 .8 201 - X ‘031_—8" 093  STOS 152 X 211 .
- 143 7 202 - 035 . 094  PRTX 153 + 212 5
. 144 - 8 203 © PRTX 036 8 095 ~ RCLE-~ 154 " RCLC 213 % "
145  EEX 204  STO6 037 5 096" RCL4  _ 155 . 214 -HMS
, 146 CHS 205  SPC 038 7 097, RCLS 156 2 215 PRTX
oo - 4T 3 1206 RCL2 039 X 098 + 157 X 216 - "RCLS
e 148 X . 207 £, 040  STO2 099 + . 158 + 217 1
) 149 1 208  'EEX* _ 041 RCLI 100 STO7 159 STO9 218 9
., 150+ 209 2 042 LNs 101 PRTX | 160 PRTX 219 9 .
. 151 + 210 X 043 2 102 RCGL2 161 SPC _ 220 . .
152 RCLS 211 DSP§ 044 . 103 3 162 1 221 4 N
A 153 RCL4' 212 PRTX 045 6 104 4 ié3 7 222 PSE
' 154 - = 213 SPC 046 8 105 -, 164 . .223 . RIN. -
- 155 X 214  RCLC 047 X 106 9 165 4 2 ‘224 R/S .
s - I ’ ' .
. 91 l O o ) - J/
Q i ) )
“ERIC : .
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> STEP-M2 Abbreviated Program M, :
Card #3 v s . K
001 % + 060 CHS 119 « 4 (N 178, 0 014  CHS 073 SPC ,
002  ~+HMS 06L~ y* 120 - CHS- 179 8 015 RCLE . 074  RiN S
. 003  PRTX. 062 - 4 121 °yX 180 X 016 075 *LBLA
~ ... 904 RCLS 063 8 . 122 2 181 - 017 0 076.  DSP1
005 2 - 064 7 123 0 182 PRTX’ 018 0 077  PRTX : .
006 . 2, 065 ~ . 124 7 183 1 019 1 078  SPC
' 007 6° 066_ , 4 125 . 184 0 0200 7 X 079 1
> 008 5 -, 067 .6 126 8 185 7 021 f .5 " o080 ., . 0
- 009 ", 0 068 1, 127 +2 _.186 022 { RCLS . 081 -5 .
010 3 % 069 , EEX 128,. 5 187., 8 023 ' 082 N
Ve 011 .~-HMS 070 + ' 6 129  EEX 188 - 8 024, 37 083 0.-
* 012 © PRTX 071 X 130 - 6 189 RCLE , 025 5 084 o -
) 013 'spC 072 . ~HMS 131" . X~ 190 . 026 6 085 -
’ 014 RCL9 . 073. PRTX 132. -HMS 7 191 0 027 X 086 7
. 01s ° 5 074 RCL9 " 133 PRTX . 192 1 028 * 087 .
. 016 . “. a 075 5 134 SPC ", 3, X ‘ 029 PRIX 088 2, ’
017 3, 076 .. 135 DSP1 . 194 - 030 1 089 1
. 018 6 077 3 136 _RGL4 195  RCL9 031 7 090 CHS  *
019 9 078 © 7 137" PRTX 196 1 +032 0 091 - e
020  €HS 079 1 138 SPC 97 + 033, * 092 eX ‘N
021 yX 080  CHS 139 ~RCL2 * 198 Ty 034 9 093 Dsp2
. 022 7 081 y* 140 L PRTX - 199 9 035 7! 094, ~HMS
023 4 082 T 141 T REL3 200 X - 036 8 095  PRTX
024 *- 1 083 3 142 .PRTX 200. - 037 ~'RCLE 096  SPC '
. 025 084 "2 143 SPC 202  PRTX 038 097 « SPC
. 026 5 085 . 144 4 203 1 039 -2 098  SPC
027 9 086 3 145 8" 204 . 0—Q40 ¢ 4 099  'SPC
028 4 087, *3 ° 146 .. 205 9 041 2 100  SPC ..
] 029  EEX 088 9 147 1 *206 . 042 - X 101 | RIN .
_"030 - 6 089 EEX 148 5 207 6 043 - 302 T R/s
031 X 0% , 6 149 RCLE 208 6 . 044 _RCLY
- 032 ___-HMS 091 X 150 209 9 045 r
o 033 PRTX <092  +HMS™ ™ I5I 14 ZIURCLR 036 : ~—
| 034- RCL9 '093  PRTX 152 . 8 211 " 047 g .
—. b 035 5 094 °* RCL9 153 X S7212. 70 048 4
036 .. 095 "5 154 + 0213 42 049 ¢ 3 .
‘037 ¥ 8,096 . . 155 RCL9 214 .2 050 X
038 /.5 097 3 156 ° 1 "215 * X< 051 -
P39y v (6 098 7 157" . ) 216 + 052  DSPg ,
-~ %a0" 'cﬂs 099.°. 3 158 6° 237 RCL9 ‘€ 053 PRTX ) !
041 X 100  CHS 159 4 4218 “ PSE .. 054  SPC /
042 s ., 101 ¥ 160 X 219 #iN 055 SPC " .
043 " -9 102 3 161 + 220 Rr/S 056 ~ SPC . .
. - 04- 2 103 3 162. DSP@ . 05 SPC
045 104 4 163 .PRTX  : Card #4 , 058 \ RCLA .
. - 046 -+ 5 105 . 164, 1° 059  DSP2
—_ 047 6 106 3 165 “Z - o001 060  PRTX
i 048 , 1 107 7 166 5 002 7 061  RCLB . “
049  EEX 108 0 167 . 003 , 6 062  PRTX
. 050 6 109+  EEX 168" 6 004 5 063 "RCLC
051 X 110 6. 169 7 005 X 064  PRTX . "
o 052  -HMS 111 X 170  RCLE 006 - 065 RCL® .
h , 053  PRTX 112 »HMS 171 . 007 DSP1=~ 066 PRTX, :
. 054  RCL9 113 PRTX 172 0 008  PRTX 067  RCLE
055 ¥ S 114  RCL9 173 '— 6 009 2 068  PRTX
; 056~ - 115 5 . 174 X 010 . 069  SPC
. . 057 3. 116 N V- + 011 6 070  SPC
™2 058 5. 117 3 176  RCL9 012 0 071  SPC’ -
' 059, 1 118 4 177° . 013 _ 8 072 SPC
N - g . ] 12N
i O /-\' {92194 o lo’ .
{ERIC o - .
B . e . f - . ' .




L3

. recommendations of ASHRAE STANDARD 55-74 that the optimum acceptable thermal environ-
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. EFFECT OF L‘INERGY CONSERVATION GUIDELINES ON COMFORT ACC$PTABII§ITY AND HEALTH
i v \ . ;e PR
‘A, Pharo Gaggé and Ralph G. Nevins* . . '
- A - John B, Pierce Foundatibn .
*{ ) 290-Congresg Avdnue, New Haveh, CT - .
% " . : R N ¢ - oo . - ?
. . \ . [y . e . . <
Abstract 0 i ) -
\ - e 3 3 * M ¥ - A
P Both the Winter and Summer Surveys in a New, York government building validate the

ment, in which at least 80% of gormally clothed men and women living “inthe United States
and Canada would express thermal. comfort, ies in the range 72°-78° (°F) £T* (22, 2°-
25.6° C). The ASHRAE ET* i the dry bulb temperature of a uniform thermal environment ¢
at 50% rh with'air movement in range 20-25 fpm (0.1-0.125 m/s) for sedentary man

. (l1.-1.2 mets) while wearing an intrinsic thiermal insulation of 0.6 Clo.

' s

The EEA Summer Consewation Temperature limits of 78°-80° F (25.6°-26.7° C)‘can bé
\ - made 80% acceptable (1) by ‘use of light clothing with ifisulation less than 0.4 Clo, ',
« < (2) by increasing the air movement above 50 fpm, (3) by reducing the telative humidity,
,or (4) by all..These FEA Guidelines, which.require the elimination of thermostats angd
reheat processes, make (1) and (2) the ‘more desirable approaches to 8)% acceptability.,
. In &mmer time heat, men tend to wear 50% mora clothing {insulation) than women, while 7
4

*at work. ‘In summer the practical minimum level of cmhing insulation for men appears to
be 0.4-0. 5 Clo while for women, 0.2-0.3 Clo.

+

! .

A i B‘F/ e :"‘.
' For the 68°-70 (20°-21 1° C) FEA Conservation Guideline temperatures fol rz\inter

proper care is made to cover legs with socks and trousers or wear dresses with stockings
and\with shoes without open toes’, : © <

_ the 80% acceptability is possible for persons wearing 0.9- 1 2Clo insulatign:, provided \\
r R

. - 13
'/ ‘E‘xcept for the seriously ill and those in hospitals there appears to be no serious '

° . [

healt hazard for properly clothed individuals due to exposure to the FEA Winter ahd Summer ‘
Gu/ideline T.emperatures. A " a . ‘. ’

‘ I-‘or simple sedentary tasks no decrements in performance can be expected for t'he FEA

Guideiine temperatures - winter pr summer - ag’long as the applicable ASHRAE ET* ialls

.~ within he 80% acceptability range defined by our Comfort Charts in ‘terms of T3, Clg, air

£
movement and relative .humidity. A lbss of dexterity .may occur when air temperatyre' falls )
) ‘below 6§° F (18.3° C).  Decrements in the performance of simple manual.and mental tasks ,
: \ may occq,r when the ASHRAE ET* rises.abpve 90° F132.29C). . .
- . Comfort Cbarts are presented to show how various clothin insulatiohs can be used to.
. ¢onvert any oombinatiq_n of dry bulb temperature relative humidity, air movement to.an
o . equi\)alen ASHRAE Effective Temperature ET*;, From these charts the reader &an recogniz:gn ) L
for himself additional strategie’s possihle to m%'t the 72°-78° F (22.29-25.6° C) ET* " - . *
¢ necessary for 80% acceptability, . . . .
* . . . . R .o N «
\ . - . .
Key Words.\ Effective Temperature (ET*) Clot ing Insulattony Thefmal Acceptability, .
|Energy Cohservation, Therma) Prefefence ‘Surv‘éy, Winter:.Temperature : el
. Guidelines Summer Temperaturp Guidelines A b
**.“’_\ 2 - 1’_'..“«
late’}‘ellow& of the Pierce Foundation * L ¢ .
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. CONSERVATION OF ENERGY BY REDUCING FUEL CONSUMPTION for heating during *
winter and for air condftiqning during summer is an edsy technical possibility when the 1living
space is coolér than normal in the winter nd warmer without humidity control in the summer.
.. The question 5rises, how can these changes be acqomplishé'd without losing the general -
- acceptability of such a worl,giﬁg environment. Based on the combined advice of many pro-
fessional organgzationé , assembled for a three day conference. in November 1973 at Afrlie
v House, Arlington, the Federal Energy Administration (FEA) introduced in summer 1974 their
Guidelines for Comfort Conditions in Government Buildings and Homes in-General. For .
_ winter . indoor temperature$ were to be set at 68°-70° F (20-21.1° C) and for summer at
* 78-80° F (25.6-26.7° C).” The summer setting.would be accomplished without humidity
controi and reheat. Thesg design values.were chosen as being 6° F (3.3° C) above and
below the optimum level of 75° F (23.?0 C) currently set by ASHRAE Standard 55-74,
.Thermal Environmental Comfort Conditions for- Human Occupancy .

. ‘ L

In July 1974, the late Dr. Ralph Nevins, and the Plerce Foundation, were contracted
by the FEA to initiate a series of laboratory tests and fiedd surveys to.determine occupant
reaction to their proposed Guidelines. ‘The complete report has been published (March,

, 1976)(1). In the present paper we will briefly‘ summarize results and general implications
of the two field surveys in a New York GSA mpltfstory office-building. My associate
Dr. Richard Gonzalez is covering the laboratory tests associated with the present study
*and will present their bqhavioral&nplica;tions. In the present paper we will summarize
. * . from a short literature survey the expected effect of the FEA Guidelines on man's health
- . and performance, Finally we will'present a series-of working charts by which the ‘

, reader can see how changes 12 humidity, ambient tebmperiture, airrmovement, cléthing
habits and activity can attain environmental acceptability' within the Guidelines as well}
as compliance with the. ASHRAE Standard 55-74, which requires an EffectWeJl‘emberature,

-(ET*) that lies in range 72-78° F\(22.2 -25.6° C). L
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THE SYUMMER SURVEY OF THERMAL PREFERENCE . oo
1 ’ : - )
The summer survey of thermal preferences was made of typical groups of workers in the
General Services Buildifg, 26 Federal Plaza, New York City. Of the 46 floors in the GSA
Building’, the 23rd, 26th, 33rd. and 39th floors were selected for the survey. Approximately
230 people were questioned twlce, in all approxn'nately 460 responses were obtained.
During the distribution and completion of the questio"nnaires the dry and wet temperatures,
the air movement, and the Black Globe temperature were evaluated in each local area. From
\these four basic measurements and from the clothing insulation worn (as determined from
the questionnaire) it was possible to describe quantitatively the thermal environment and to
correlate these values with the thermal preference’s presented. The outside weather data

" " was taken fromthe daily weather records for the test period (1.300-1500.EST) at_Central .

Park. These records agreed well with casual readings in thé'shade at streédt level outside
of the GSA Building itself. o . '

. - -
- ¢ -

During the” survey period the outside weather temperature averaged 75.3° F (24° C); -

the average dew point was 61.4° E (I'6° C) which carresponded to an average humiditv of
60% rh. The average dry bulb téfmperature indoors,.was 74° F (23.3° ¢) with a dew point of

58° F (14.5° C) and relative humidity of 59%. The range of ifidoor temperatures surveyed ex—

tended from*72.5° F (22,59 C) to 78° F (25.5° C).. Over half the responses were made at
temperatures between 72° F and 75° F. Duse to the generally pléasant outdoor weather con-
ditions and an obvious lack of need fpr air conditioning 1ndOors none of the test corditions
fell in the FEA Summer Guideline apea
. ¥ s .

For the survey group the average intrinsic clo was 0. 45 for malesand 0 35 for females,
For both sexes the metabolic rate was estlma(ed as 1 met. There were no slgnificant Je-
lationshigs to age. .

. ¢ .
.

~

» By usmg cross-correlation methods of apalysis the following significant observations
wére made ¥ .

.
v

X. Cross-Tabulations: Temperature Sense vs Comfort Sense {entire group) .

-

-
gy e

L4

(1) The %¢*of those voting "81. Cool- Neutral S1. Warm" and of those voting "Comfort-
able" were essentially equal at 68%. Thus either grouping may be considered as a good

2 . -
. M & Y l
o Comfartahle. _Uncomf. V. _Iincowf,. _  Totals :
[ IS
Y .\' B N \ \
- (Row {Row . (Row N (Row N . .
' %) . N .g.c:;%\‘ %) ‘N (Col®- % 5 ®g _ .- ’
" Cold G2 ) — .27 (21) . 6 —35 .. o+ °
. Cool 67 (22 ¢ 19 (15) =~ «, O (28) [L86 - ,
8it. Cool .77 (25) 5,10 (8) : . 87 ‘
Neutral 117 (38) . 7 (5) ! (61) 124
*  skt.Warm . 36 (12) ° 32 (25) ©oLes .
Warm 7.(2) 31.: (24) .3 ay [a R -
.Hot . 32) - 4 - L7
Totals (68) 310 (100) (29) .12% (100) (3) 13 . (100) 452 ‘
¢ ) ) L
The 'above tabﬁe showé that: , » . "' *@2_.
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(2) 'Of those voting "Comfortable”, there was a tendency to.prefer parallel ool sensa-

»
¥ _tion over a warm.one. This proved specially true both for females and for the 51-70 year age
group, This asymmetry was not typical of a general population as most of the test conditlons
fell ln.temperature ranges expected for cool and coinfortable,
v B. Cross-—Tak@latlon: Perspiration Sense vs ‘Comfort Sense
' . Toe ., ) » . > % with . -
! ; . NONE Slight Moderate Heavy  + PSENS Total
¢ -~ —g \\
. _ (Col. %) . . . Row % Col. % =* . N
.Comf.. 222 (\78) 70 16 . 70 . 28 52 308 v
«Uncomf, 58 (20) 42 © 27 2 55 43 129 b
) T Very Uncomf, 6 (2) ©2 ' A - 1 54 3 , .13 . ;
— = — — — .
N (Row %) 285 (63) 114 (25) 47 (10) 3.(2) 450
The a‘bove tgble shows that; . « , - ' . Te * A
>
) (3) Although only about a third of the group stated they had a strong perspiration sense,
2 ¥ this sefise was associated with "warm" and "uncomfortable"” ¥otes. __ "
. 4 . N - * h -
C. ,Cro'ss-Ta.bulartion: Dry-Humid Sensé vs Temperature Sense ot -
’ .- NN Normal . RN . . '
Very dr¥y Dry (Neutral) Humid ' Very Humid Total .
‘ Cold * 3 14 3 2 37, -
Cool 2 [s4) 19 51 13 2 87 . -
; Slightly Cool * 2 23 56 - 7 88 |
Neutral -3 . 23 83 13 - 1 - , 123 < |
Slightly Warm 3 14 11 37 ,_‘ S, - 66 ot
© . Warm ., {23 s.. .7 23 |72 3 NS
- Hot o1 e 1 '5 7 -
R i ‘= N . .
. Totals .. 14 .99 223 A6 " 15 449 . |
- ) - i ‘
- [E] ‘Sum.of observations N T "
2 . - -, - /
(4) In judging alr quality, described by "Dryness” and "Humid", the i oo,
former significantly cbrrelated with a sense of "Cool" and the latter with a sense y
of "Warm", ] _ ' |
is
-, ) = ¢ R
L\ ) . ST .
’ "z&.'«' (L%:‘?j ';". " ‘- - ‘ . T ‘ N '
,; i % ¢ ’ ¢ '
s, Tt e ‘ - . . -, :
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! ) D: : Ci-oss-Tabuigtion; Air Flow Sense’vs' Temperaturé -Sgnée

. . ’ ~ N . ’o
Air Flow , ' ‘
2 . Sénse " Pleasant , Neutral Unpleasant . .
Temp. {with fligp air movement) +  (with low air‘movement) Total el
D,oa - ? * ’ N .
,,'/' - . . . N(royv%) . ) ] . . “a g
‘ Cold-Cool 86 (41) 62 (29) 64 (30) 212 (100) *
... S1. Cool . o - T . - . /
. Neutral . . 32 @) 63 (51) 28 (23) . . 123 (100)” e
.. Sl-Warm- | 9 (8) . 27(2) ., 79 (69) 115 (100} '
. - Warm-Hot | L ) .o .
- . ]
é 7 . . 127 (28) 152 (34) *171 (38) <y, 450 (1‘00) -
. (5) When alr quality was judged by the "Pledsantness"” of air flow sense, 66% of the
- group hg\d A positive fee}ing divided between "Pleasant” and “Unpleasant" .."Pleasant” was T
) + usually associated with "Cool" and "Comfortable" sensation and "Unple‘_as{ant‘kwifh
. ‘ “Warm" and. "Uncomfortable" sensations. o R
- ’ ' . N ]
E.- Gross;‘}’abulation: Temperature Sense vs: Air Temperature - ' R PR
» ) ’ : ) ! . R N . N v ' -
. - si. T Neural ¢gx- - SL’ - e
R ’ Cold Cool Cool Cool -IN ,  Wam) V\(ar’m Warm Hot Total .
;o ' - . (Row %) (Row %) TRow'%): - -
' 5 22.5 (72.5°F) 13 13 10  36+59)_ 18(29) ,9(15). 5, .2+ 2 63
+- 22,7 22.,5-22.9 6 21 12 39 (42) 30(33) 33(3§). 15 7 1. 92 .
23,2 -23.0-23.4 7 19 26° 52 (§7) 24:(26) 16(17) - 9 -~ 7° -0 92
- '23.7 23.5-23.9, .4 11 8 237(49) 11(23) 13(28) *'8 4 -1 47
. 24,2 24,0-24.4 0 4. 7 11(33) 7(21) 15(45) _6- 8 ° .1 33 \f
24,7 24.5-24.9 0= 2 6 8 (18) 14 (31) 23(s1).-"13° 16,+ O .45 :
25.2 25.0-25.4 0 0 , 2 2 (15) 4 (31) 7(54) * 12 .2 13
v, - = 25.0 (77 p) . . . s .. - . -, ] . .
Col. Total {Row %) 30 70 71 " 171 (45) 108 (28).105'(27) 58 .40 ~ 7 384
(% Total) - (8) (18) (18) oo Pl i #(15) (‘10)—_'42)
N ‘ V4 [ -~ T » ."
vz ) ) v - a - T - SR
= (6) Although the-maximum probability of thode-voting both "Cool" dnd "Warm" ~
. occurring-at 74.8° F (23.9°°C), this temperature did not prove to ba the.temperature
. 5, range where the greatest number voted "Acceptable” as judged by’ "Neutral" and
: "Comfort" sensations. . L : )
. = ) S v -
; T 1 ) i * % ’ ) ) ) s
‘E‘( . - “ - ’ ;ﬂé‘%( ..‘ .
& G -
N o T ‘;\ ©
: T oy . J
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__ F. Cross-Tabulation: Comfort Sense vs Air Temperature . ' \\
] (} T, Comfortable Uncomfortal;le Very.Ur;comfortable. Total _ i
. “¢ . .’
v (Row” %) N L '
. & 22.5 37 (60)- - .22 (35) 3(s) « + 62(100)
, e 22.5-22.4, 71+(76) 19 (21) /—3’43"' " 93 (100) P
— 23.0-23.4 67 (72) . 25 20— -1(1) 33(100) : "
. 23.5-23.9 31 (62) _ . 36) 1(2) (100) .
A 2dl0-2408 2 22(67) 9 (27) . 2(8) \33 (100) .
24.5-24.9 27 (s9) - 18 (39) - 1(2) - 46(100)
- 25.0-25.4 9 (69) | 2 (15)° 2 (16) 13 (100)
— 'm®28.5 ° .0 _~ 0 .- 0 . -0,
- : - —
~— Col: Total , 264 (68) 113 (29) 13 (3) 390, <
§ (% Total) » . 3 Y
s 0. . I , '

- (7). The entire temperature range of the survey (72.5-77.9° F) or (22.5-25.5° C) was
considered comfortable by 68% of . those voting and lay, for the most part, on tha cool
side of the optimum, which would have been expectédr thearetically at 78° F(25.6°C) .,
for the average clothing wom ( ~ 0.4 Clo). " .

P
* . )

WINTER SURVEY OF THERMAL PREFERENCE

. . = .‘( R

.
-

. R ,
* The winter survey was made at the same bullding location (GSA Building, Federal
Plaza NYC) as the Summer (Task II). The last two weeks in January and the first week °
in ebruary were chosen for the study. The questionnaire for Winter was essentidlly
the same as that t6F Summer except for the additional interest in the effect of cold
extremities, The sections of the building surveyed were the same as before., All
instrumentation was identical to the previous study. The mode of+the survey was
slightly different in that half of the observations were made in the afternoon ‘and the
other half in the morning before lunch

~
.

The.Aumbér retested was 125,

= !

-~ *. The outside weather conditions were 1dea1 for the survey apd typical for the New,York

area, The average outdoor temperature was 34° F; the lowest was 17° Fand t
. 43° F. The outside,vapor pressure ranged from 1.6 Torr to 7.1 Torr with an av
which value corresponds to a dew point of 30° F.. .
' [
. lndoor temperciture during the survey varied widely, due to the poor cofitrol of internal
temperature by the building engineer. The average indoor tenfperature was bout 77°F;
80% of the observations were evenly distributed over tie 73° F-81° F range. The highest
zone temperature observed was 84° F while the lowest was 710 F,  Although the indoor
temperatures were well above the FEA Guideline level of 68°-70° F (in/Spite of frequent
complaints to the building endineer that the test areas were too warm), this relatively .
even temperature distribution from 73° to 81° made possi) ible a'sig
-analysis of thermal™ ‘Tesponses over this range so that readonable p jections could be
made towards both the FEA Guidelines. for both Winter 8nd Summer/,

Wwarme'st,
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“relative humidity
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.
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The ‘average dew point temperature was. 44° F,’ corresponding to an average indoor
of 30%. The average indoor air'movement was about 30 = 10 fpn,

The average’intrinsic &lothing insulation worn to work was 0.7 clo for menand 0. 65 for
women. These values are 50 % higher for men and 100 % higher for women than those ob-
served during the Summer Suryey. Thus people dress for work according to ou:side weather
conditions rather than for the expected ideal office temperature or for their often over- ,

heated.offices .in the present building, °

as follows:

From a cross-correlation analysis, the observations with high significance were

G. Cross-Tabulations: Temperature Sense vs Comfort Sense  *

Both Sexes Comfortahle Uncomfortable Totals R
* T re = . *
) A (ot %) N -(Col %)
L~ .
Ceol and Cold ~ 63(16) - 33 (32) 86"
Sl. Cool-Neutral-S1, Warm 299 (76) 9(9) ° 308 ]
Warm-Hot . . ,43 (8) 61 (59) 104
Y Totals 395 103 498 .
. i * . % )
L “".
Males | 5  fCémifortable  Uncomfortable “Total
L~ { o (Col®) N (Col%) - ,
Cool and Cold - 18 (10) 6 (16)
Si. Cool-Neutral-Sl. Warm 143 (81) 3 (8)
e Warm-Hot by 16 (9)° 29 (79* ’
i . QJ!‘ ~ .
A~ Totals . ' ! 177 T - 38 215, ¢
¢ = . . . . _ :
, ¥ . )
Females ’ Comfortable Uncomfortable Total -
‘\ o, N (Col¥) . N (Col g -
N . , - ‘ o )
“Gool and Cold o (g (19) ~ 25 (40)
S1. Cool-Neutral~-Sl. Warm 143 (68) - 6(3) - ...
Warm-Hot _ . 27.(13) 32 (s1) . .. 1 -
" Totals - 210 "63 C o in i '
:.‘; - » ' - . . ‘
7 .
..?5:(\ . ( . .
’ .\‘ ~ . ° . ‘
L] “ > . .
., [ . t : N ' = N ‘
] ’ 9111 ‘ o
™. - i )
Pl >\- - b, 4 ,:-:—1—» ~ ¢ - . ‘. - & -~ e
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Age Col. % Comfortable  Col, % Uncomfortabls
. Age’ yrs. Age yrs, L

/ f o -
¢ :  Group . <30 31-50 >s50 <30 31-50 ->50

" Cool-Cold 18 15 15 sz 0 4 ?

S1.. Cool-Neutral-Sl. Warm 68 73 7 10 -7 10

Wam-Hot _ - - 14 12 9 38 - 83 48 S

. The above tables ; show. T : - - .

(1) As high as 79% of all observations were in the "Comfort* category. Th.ts sense of
comfort was primarily associated with a general neutral thermal sense. Of the remaining, -
- who voted "Uncomfortable”, a majority (91%) always associate their feelings with either a
sense of coolness (32%) or warmtb,(sg%) -

42) I‘or both men and women, the trend above for "Comfort" was the same. However,
for "Uncomfomble “, men.associate this feeling primarily with warmth while women were

equally divided between cool and warm. ] .
. e - Comfortable -, Uncomfortable
> R : TN
While Alr Flow, T L. e
: SENSE was: _ *Pleasant Unpleasant Pleasant Unpleasant
rd
.7 Col EN " 274 20 107 7 80 _
i o . {Col %) (Col %) (Col %) (Col %)- .
.Cool-Cold~ 41 (15) T 21(30) . 6(20 - 25(31) S,
L ~ Neutral 211 (77) 65 (15) "3 (60) - 6 (8) \ :
: Warm-Hot . = 22 (8) 21(s8) - 11 (20) 49 (61),%-
: . . Total (N) " 481 . ’
(3) A cool air flow sense improved (fbfn.fort. B . i .
i<: . While Comfort , - . - : ¢
- was (below), . ) . . . ]
Air'Sense was: Dry . Normal Humid Total -
© Row(%) N Col (%) R o
" Comfortable . (48) 193 (75) (46) 186 (94), (16) 24 (52) (100) 403 (80 |
Uncomfortable (66), . 66 (25) (12) 13 (6) (23) 22 {(48) (100) 100 (20) -
(51) 259 °(100) (39) 198 (100)(10) 46 (100)(100)" 503 (100) -
_ ] . 2 p . . .' ,m}
, -‘ - . d - - -
. ) . . \m . - * ’- v§ n"\ ‘
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(‘U A sense of air dryness in air quality could account for 66% of those voting .

.7 " utcomfortable and coolness; .. d I >
. . Cross—Tabulation Temperature Sense v Air _Temperature - N
All observations: Winter Study - ‘ . . -7
. , v < : 5
> 7 N N
e Q‘Zemp Range C 22 -22.9 23 =23, 97 24,-24.9 25.-25.9 26.-26.9 27.—27,9 Total ;
- WZ ' No. Obs. - 38 108 79 102 125 M as 497 )
% Cool-Cold 37 28 24 17 14 0
- s n = T -
% = Neutral 63 70 167 66 55 24
(Acceptable)- . : ' .
i % Warm-Hot 0 -2 9 . 17 .31 76 .
o (5) The temperature range for maximum acceptabilithi.e _,those who dao. not vote -

‘ "cool-¢old" or fwarm-hot"), is (72.5°-76° F) for men at 80% level and (72. §°-789 F) for
= women at 60% levgl. For maximum acceptance at 70%, the temperature rangé is 74°-77, 7° -

which falls' within temperature range for Comfort prescribea by ASHRAE Standard 55- 74

/
/:This is illustrated in Figure 1 for all subjects. )
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. . Figure 1. Percent thermal sensation vs T on probability .
oo coordinates - atl subjects. Since average Iclo way 0.6 - R
. . and humidity 40-50% RH, T T ET*, by definitien, - o
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(6) The temperature range for 80% "Comfottable" is 71,5°-78% for 90% comfortakle,
, the range narrows to 749-76°, The optimum temperature for Comfort is 75° F for our
survey . .In terms of ASHRAE ET* (i,e. equivalent temperature for 0.5 Clo and 50% rh),

\ this ¢gptimum Gorresponds to

74° F, This is illustrated in Figure 2 for all subjects.

0 - ’ s
e . . T s .
g - .
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» N . 7 - ,
o , .t . - 3 \\/;
Figure 2. Percent cof‘nfort—uncomforta@le sensation vs _ . e
T, on probability coordindtes. (v s P ‘
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(7) The temperature range for Comfort found in the present survey matches the range
.. for.Comfort, prescribed by ASHRAE Standard 55-74. .
. . . R . - s

HEALTH EFFEETS OF MODERATE THERMAL STRESS - )

7

The present phasé..of our FEA .studs} on the effect of the Guidelines was a -survey of the o
literature on the effects of moderate heat and cold stress, ’ 4 .

The effects of moderate heat stress have received by far the greatest aftentich in the
literature by clinicians, meteorologists, physiblogists 'ah.d statisticlans, The most recent
and perhaps now clagsjcal study-was done by Lée and Henschel (1963){2) on the effects of
heat stress that migh‘cl be encountéred in fatlout shelters - a great concern at that period

* of history. The conclusions of thelr study were elinical judgments for an abnormal minor-"
~ Aty of our population under heat stress well above ‘moderate levels., A second now classi-
<" cal series of.studies was the work ‘of Burch and DePasquale (1962)(3) summarized in the

-3‘,‘ . . z . - ' N i‘
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" book on the effects of air conditioning warm and humid chambers on the heart of normal
- and chronic patiénts. They did show that heart patients, who showed no deleterious

(S

- 4o

Conditions *

. health effécts at 75°-76° F (23.9-24,° C) were selected for large exposures to 84°-86° F
(2879°-30° C)./a level sllghtly above the FEA Guidelines.

There is very little in the literature on the effects of moderate cold, which can best

be ‘'defined as occurring when skin temperature falls below 85° F (29° C) Extreme

cold has lohg been an interest of the Armed Services, whose members must perform at temperatures
well below ffeezing. The labgratory studies, to be reported by Dr. Gonzalez," are the

best available for the lower Guideline temperatures (68°-70° F or 20°-21° C).

Iy

PERFORMANCE UNDER GUIDELINE TEMPERATURES .

1
-

The ea‘rliest observations on the practical problem of performance of mental and physi-
cal tgsks for working mar’appear to be those of Vernoh (4) during the First World War. He
equated accident frequency with atmospheric conditions (dry bulb temperature) in a muni-
factory. For each work spell, the frequency of minor accidents was recorded. A
rough calculation of the accident frequency showed that accident frequency was least
among workers at shop temperatures of betweep 65 (18° C) and 69° F (20° C). For :
‘cgoler ambient temperatures of less than 65° C (18° F) or higher ambient temperatures
69° F (21° ©), the frequency of accldents increased.

The classic studies of Mackworth (1946)(S) and later Pepler (1§65)(6) at Oxford were
/ done fgeciflcally to quant}fy any deterioration in task performance as afunction of warm
“ambient concfitions. In the gtudies by Mackworth male wireless telegraph operators, jin
laboratory conditions, were studied. Thelr activity would be comparable to our everyday
office work. Before the main study the men were acclimatized to heat at 95%F (35° Q).

for 3 hours a flay, Sor 6 days a week., The actual work procedure was for 3 hrs, atdry
bulb temperatures of 85° (29.5° C) to 105° F (40.5° C) and wet bulb temperature 10° F = -

(5.6° C) below DB, during which tme 9 messages from a pool of ZSOTgroups weére trans-

mitted at a speed of 22 words’ per, minute. The subjects were dressed/in gym shorts 4
(approx. 0.1 Clo) and air velocity was at 100 fpm (0.5 m/s).- The téble below shows
theh‘ averaged obseryved data . L .
Table 1. Average mistakes per hour. . h . PR
’ ’ . . « ¢ 2 . .
T, °F(°) ; 85(29.4) 90 (32.2) 95 (35.0) Y00 (37.8) 105 (40.5) .

Wet bulb °F (°C) 75 (23.9) 80 (26.7)°85 (29.4) '90°(32.2) 95 (35.0) .
. REX 63 65 6 68 oo 89
Av. ‘fnistakes/subject per hour ‘12 11.5 ) 115;3 i7.3 ’ 94,7 )
- ‘ - . o} .
Decrement .in performance ": 0 o " . .36&‘52] ] 47'% 700% ¥
/ : Y

1 L]

”Mackworth‘s findlngs showed that increases in both dry bulb and wat bulb tempera—
tures,impaired the accuraey of the operators to record messages over the telephone and
that decrements in task performance were primarily a functlon of the skill of the operator,
Very'‘skilled operators showed no significant silstakes until DB reach 100° F (38° C).
and wet bulb was at 90° F (32°7 c). o

. . . . L
. . . . . -
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By using the above tabulated basic data, plus the fact that the activity was about
1.1 met, which is typical of the metabolic rates for an office worker, his data have been
standardized to the ASHRAE Effective Temperature ET* as shown in the following table. -

g

. 1 2 )
* 'ASHRAE ET* - TSENS DISC (w) Av, mistakes/subj. Decrement in
°F .% . . % . per hour performance

174,0 (23.4) . . 6 12 T 0%
80.6 -(27.0) . ¢ 13 11.5 0%
88.7 (31.5) 26 15.3 30% -
'98.6 (37.0) 3 51 - 17.3 47%

. 109.8 (43.2) . 100 - 94.7 700%

-

1 Py ;
-1 -81.cool; 0 - Neutral; 1 - Sl, warm; 2 - Warm; 3 - Hot; 4 - Very hot;
5 - Intolerable -

2 . L . .
0 - Comfortable; L - S1. uncomfortable; 2 - Uncomfortable; 3 - Very uncomfértablé
. , ,
- - .

-

From the above studies of Mackworth it was clear that up to ET* levels of 80°
(26.7° C) no significant decrement of performance would be expected. The i
decrement could be e;rpected for an average person as ET* rises above 82~ 8
(28°-29° C) levels -

-

Decrements in performance “toward the cold for a simil’ar type aGtivity as Mackworth's
‘would depend primarily on the temperature of the fingertips and hands. The vertical finger”
skin temperature Jies about 7S° F (24° C) which would occur for normally clothed pergons
(0. 6 ~ 1 @lo) for ambient temperatures well below the gitdeline temperature of 68° F
(20 C) . . .- -

~
« Our final conclusion was that the FEA Gugeline temperatures for heat and cold should
cause no significant drop in performance L se. ' ‘

.

ROLE OF CLQTHING IN MEETING BOTH FEA ENERGY CONSERVATION GU'IDELINES
AND ASHRAE STANDARD 55-74.
' ~~
In reviewing, the ASHRAE Standard 55-74 (Therinal Environmental Conditions fer
Human Occupancy) describes the optimum "Comfort Envelope" as being the adjusted
dry bulb temperatures falling within an envelope defined on a psychrometric chart by
. 71.6% F (21.9° C) and 77.6° F (25.3° C) at 14 Torr (1.9 kPa) and by 72.6° F (22.6° C)
' and 79.7° F (26.5° C) at 5 Torr (0.7 kPa). In terms of the new Effective Temperature
' (ET*), defined as the adjusted dry bulb temperature at 50% relative humidity, the optimum
" ET* range lies between 720 F (22.2° C)-780 F (25.6° C). Fufther this optimum range
*applies Sor normally clothed people while engaged in sedentary or near sedentary activi-
ties, such as light office work. The Federal EnengyeCopservation Guidelines for control -
of indoor environments in goverhment office buildings, require that dry bulb settings in
the winter be within 68° F (20° C) - 70°.F (21° C) and in the summer be 78° F (25.6° C) <
80CF (26 70 C). The feasibility of the higher guideline 80° F (26.7° C)-82°F (27. 8°' C)
“has also been considered. Summer setting should be accomplished without humidity
control and reheat, The question is now how do the Standard and Guidelines relate
to each other,

w 11§
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. The .Pierce Laboratory s FBA sprvey of thermal preference ina typical government

office building located in New York City during both the summer, 1974, and winter, 1975,
produced two general observations, The first was that, during the winter, an acceptable
environment (defined by Standard 55-74 as an expression of thermdl comfort by Bo% of
those surveyed) occurred over the 72-78 ET* range and thus fell within the ASHRAE "Com-
fort Envelope." Further the average clothing insulation worn in winter was approximately °
0.6 clo (igtrinsic) for both males and females, The awerage activity was rated as
sedentary office work and fell in range 1,0-1.2 mets (60=70: W/m?). Air‘movement
observed was within 20-30 fpm {0.10-0.15 m/s) A second general observation was that
this same working-population habitually clothed themselves for office work according to
the season and outdoor weather conditions prevailing rather than for any expectation of
the indoor climate, which was on an average 759 F (28.9° €) the year around. During
the summer the average clothing insulation worn‘in New York was 0.4 clo; men wore"
a slightly higher value of 0.45 cl6, compared to the women's 0,35 clo value, Adjusted
dry bulb temperatures within-. 72—’78° F range proved to be on cool. side while wearing

- such light clothing during the summer.,

'

v

. Our laboratory study on FEA Winter Guidelifie Tempegatures, which is being covered
by my associate Dr. Richard Gonzalez today, shows that the 80% acceptability criterion.
, was, possible for groups of gubjects exposed to 68°°F (20° C), specially if they were
given accéss to additional clothing insulation for comfort. -In his study, the wearing of
a clothing insulation of about 1.0 clo (intrinsic) proved Sufficient to make 68° F (20° )
fallin the 80% acceptability range. . .. . ,
. <
N Our Summer Laboratory Study (algo covered by Dr Gonzaléz) shoWed that when
light clothing insulation was worn, it fell in the range 0, 3-0.5 clo, and thermal
comfort was achieved by the majority of- those tested up to 82° F (27 8° C) N
d . — ) ’
. , Our studies on clothing requirements under FBA Temperature Guidelines Conditions
o indicate in general that thera is a need to relate. the equivalence of various levels of
’ clothing insulation’ worn under various,environmental conditions to the Comfort .
', « Envelope of ASHRAE Standard 55-74. For this purpose we have used the latest dynamic T
model of thermal regulation (7) to calculate ASHRAE ET*, The particular feature of thi$
. FORTRAN program is that the ET* can be calculated from the basic environmental condi-
tions described by (1) activity (metabolism), {2) operative.temperdtite or ambient air
relatlve humidity) and (5) the intrinsic clothing insulation worn. The.bagic clothing
and’heat transfer conditions assoclated witli the ASHRAE ET* are used as a standard
for comparison. Any thermal environment can be described in’ ‘terms of the temperature
of a stapdard equivalent environment controlled at 50% relaiive humidity with air move-
ment of 20-30 fpm (0.1-0.15 m/s) in which a sedentary.i Ject (1-1.2 mets) wedring a
standard 0.6 intrinsic ¢clo would exchange the same amount of heat by rydiatioh, con-
vedtion and evaporatién at the same the;mal strain, as he would in the ctual working
- environipent, describpd by adjusted dry bulb or operative temperatlﬁe, air movement ,
and hum dity and -.clothing insulation worn,. See Appendix r for calculation ‘of ET*,

£

. . -
¢ The ;p;imary objective of this section is to .show how clothing . insulation worn carf .
~ be_used as a%key parameter in choosing the proper combination of anvironmental . .

factors thit fit_the ASHRAE ET* Comfort Envelope (72-78° F) as defined by ASHRAE -

.....

Standard 58-74 and%condly to show what practical clothing strategies in, ggjunctignfgﬁﬁ: .

with existing‘ Humidity and air movement are possible to make the FEA W4 8r-Summer
Guideline 'l‘emperatures fit within the basic ASHRAE Comfort Envelope. .. . .
- SR L 4
! H . ‘ . tLa R (:t,'}‘g'.‘ Ry
A = 3, b gl _— ‘Av [ 4 Y -
’ - . ‘ . : / P ; .
_l.‘-; V~ _\ -~ 11‘/ ! o - -
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g~ T‘ %\L/ o ’ - ' o P LT s 7 o T,

and mean radiant temperature, (3) room air movément, .(4) ambient vapor pressure for ~. -
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In ‘figs. 3-6, which are all applicable for sedentarq aetivity, the upper and lower
temperatu.re iimits for 80% acgeptabinty have geen drawn ‘as horjzontal lines “at 72° P»
. {22° C) and 78° F (25,6° C) ET* on.the ordi,nate, in. a(:cordaq’ce with Standard 55-74,
o , The abscissa. is ambient &ir t’emperatu.re (T MR‘I’) ortheeadjusted dry bulb temperature ,
) " Our New Yotk survey showed that 90% actgptability would.fall Within the ET* limits .
740°F (23,1° C)-76.5° F (24.5° G). Each’ fi/g&r?_ahov%s what clgthing ins lation will re-

. - sult in va‘iues of ASHRAE ET* that fall within 80% acceptabil ranges for the air
Sy, b T movement and relative humidity indicafed .t . & X
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= '— Figure 3 Relation of ASHRAE ET* temperature with varying

P Note; Since by definition ASHRAE ET* describes thg- egfgctive « .
o, tempera;ure as the dry bulb at 50% rh associated with 0.6 Clo
: . v and 20-25 fpm, the locus of ET* vs '1’ for%i Clo is always a B
L straight line with unit slope’. s
j ) ~ . ) * @‘ té“ A
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JFigure 3 relates ASHRAE-ET* at normal humidity (50% RH) and air movement (0.1-0,15
‘m/s, 20-30 fpm), to the ambient air temperature or operative temperature (or adjusted
dry bulb). for various Clo—leveis. The 80% acceptability rangé of 72°- 78° Fis covered
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clothing insulation for 40-60% relative humiditg and 20-30.fpm. . . _:‘ -
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) best by 0.6 c‘llo (by definition), At the FEA Wintér Guidelin'e temperature of 68° F" ,
(203 C) an accéptable Clo range would be 0.9-1.5. At 720 F. (22.2° C) the range. of
= acceptable Clo 18 0.6-1.2 clo; at 78° F (25:6° C) the acceptable clo range. 15 0.1 to
0:6 clo; at 82° F (27.8° C) the rang® of acceptahble ‘Clo narrows to 0-0.2 clo. ~For
* 0.4 clo the range of 80% acceptable.extepds ffom 74° F {23,3° C) to 80° F (26.7° C).
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R 'qu conditions for high humidity and normal ayr movément, such as wouid oceur in '
summer time, are illustrated in Figure 4. The acdeptable clothing limits at 68° F (202 oy’
. remain essentially unchanged over those in-Fig., /3. 'Ajc 80° F, the upper FEA Summer Limit,
the acceptable Clo-range would be only 0-0,15clo, which values are obvipusly im-
practical for daily wear. The temperature rang for 80% acceptable with 0.6 clo narrows, ¢

o 7277° F 220-25° C) and‘Hses tg 75-809/F (23.9-26.7° C).
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Low humidities such as would occur indoors during winter time or in desert cnmates ‘
and .with rormal §if movement are illustrated in Fig.”5. The acceptable Clo rarge for 680
. T, is.slightly higher (1.0-1.6 clo) than values for normal humidity in Fig. 2. A 0.3 clo

ensemble would prove effecétive for the 78-80° F FEA Summer range but only marginally
effective at 82° F y ’ -
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Figure 5 Relation of ASHRAE ET* to T, with = -
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Figure 6 demonstrates how air movement (80 ~ 100 fpm), for example, caused by
celling fahs such as useﬁ qfth:e tropics, greatly improves Comfort and acceptability while
wearing clothing in range 0.5~ 0.8 clo wit!uin the FEA- Summer Guidgline temperatures,
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Figure 7: Clothing Egsembles for FEA Summer and Winter Guideline Temperature Ranges
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Figure 7 illustrates typical clothing combinations for both males and females that can
be used to meet both the Guidel)é)e and ASHRAE Standard 55-74 - . * . .
‘ / - . - L

_ From the accompanying f,fgures‘ it is clear that a proper ehoit:e.of clot(hing_ insulation
can make 2 wide range of ambient temperatures and air movements ‘fit within the ASHRAE
Comfort Envelope specifiegd by Standard 55-74. The figures also show how habitual use o
i of light clothing in sumnjér and warmer clothing in winter allow readjustment of 80% .
£y g gcce'ptable ambient air femperature and still meet the 72-78° F ET* standard. Fimally, these
. figures show why, as,was the case for the old ASHVE Effective Temperature of Houghten,

and Yaglou (1923}, a{othing habits of the past taused the préferred ambfent temgera?ures’ )
to be slightly highgr in the:summer than in the winter for the same optimum ET*,

%
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APPENDIX 1 . N ‘ b A )
) - Annoted FORTRAN Program for Calculation of ASHRAE ET*

n K

The present progrgﬁm is designed to calcumha‘é)SHRAE ET* when the following basic
factors are known agd evaluated: - et .

- T -~ ambient air or dry bulb temperature "G

-TR - the mean radiant temperature c
VEL - room air movenient " m.s?
RH . - relative ﬁumidity as fracton

-CLO ¢« -  intrinsic insulation of clothing worn clo

ACT . - _ level of activity in met units . met

o (ACT = ACT*58.2 in W m=2 in programj
. -8 wk - work accc{mpushed _ W.m~?

The above factors are defined by READ and DO statements.
‘ ~
The basic physiological ‘terms used to describe the regulatory model are as follows,
Secondary defin;tions will occur in the program itself, '
TSK . '=_° mean skin temperature . Cc..
TCR ~. integgel body temperature C.. C
SKBF Lskif blood flow . -. lters . m~2 . p~1
v REGSW requlatory sweating \ - .g.m~2.p°1
The following function relating saEuration vapor pressure SVP in Torr tb temperature T
o~ 18C 15 dised. The function is knowri as the Antoine Equation. . \

. *SVP(T) - = - EXP(18.6686-4030. 183/(T+235.))

STEADY STATE CHARACTERISTICS OF MODEL AT THERMAL NEVUTRALITY
TISK=234,0 . . .
TTCR=3646 / ee T \

ALPHA=0s1 , -
TTBM=ALPHA®TTSK+( 1 ¢=ALPHA} #TTCR
CSw=220D, )

CSTR=045 _- .
€DIL=150, ' R

IN1TIAL CONDITIONS=PHYSIOLOGICAL THERMAL NEUTRALITY
TSKETTSK - - .

I;R-.TTCR , \ '
 TBM=ALPHA®TSK+ (1 4=ALPHA}*TCR ( -
SKBFNx643 - _

SKBE®SKBFN ° ' o ° .
EV=0s1#ACT -, el '%

CLOTHING AND ENVIRONMENTAL HEAT TRANSFER FACTORS AT .SEA LEVEL
CHCA IS EFFs 'CHC DUE TO ACT IN STILL AIR (TREADMILL WALKING)
CHCA®5466%(ACT/5842=0685) #0439 : :
CHCV 1S, FUNCTION GR-ROOM AIR’ MOVEMENT (VEL) - *

" CHCV=846%VEL#20,53
IF{CHCVACHCA) 44,5 o
CHC=CHCA .
‘GO TO 6
‘CHC=CHCV
. CONTINUE




0

,,,,,,

C CHC VALUE FOR STILL AIR

—

&

. ".-
LIRS
c

1S 30, AT SEA LEVEL
7 IF{CHC=34¢) 89949 T .
8 CHC=3,0 N o
9 . “ CONTINUE T . ) :
. FACL=1,+0,15%CLO
. CHR®447 .
CTCsCHCH+CHR
TO={CHR®*TR+CHC#TA) /CTC IR
CLOE=CLO=(FACL=1¢)/104155#FACL#CTC).
FCLE®1s/(1e+0e155%CLOE} « ~,
. FPCL=1e/ (10400143 %#CHC#CLOEY”
¢ TIME OF EXPOSURE SET AT ONE HOUR’
TIM=0,
_TIMEsl.

ULATION OF BODY"\TEMPERA-?URE REGULATION = STAR:T OF REGe LOOP ’

 CLOE®CLO=(FACL=1417 (04 155%FACL#CTC)
FCLE®1e/{1e+00155#CTC*CLOE)
TCL=TO+FCLE# (TEK=TO) P
CHREAI¥5 o5 TE=8#{ ((TCL+TR) /26+27342) ##3)#04723
< CTCRCHR+CHC :
70={ CHR*TR+CHC#TA) /CTC - ?
~ ERES=040023#ACT# {44 o =RH#SVP(TA))

<
IOZ CONTINUE ~ -
i

v

1

. ° XRES=040014#ACT#(34e=TA}
C HEAT FLOW EQUATION AT SKIN SURFACE
> DRY=FCLE#CTC#(TSK=TO)
ESK=EV=ERES :
HFSK=(TCR=TSK}#(5,28+1¢ [5632SKBF) =DRY=ESK
HFCR=ACT=(TCR=TSK)#(5428+1¢163#SKBF ) =CRES=ERES=WK
C AVERAGE MAN 70KGs 18 SQeMETER
TCSK=0e9T#ALPHA®70e *
TCCR=0e97#(1e~ALPHA) #7004 * ~ .-
DTSK=(HFSK#148}/TCSK
DTCR=(HFCR#1+8) /TCCR
DTIM=14/600
DTBM=ALPHA#DTSK+( 1e=ALPHA) 2DTCR
TIMsTIMeDTIM, o -
" TSK=TSK+DTSK#DTIM
, ~.. TCR=TCR+DTCR#*DTIM o .
¢ DEFINITION OF REGULATORY CONTROL SIGNALS
~SKS16=TSK=TTSK
IF(SKSIG) 10510415

.

\ea

e

10

15
20

30

35

40

- COLDS==SKSIG

WARMS=0, -
_ GO TO..20

COLDS=0e —-

WARMS2SKS1G
‘CRSJG=TCR=TTCR
IF(CRSIG) 3053035
COLDC=~CRSIG
WARMC=04

GO TO 49
WARMCSCRS1G
(COLDC=06

CONTINUE

A
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c CONTROL sxxu BLOOD FLOW - -
STRIC=CSTR*COLDS, - - e
*DILAT=CDIL*WARMC ' "
. SKBF={SKBFN+DILAT}/(1++$TRIC) A
C RELATIVE WTs OF SKIN SHELb JO BODY CORE VARIES WITH sKk8fF = :
ALPHA®0404415+04351/(SKBF=0¢014) ’
C . DEFINITION OF CONTROL SIGNALS FOR SWEATING
TBMZALPHA#TSK* (1e=ALPHA)#TCR
p BYSIG=T8M=TTBM . ‘ R
Nt IF(BYSIG) 50450455 . - s
.50 COLDB=-BYSJG
WARMB=0-
, GO TO 6u : © .
55  WARMB=BYS'": &
COLDB=0. ! . ¢ ’
60 CONTINUE . S
C CONTROL OF REGULATQRY SNEATING ) } -
REGSW= csw*wARMs*sxp(wARM5/1o.7)
ERSW=0 468 #REGSW ..
EMAX=2.2*CHC*(SVP(TSK)-RH*SVP(TA))*FPCL :
PRSW=ERSW/EMAX .
*  PWET=0406+0:94%PRSW . - ‘
EDIF=PWET*#EMAX=ERSW - ' . :
EV=ERES+ERSW+EDIF - :
. IFLEMAX=ERSW) 70570475 .
70  _EV=ERES+ERAX - . .
"ERSW=EMAX . e, t .
EDIF=0s . ’ .
. PRSW=1s ., . ( ‘
PWET=1, -
75 CONTINUE . - ) ..
IF(TIM=TIME) 100.110’110 N
110 CONTINUE ' .7 ot
C END OF REGULATORY LOOP .. - . T

N

P

, At the end of exposure TIME, all the basic physiological terms listed above are now
evaluated for activity and environment deiined‘above. The state of thermal équilibrium
(STORE) and the skin heat loSs to the envifonment (HSK) now follow:, .

» $
CALCULA:}ON OF HEAT STORAGE- | v -t
STORE=ACT=WK=CRES=EV4DRY
CALCULATION OF SKIN HEAT LOSS( HSK )
"+ HSK=ACT=ERES=CRES=WK=$TORE.
CALCULATION OF ASHRAE STANDARD EFFECTIVE TEMPERATURE = SET
DEFINITION OF ASHRAE STANDARD ENVIRONMENT  °
CHRS=CHR
CHCS 1S CHCA VALUE FOR ACT “SELECTED AN STILL AIR
'CHCS3CHCA - J P
CLOS=0%6 _ R .
FACLS=1409 o - .
. CTESaCHRS+CHCS : : ) . .
. CLOES=CLOS=(FACLS=14)/{04155%FACLS*¥CTCS) L ' ~
" T FCLES3147(14+0,155¥CTCS¥CLOES)  © e .o :
TFPTLS314/(1¢400143%CHCS*CLOES) ’-
C STANDARD ACTEVITY POINT .
TACTS=TSK=HSK/ (CTGS*FCLES) . . -
C AT START OF ITERATION
SET=TACTS - X ‘ . — e

[ N o W o NN TN o

* ¢

o




- .

- ; ‘ " t ’ *
o K N i
3 o« DEFe OF SET 1S SOLUTION OF HEAT BALe EQ¢ WHEN ERROR=Os . -
‘e 200 ERROR*HSK-CTCS*FCLES*tﬂSK-SET)-PWET*Z.Z*CHCS*FPCLS*(SVP(TSK)
) -~ © X=0e5#SVP(SET))

‘ IF (ERROR) 210+220+220
GO"TO 200 ° . ' N
220 CONTINUE - . ,® -

.

L. N
v

~

For the present analysis, the following printout is useful
3
I~

|
| 210 SET=SET+0e1 - K T ' ’ - ! ]

g *
i NRITE({.“OOO)TA.CLO.ACT 'PWET oEMAXvTSKoTCRoTBMoHﬁKoDRYoEVoSTOREoSET
Tt 4000 FORMAT(13F7.2) /
‘ T ", END of program .
4 /; e ‘ . B

The above program applies for sea level conditions and may be used to develop psychro-
.metric tables for clothed subjects in heated, ventilated and air-conditioned environments
encountered in normal engineermg practice and for prediction of comfortable-acceptable
environments, when basic indoor temperatures are determined by a Building Simulation
- ’ Program such as the National Bureau of Starxiards NBSI.D -

- ¢ e f

"

For Pig 3-6 the following common inputs were used - : .

) . ACT = 1.1 mets for sedentary office work
N WK © =0, Wm? . ’
‘ TIME = 1. - hour . - B
' TA = TR = TO- ©°C .

2 Other envifonmental factors used are mgécated on the figures themselves, *,
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- 4 A‘bstx’act
- - \ * l_ .
The major properties of the environment that affect thermal comfort include: air tem~
‘perature, humidity, aif velocity,and thermal radiation.. The first two can be readily and
accurately measured: Fie]d'instrumentation for measuring air velocity has greatly im- .
proved in retent years. The fourth quantity, thermal radiation, is still elusive to the -
HVAC engineers and has o‘ft‘e'q been overlooked or nebé'lected because of the difficulty in
measuring it accurately. Thermal radiation as a factor in attaining comfont has tradition-
ally been expressed fh terms 6f the "Mean Radiant Temperature" of the énvironment. )
. - Variols instruments have evolved to measure mean radiant temperature. Some are passive
and elementary like the Vernon Black Glolgﬁwhile others: are active and complex like the

7

Panradiometer, for example. The present paper 'sumniarizes the operating principles and the
technique of application of the various types of instruments developed in the past,and com-
. : pares their advantages and disadvaptages as\to inherent accuracy‘?, ease of operation, '
simplicity of des_ign,and speed of response. Reviewed are those instruments applicable
. to the needs of environmental scientists and H' AC gng"ineers for thermal radiation measure-
ment.in the built environment. /Some developmex{t needs‘and design suggestions are also
presented, ;. T Y . .

14

directional radiant temperature, radiat‘ié\n measurement, radiometer- e
N . [ \
- . - ‘ - .~ A
- .

i o

— Ka
- - Introduction . v

“ ] il

.

Thermal comfort is perceived when body temperatures can bé';naintained within certain
limits .with a miniinum amount of physiological regulatory effort, The majoér environmqgnmggals
properties that affect the outward flow of metabolic energy, physiological strain, and . -
thermal comfort are: air temperature, humidity, velocity, and tﬁ\ermal radiation,
~  Extensive laboratory studies éver the years have quantitized the effects of these

‘parameters on comfort and energy flow. The experimental studies have led to mathematjcal
models, some of the more popular of which are Fanger's Comfort Equation (1) and Gagge's
et-al Two-Node Physiological Model ( 2). The models.have permitted. the extrapolation

* of the experimental results to almost, limitless combinationsg and have greatly expanded

the engineers' comfort assessment and design potential. In the labo atory the.determination
or control of the environmental parameters has always been possible by some means or
othef, “Such is not always the case 'when taking a field survey -or asszssin‘g or improving .

. 2NV éx be readily and
g&curately measured in both the laboratory and field. Field instrumen t

cur  mes C ion for measuring =
alc-veldeity has grestly improved in recent years. However, the measurement of t}_}ermal
fadiation in the huilt\environment i§' still elusive to.the HVAC engineer ahd hasg oftén been
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P-4
neglected because

be reviewed.

Radiation Theory

1 as: -
* G =Ap for fest ¢ o chlf ST, S (1)
i where AD/ =7 the areg‘?of the skin sm:face'as predicted:by the DuB<;is equation
f = the ratio of the area of the clothed body surface to that of the nude
‘ body itself
. Y " = the fraction of the body surface effective fo radiationsexchange, S
§ ’ ‘e = emissivity of clothing or‘exr;os‘ed skin surface . v
. o = Stephan-Boltzmann constant, . '
: ‘ Toy = absoldte clothing or skin temperature ' .
imrt = mean radiant temperature ox’l absolut‘gﬁi tempe‘rature scale

Mean radiant

- imaginary enclosure in which a person will exchange the same heat by radiation as he'y
would in the actual comiplex environment. It is,thus a convenient property to express the
- i

. J—

L e . -0 - :

} o

~
) - ]

-

accurate measurement is difficult and time consuming. In the hope that

radiation instrumentation for field use may bg improved and made moré available in the

future the operating principles of various types of instruments developed in the ‘past"will

.
- ’ [
v
*
)

Radiat}on heat transfer (Qr) from a person in an exiclc;sed gpace is classically modeled

’ . )
temperature is. définéd (3) as the uniform black body temperature of an

o radiant quality of ar environment, ) !

- é \\

For long wavelength radiation {x Z3um),skin behaves very much like a black bedy with

clothing surfaces

+ gray, bodles (& = « independent of A). If surfaces in the built-environment are hotter than—
200 C, as with high temperature infrared heaters and sun#ght, then skin and olothing
surfaces are not gray (egk = agk) and special ecautions must-be followed with radiation
measuring-equipment to enable Ty, to fulfill 4 definition given above. This will be

discussed further

AL

‘ For sbmeJapp‘lications,tﬁe radiation equation is linearized to:
s - — PR

] an absorptivity close to unity ( i), Black body radiators of 200°C or,less emit more than\
o . 99% of their radiation with wavelengths of 3um or longer. In addition the emittance of most

is about 0,95°(5. Thus in this region body surfaces may be modeled as

s

in a later section. . > s

% / Y -7 .

N Q =Ap he(Tgy = Tpyetdr ' ' (2)

b , P } )

E . where hr is the radiation coefficient, By algebraic’equivalence

o . Lt s E 4 4 N - ) )

Ot b - hy =15 foff € a. (Ter” - Trnrt )/ (Tey = Tmet) - - o (3
R w55 ' / / . i

5
£ Then 1 T,y = Top

~ - oo - Y

v
.

he =fg fogr 4 ¢ olTgy * To/2° .. o o )

» « i

~ -Another way to characterize and <uantify the radiant environment is throug\h‘\the tem;
Effective Radiant Field (ERF) (6). This is an energy flow term that relates Ty, 4 or surface
» - ' , N

’
-




.
. .
A . - :

- temperatures of the enclosure to air terﬁperature. If Tm;t l?f'grgater than air temperature
(Ta)' ERF will be positive and negative when Tmrt ls,%liss thah Ta.. The ra/diatioh per unit
area can-then.be expressed in terms of ERF as -

. Q/Ap = hy (Tgy - T,) - ERF - R ~ e

mrt ~ Ta) - . ) o .

- . N

where ERF. = h, (T

If the témperatures and geometries of the enclosure surfaces can Be measured and
further if the emigsivitles of these surfaces can be assumed to be near ugit{’the mean
radiant temperature can be calculated from -

g 4 4,1/ ) : -
Tmrt = (Fp_ Ty" +Fp_oTp ++ +F 1" )75 o . (8 RS
where F —i is the shape factor, which represénts the fraction of the total energy that {

leaves t%e‘ person and strikes surface 1. If the surfa emissivities’ are not-all near

unity or if short * wavelength (high temperature) radiaton i present the calcu‘f‘éte estimate -
of Tpyry becbmes more involved (5), Thus, for field sment a reliable instrument3hat’.
rapidly integrates the radlant effects of the enclosure 1n terms of MRT is desirable. - "

[ e - -

Surface integrating radiometers may be classed as-either passive or active in their ] ~—
operation, Active radiometers either supply or remove"’energy from the sensor., Rate of .
engrgy flow can be interpreted in terms gf mean radiant temperature, The actiye class can
be further grouped into ones that are heated to a temperature greater than air tempgrature
and those that are clamped at the air’ temperature . . . .

Passive Radiometers — :
i - [ — - . .

The first and simplest,passive radiometer.developed for comfort assessment in the ‘T
built environment was the Vernon Globe thermometer (7). Itis a black thingalled hollow .
sphere with a thermometer bulb at its center. Probably because of its simplicity, rugged« A
ness, and min’imql cost,it is still the most commonly used field' radiometer, Recently, - ) \
NIOSH-{-8) has advocated the same 15 cm diameter globe as’a component of its WBGT
. Heat Stress Index, Thermally,the temperature'of the globe floats between the air and

_mean radiant temperatures of the enclosure (Figure 1), . . ¢

a_a

N L

”»
\

o s e . . . ‘_‘ ’ > -
. - [Figure 1. Energy flow of glgbe thermometer;, =~ * L
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An energy balance.on the glbbe yields _— . *
T Op - G =m ¢ dIg/dt ) N
where m and ¢ are mass and specific.heat of globe s ‘ o . .
* At steady statesthe rate of, change of internal energy (m c dTg/dt) is zero and - ’

Q= . @
or — . , " \,., i
L o ATyt =14 = A g (Tg - T3) . “(9)
. ' o8 Vmrt T g 7 c\\tg T tal o ‘ ) . g
Solving for the mean radiant temperature - . )
R Y R Ta))1/4 LT Y

- .
where h is the convective heat transfer coefficient averaged over the surface of the

sphere. W'hen there is forced flow, h, can be estimated from the fonowing Nusselt
.equation: P

he 4% 0. 37(U d/v)0°6 o N (11) |

)

where Uis velocity, k is the thermal conductivity,and v is the lginem‘atic viscosity
of the fluid. For the case “iof natural convection (U= 0). \

hed/k= 2 +0393 (9 (Tg = T} d3/T v2) ve Y a2

‘ The forced convection heat transfer mode dominates in the case of the 15 cm globe in
air at comfort temperatures if . .

uzv “y , ’ . .
U = (.03 (Tg —Ta) -, m/s- (13)

.
>

~ Therefore, the forced convection equation can be used with confidence*at—velocities down
to aﬁq_’ut 0.1 m/s even with a globe air temperature difference of 5°C Equations 10,
11, and 12 show that to reliably calculate T with the globe an accurate measurement

~ l of T . and U is required . T . .
-0 To: r “ . - f/
The transient,response of the globe can be‘examined from equation 7 rearranged to
! ‘ A b (T,n-ig)—A he (T T)-Aﬁxch/dt Coa (14)
oo o : vy E * . < ‘
5 _ where x is the thicknesg of‘ e sphere ahd p is-its density. Rearranging and
. " integrating,equation 14 yie ’ . . C e o .
Y . v . - - o . . . ) - e
o, . . + < " . : , - N . . .
o h Trt + hcTa - (hp +1 o Tga e “t; - t))/x ol (15
N ‘ . ' hr Tmrb+ heTa - (hr + hc) Tg; e - N - >
- s - ’ . ! * (NS . . -
L . swhere = 8° x/(hp+ hc)-is the globe's’ time’constant. S
, , 3 . o
. Substituting the hg equation for forced convection, . P £
. o 0 g ‘ |
\ ] R A +0a7 k v/ Py RCOREIL
# ~ — Wwhich shows that the time Constant decreases as the velocity increasgs and diameter
- N decreases Therefore,#¢r a fast response’ the globe should be small, However, if the .
va, ! ’ 20 . . .a 4 ‘ ‘<. 1
A O E i RN R ¢ \K : 11 no .. ’ - . o
«ERIC -~ - g o e AOe T
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spHere is made too’sma TPy = Ty, may be too small to measure accurately, resulting in an

error in calculated Tyt . . -

3 L -

e . - L .
# How the sensitivity of the giobe to radiation (Tg - Ta)/(TFnrt - T4)'is affected by its

¢ design can be s®n from equation 8 written as . - -
fo e he(pps T =hollg-Ta) . " ‘
T N “or v 7 o . ) —," _’
P “ g (g =TI/ - T) =h/th +hy) ’
NS L =rosr k P o 1 R0y L f’/‘) :
. . . . : . ; A . V. -
" It is seen that Ty - Ty becomes small in comparison to the Jbotgntial difference when *

the globe diameter is decrgased. If the globe temperature is to be midway between air
and mean radiant temperatures, equation 17 predicts for typical room temperatures and
velocities (0.2 m/s or 40 fpm) that the djameter should be 15 em. N ’

13
~

For gteady state applications,the original 5 cm Vernon globe is a simple and useful
instrument. However,it is very slow o use and.requires 10 to 20 minutes to.reach
equilibrium with a new steady state environment. For that reason it is awkward to use .
when taking confort surveys in the field (e.y. when comparing comfort wotes in an office .
building to fthe local environmental parameters as ‘the radiometer is moved from place to ’ ,
place). Exact velocity measurement at low air speeds is difficult, A 0.1 m/s error in .
velocity measurement with a 15 cm globe 3{ a 5:9 difference between air and globe ¢an SN
result in a 1.6°C error in the calculated mean radiant temperature, 7If the glabe is reduced
to'2.5 cm for quicker response the calculated yRT error would also be 1.6°C ih the same~’
environment with the same velocity error. However, T~ a Would be only 2.4°C instead

-

of 5°C making accurate temperature measurement even more critical. .
4 - 3
For a rapid radiometer to be used in an environmental survey of British operating -~ °
o3 - rooms, Lidwell and-Wyon ( 9) designed a tiny 2 mm diameter unheated globe insidea , -,
thin (0.1mm) pblyethylene spherical @5 mm diameter)shell. Polyethylene ts generally .

transparefit to long  wavelength radiafion.
~ S
N . o~ ‘ oo Co anemometer

'. -

i

C : ] / S air temperature Do
UL : - globe T : sensor . K
- . . . . U

Figure 2. Polyethylene shield globe thermometer of Lidwell and Wyon. -
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v The air space between the globe,and the polyethylene shell acts as a tharmal resistor (Ry)
‘ and h‘c at 25 mm is also much lower than at the 2 mm diameter. The steady state erergy,
' balance is: : , L '
N g neles - Tg) = (Tg - Tal/Wa + 1/gho) ° : - (18)

Figure 3 showg that the polyethylene sh
of the instrument as well as increasing its sensitivity, T

is about 1,3 min.

»

T

. s e
’

“

Y

felding gredtly decreases the velocity 'd.ependence
héstime constant of this devi'ce,_,

-

Q L - -~ ~
7 8k ¥ : S, v
L s ‘6 : . - LA -
Tg=Tq h s F > selded ‘ . :
) . ’ . , i
. s Tmrt . ‘Ta AT . - , .
4., 3
t N ’ \.2 'Q -
> =3 ) l
’:, (, R . 1 """" — - -
~ ’ 1 = i 1 1 ’
. ;] s +» 0 A .2 .3 .4 5
o . velocity m/s - .
S DA . . - . L .
- L Figure 3. Velocity dependence of g}obe with and Yvithout polyethylene shield,
A‘ . . ) ) N /. o ‘.
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To make their radiometer convenient for field surveys,Lidwell and Wyon integrate-d
an anemometer and air temperature sensor into the base of their small radiometer. More
recently, McIntyre (10) has reported shielding & 50 mm black globe with'd 100 mm diameter
polyethylene sphere. The radiation sensitivity of this larger sensor is hjgher than that
Lidwell and Wyon's and has even less velocity dependence. Mclintyre estimates that
* “(Tg - Ta)/(Tmrt - Ta) 1s0.75 &nd 07 at velocities o .0.1 and 0.5 m/s respectively. Poly--
ethylene shielded radiomet®rs require calibration to measure Tmrt because of uncertainty
in calculating the thermal resistance between the globe and the outside surface of the |
shield. A . ¢
. N \3 .
Another passive approach' to determine MRT is through multipla unheated spheres With
unequal emissivities (106). For two such spheres of equal diameters the steady state

energy balance‘equations are: )
: hyy (Tet = Tg1) = e (Tgy - Tyl

hrZ‘(me"t - ng)~,= hg (TgZ -Ta) - St

$

and .
In the ébsence of~natural convectior'x,the convection coefficients can be assumed equal.
Combining- the two equations, with hy=4¢0T", yields: .

- Tg2%2/%1 - Tq1 (g2 = Tal g1~ Ta) I 1)
) el—TgZ—TaATgl' a o : .

.

s

t'_' “‘. T

122 . . =
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With this method T mrt Can be determined without a knowledge of air velocity, Thus.the
instrument's performance potential would be 1imited only by the accuracy and sensitivity
of the tempefature measuring system ‘and the,élsnowledge of €y and €g. From equation 16 »
.the two spheres would have different time constants. , . \ -~
. .. A ‘
. . .
—~ . Active Radiometers ' . | .
. . . \ ’
Active radiometers supply dxemove, energy from the MRT sensor and MRT is related
to this flow of auxiliary power (P There are two types of active radiometers; one uses

the’ auxiliary power to keep the s%gia—bove the ambient and the other {ype uses. the
power to hold the sensor at air tempertiture. “ -

. . -
Radiometers heated above ambient. . : ) © . ‘\
. - 1
Th Panradiometer was developed by Richards, Stoll and Hardy (11) to measure the |
mean long wave radiation temperature and solar br high temperature radiation intensity *
while being independent of the air velocity The radiometer,eonsists of three 6.5 mm .
hollow spheres. One is black, one is white,and the remaihifig is polished fetal,
When the instrument{s placed in an environment with a high temperature radiation
source, the black sphere will become warm due to absorption of short wave radiation.
The polished sphere, unable to absorb or emit well,will remain near air temperature, °
The white sphere will reflect the short wave radiation but emit long wave radiation *
and be cooled to a temperature below a bient if the surrounding surfaces and/or ‘sky *
P is below T5. If the cooler spheres are electr’ically heated to the tempera,ture of the
’ black sphere the short wave radiation ’intensity and meap radiant temperature can be
calculated from energy balances and surface properties of the spheres, The energy -
balances on the spheres are: . v

. .
.

_ plack .. Y . \ -y . ’ B . . .
¢ Tapg= Qe *oep (Ty" = Trype ) R : (20) )
" white .. - ) ) ‘
’ Py + Loy = QC + g ey (Ty? - T . i N 207
- polished ) . 7 ) s “ o
P ’ Pp + I°’ps= Qc *o ey (Tp4 - Tinrt4)~ . . L '(22).'*\ ©os

.. .

- >~

et
¢ where I direct, diffuse and reflec&d solar or high teniperature radiation

O = absorptivity of black sphere for short wave {1 =3u) thermal radiation

- '

Ays = absorptivity of white sphere for short wave radiation . . .= |
~ Lt [ . o i
i : Uhg = absorptivity of polished sphere for short wave radiation . |
P, = power supplied to white sphere - . , . e § );“".».{ >
.~ ‘ R .
Pp .= power supplig{l to polished sphere . . R - N .
Sy) = emissivity of white sphere for long wave radiatidn '
’epl = emissivity of polished sphere for long wave radiatiorL . ’
- Since the spheres are at the same temperature (Tp = Tp), the conyection heat losses_
to the air are the samé.for each. Simultaneous solution of equations 20, 21 and 22 .
result in

’ L
’ - hd . LS
PAruntext provided by eric . - , - .~ N

F . : b
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1 . . . , P
e SR P Pplemr = Swt)lepy T o) © - (23)
S e v - .
. logyg - °'ws’) - (apg - aps) lep) - ew1 )/ (e e~p1) .
" - . and ¢ * ) - » i
. I . R
oo 7 4 T 4 +°Pw - Hopg = aws ) * (24)®
; s mrt b - s - v ’
o o olep) = Ty1) ' y
;.._ N . . P o - . .
m The ert from this calculation does not include short wave radiation. If no sfort wave R
' radiation is present (I = 0),then only two spheres are needed and for better accufacy the
..  blackand polished should be used. Then . -
S s 4. 4 : - )
- . Tmrt = Tb + Pp/(O(ebl_ - Gpl )) e - , ¢ (25) .
» - .
'Calibratign studies showed that indoors the mean radiant temperature could be *
measured with an accuracy of 0.3°C and ogﬂé‘drs to-within + 1.8°C. The résponse_ .
is rapid with a time constant of/a.pproximately 1 minute, ‘ y ’ TU el
. t ' e - - ’
. Sutton and MoNall (12) further modified the principles of the Panradiometer for i
better atcuracy and less sensitivity to drafts. Their Two:Sphere Radiometer consists
i, of two 51 mm diameter heated spheres (Figure 4). One is black and the other polishéd-
4 gold. Both of the spheres are he“ated to the same temperature,usually 10 to 20°C above .
- air temperatufe. In the Panradiometer one of the three spheres is unheated.  Sub=s
stantially.beaﬂﬁfsphetes together with larger diameters, improved ac‘curgcy ‘and
x decreased the sensor fludtuation due to drafts., A
g . - * ‘ o ! ;
_ - . - ‘ Ql'b \
s - . z .
. ¢ . wy
s ~ < )
e i ,' Piéure 4 .@Zﬁg}wo"s'phei‘e radiometer. w i .
A ¢ ) v b ) B :-o 1 - -
The energy balance equations are: . . =
. By =Qctoep(Ty - Tl
e : - . s R
R e 4 4 ¢ o
) ! P =Qc+age, (T,"-T ) .
® p=Qctegy (Tp mrt gﬁﬁ" ’ -
- T, =T - . :
e T b~ 'p e - ™ -
" iy N ‘ N ) - a ® st N i‘\:“n . -
S, Therefore 4. -4 ) < . R t N -
<AL r AT, R, - P/ oley - e)) S COE (26)
- - « ~ ‘ . ‘&3. .
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To use the“instrument one sets the globe temperature to the desired levgl and then
- records the differential power consumption when the idstrumeént reaches equilibri
Globe temperature uniformity was achieved by boiling a liquid which condense side -
on the shelf walls. The temperature control of the 'sphere was automatic, regtlated by
. vapor pressure, With this instrument,it is believed MRT measurements be made with
an accuracy of 1 C A%ommercial version has recently been introduced in Germany (13).

v * In the m&d 60's,Gagge et al' (14) developed the R-Meter for measuring operative tem-
o perature., Operative temperature ('E:) is defined as the’ temperature of an imaginary )
enclosure with which man will exchange the same total dry heat by radiation and con-
vection a.s in the actual environment *

Fad
. (h + hr)(Tskin o) = c(Tskin = T+ hp (Tgkyn - Tort) | . b
_ or _ . to~ ) -
Do p o o the/he(Tnr) S “ @
e b oT T hr/hc .o !
- 1 s .

The R-Meter can also be used to measure MRT and ERF. It consists of a single heated
pink skin colored 51 mm diameter globe. An energy balance at steady state shows!

-4 ~ .
¢ ¢ - * ° ~ ~

_.# P=Qr+ QC' 2 Lot ) - p
Fo- P=Ah(T -T )+Ah (T_-T)) - ) .
- rt -
e Tmtt e Mg e, & |
‘ PR Trmrt='Tg+hc/hr (Tg-Ta) —P/(Ahr) . . T i . (28) ' .
. ° - 5\ =~ \’ - ¢ ©
s Therefore, T4 requires’ measurement of Tg. Ta,and power (P) together with estimates of
‘ - heg and hy. In addition, h, is a function of velocity., Therefore, overall accuracy is
N _ dependent on the individual accuracies of many parameters For normal service,the tem-
‘ perature of the globe is set at 40C, In the absence of a radiant field ,the globe can be
used as an anemometer The interesting feature of the instrument is that the globe is
- constructed from 41 i of No. 36 enameled ccpper wire waund on two hemispheres. The

~ wire ongce coated with thin epoxy serves as shell wall, unifc;m heat source,and ' .
A temperature sensor, N s
. A S

Two radiometers have evolved that eliminate convection problems altogether by
controlling the globe temperature equal to air temperature, When this is done only one

globe is required . - py .- .

. . . - -

T Aagard- (15)designed a globe to measuré the mean radiant temperature of thé cold
» L night sky. Because the radiant temperature is always ¢older than the air temperature, ‘J

’

L 3
,Radiometers clamped at air temperature. . ‘ ’ s |

the 25 mm diameter black globe made from a single layer of #36 enameled constantan
T v wire needs only heat to maintain its temperature at the air temperature The caontrol
" signal to regulate the power to the heater wire of the sphere’s shell co¥®s from a 12
T é couple thermopile between the shell wall and the swrounding air. Accwacy is not
T clearly reported. but is said to deteriorate as air temperature fluctuation rales increase, -

For application to the built environment where MRT may be either warmer or cooler -

. than atr temperature, Braun and McNall(l6)modified the rddiometer principie of Aagard
N Pat it could be both heated and cooled, Their }‘he oelectric Radlometer consists .
of a’s51 mm hollow silver sphere supported by an insulated silver rod (Figure 5). The .-

. .
. . L -
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- ’ ad .- -
_ silver rod with thermocouples at each end serves as a heat flow path and meter between -
- the sphere and a thermoelectric heating and cooling device. The output of @ 4 couple ‘
thermopile with janctions on the sphére and radiation shielded inthe air provides the
error signal to control, the thermoelectric unit, -
. . R . . Q- N
- . oo
¢ . °  pink sphere ’ z <

_l air temperature
sensor

heat flow

—— insulation .

- meter ’
/_.\~sr/<; .
O = . thermoelectric _ - g
heating & coolin}g i controller

device .

L - < . -
Figure 3, Thermoelectiric radiometer. .

* The sphere is skin colcred so that 1t reflects and absorbs high (1 = 3 u) and low tem-
perature radiation like skin gnd clothing {Figure 6).
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With paint,the emissivity of the sphere at skin and air temperatures is 0.87. The emis-
sivity of skin and clothing &t this temperature is about 0.95. With this paint the
measured MRT should more closely fit the demands of the definition and not be restricted
to environmental surfaces which are less than 200° C. By comparison to other ‘instruments
and from MRT calculations based on wall temperatures the designers determined that MRT
can be determined to within £0.7° C. It takes 10 minutes to reach steady state after
being turmed on and<it can automatically fo\llow slow temperatu.re changes in both air
and MRT, .
e An interesting feature of this 1nstmment Is;,that it-1s a direct ¢ndicator of the
Effective Radiant Field of the environment. If the controller must supply heat to the
$phere there is a negative ERF or the MRT {s ldwer tharr ambient au. If Hieat is removed,
there is a positive ERF or MRT 1s higher thah ambient.

Directional Radiometers ’ ’ \

While the mean radiant temperature obtained from a”spacial integrating radiometer
i{s an important comfort parameter for the successful design, control,or alteration of an
environment, there is often a need for directional radiometets. They can be a valuable

. investigative tool for comfort and energy conservation applications. If an enclosure

has an undesirable MRT, the directional or scanning radiometer permits the mapping
of radiant surfaces. This cah lead to identification and improvement through increased
; insulation, radiaton shielding, etc. . ; -
[ ]

-~
- .

first directional radiometer measurements in the buiit envimnment were under-

taken Korsgaard (17). He proposed a dirgctional radiant temperature (DRT) which is
analogous to mean radiant temperature but refers to the temperature of a black hemi-
spherical surface enclosmg a plane element that weuld exchange radiant energy with

o= the element at the sdme rate as the actual enclosure does. To measure this property he .
developea a sensitive net radiometer (15), It consisted of 4 small black and polished
surfaces facing the unknown enclosure. The emf developed by a thermopile attached
between these absorbing and reflecting sg¢gments is proportional to the average tempera-
ture of radiometer strfaces and the directional radiant temperature, . However, the
device is not a basic instrument and requires calibration. The NBS has recently devel-
oped an elegant scanning direction radiometer(lQ)based on this prin¢iplé. The portable
 NBS machine is designed to produce 1 mv/ °C temperature difference between scanner
"and the DRT. It has a time constant, of 5 5. Some commercial net radiometers are
also applicable (2@

0y

Hager ( 21) developed an Absolute Differential Radiometer that can be used without
calibration (Figure 7). It consists of 2 black surfaces seéparated by a thin air space.
One surface looks forward, the other backward. To mintmize- velocity effects the atr v
) front of each black surface is insulated from the moving ambient by a thin polysthylene
., sheet. The.unit can detect radiation intensity differences between front and back of the
detector as small a€ 0.06 watt/m? and reaches equilibrium within 1 min. -
\
' Comfort researchers, have shown that people are rather tolerant of asymmetric
radiant flelds. McIntyre (22) concluded that for resting clothed (0.6-0.7 clo) people,
. asymmetry doesnot contﬁbute to discomfort until the difference in DRT in opposite .
2 directions is about 20° C or greater. . . . -

~
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P - Development Needs

As seen above, the practicing enginser has a large number of radiometric instruments
from which to choose. Unfortunately, most are laboratory prototypes unavailable except
through self fabrication. What an engineer needs is a fast-acting, rugged, reasonably v

~  priced MRT lndicator for fleld survey work: In past studies (23)we have compared com-
fort votes to envl‘ronme 1 parameters in ctfice and laboratory settings. This :equlred
polling the occupants {n thelf work areas at various times durlng the day, while simui-
Yaneously measuring environmental parameterss Instruments were moved from place.to
place, with the measurements being made while the subject answered the questionnaire.
For MRT determination, the 15 cm globe and R-Meter were used. Both proved to be | f
somewhat unsatlsfactory for reasons outlined above. , :

Of the lnstrments reviewed, the polyethylene shle 1ded radiométer with {ntegral
anemometer and air temperature sefisor by Lidwell and Wyon proved tb be a desirable
fleld package. Its dependence on “air velocity for MRT determination and its need for
calibration in a radiant wind tunnel is a dlsa&vanmge, however. An‘instrument with
a MRT reading independsnt of the air velocity measurement is dasired. With this in S
mind the two sphere radiometer concept adpears well suited for fleld use in the built . .
environment. It is a fundamental instrument-allowing MRT to be calculated without

_ directly fmeasuring air temperature or velocity. Flesh-colored pink paint instead of ' .
black might be considered for the surface treatment of black spheres to approximats » !
the thermal properties of exposed’skin and clothing of the average persge. Other ¢

- design approaches should also be further lored, The thermoelectric Yfadiometer %‘ ,
E * concept of. Braun and McNall is appealing. For better tmodeling the shape and surface

s orientation of the human, an ellipsoidal radiation senSo: as in the Comfy-test meter
PLI { €) ¥ has merit overa sphere, particularly’if the radiant field 1s asymmetrc, © . _
:‘; » . » ’ - ‘ s 4 ) AY
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. EXPERIMENTAL ANALYSIS®OF THERMAL ACCEM(QM\LITY_ ' :

‘ a0 R R. Gonzalez T .
T 3 s . i ) |
. - - ‘. x . ‘ 1
John B..Pierce Foundation and Yale University School of 'Medicine \\ |
ce Néw Haven; Connecticut \ - f |
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. - ABSTRACT

. . h . .
'& This paper reviews recent laboratory studies and research needs in’human physiology, | \ ‘
: that will be important in specifying thermal acceptability; it compares these results with t |

guidelines proposed by the Federal Energy Administration for symmer and winter months.
© Male and female subjects, in both younger and older age groups, were exposed while

sedentary or slightly active, to fluctuating dry bulb temperature (at 50% RH) and to con-
stant dry bulb temperatures (at 40, 60, 80% RH) in summer experiments. In winter experi- ' \»
ments,subjects were exposed to 20°C and colder environments and were allowed the use . \
of extra outer clothing to avoid cold discomfort. Clothing insulation was directly )
evaluated. In bgth studies judgments of whole body thermal discomfort and thermal . . \
sensation were made; in addition, in winter studies direct votes of acceptability, as « \
well as regional thermal sensation (face, trunk and extremities) weré taken. A method, \
of estimating preferred comfort and neutral thermal sensation temperatures is described \

for fluctuating air temperature conditions ) s

The results.of summer studies indicate that 80% RH (16 Torr) gt 26.7°C is the maximum
limit for thermal acceptabil‘lty which corresponds to a 28 ET* or 2 °C ET#* above the .
opt al ASHRAE neutral,/comfert zone. The results of the winter experiments showed that ) .
; FEA winter temperature guideline lower limit (20 c) proved 80% acceptable Specific ,
s . groups of individuals have beep identified for whom winter and summer guidelines will
- not be wholly acceptable, . - ‘ K . e

]

’ <

. AR o EL v
o Key words: Thermal acceptability, energy conservation, cold discomfort humidity, .
ot temperature clothing . - .
EE ,
< .. o ‘INRODUGTION v e © W oy
) Energy consenfation practices in many buildings have, resulted in lower ambient tem-
perature levels in the winter and eithér higher air°temperatures or little humidity control
in the’ summer. Such a direction offers a paradoxical reversdl from the trend occurring
since the 1920's in which human thermal preferences and engineering practices have

* been towards higher indoor dry-bulb temperatures (T ). Generally in the U, S‘t optimal
comfort zones (for sedentary persons, dressed ate0. 6 clo and ambient air v‘e’locity around
0.10-0.20 m/s) in winter time have increased from 2(°C to 25.6°C;+ summer T. Jevels have
‘remained roughly around 25.0 to 25,6°C ( 1). Most of the research done und &he auspices
. of ASHRAE (2) in comfort has been towards securing environmental specifications for,at-
mospheric conditions which achieve or describe maximal thermal acceptabilityfpr P rsons {
assumed to be in thermal balance at least one hour or more. This researc ‘led
description of an environmental zone in which the hody. is in the state of physiological

- fhermal neutrality. In this fon the resting person is “able to maintain thermal steady~-

‘ st.te (viz, heat balance) s h that internal body and skin temperatures are constant with-

out excessive.physiological regulatory activity such as sweating, vasoconstriction or

vasodilation of skln blood vessels. The body¥is. also effectively "neutral” to any feelings

~t o amgte
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of warmth or cold and*’generally the occupant is satisfied with the environmental
(Bpnditions. Studies by Fanger (3, 4) Rohles and Nevins ( 5) and\McNall ( 6) equate a
thermal neutral point with preferred comfort state or temperature and show that for indi-
viduals at 0'/6.clo, air velocity near still conditions (v at 00-016 m/s), 50% rh,and
sedeptaw activity, the thermal neutral (comfort) temperature is invariable regardless of
age span, sex or season., Fanger (3)-a~l’so demonstrated that other preferred comfort tem~
peratures during thermal balahce may be ascertained for any metabolic heat production
(& 3 met), from the variables most important in influencing heat balance: clothifig insula-
tion (I;), dfy bulb and mean radiant temperature (MRT) and ambient vapor pressure as
= well as heat and mass transfer coefficients. The requiremerit is that during thermal .
{ néutrality there occurs: a) a linear relationship betwéen skin temperature (Tsk) and méta-
_bolic rate (M) 1.e. activity state, and (b) a linear furiction between evaporatipn of sweat
“and metabolic heat production. Fanger (3) can therefore predict thermal sensation (PMV) .
o for an individual from thermal load on the body; a thermal load is presumed to occur
N whenever thera is a difference between heat producticm and the heat loss to the actual .
environment for a person kept in heat balance (i.e. comfort) at the mean skin temperature o
"and sweat secretion of the spectfied activity level. Thus a change in heat loss is the
prominent effect which occurs if a person (having a given metabolic rate, clothing . «

. insulation value) is displace& from a comfortable environment to the actual environment.
. 4 i .
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The alternative approach to assessment of a person's heat exchange with the environ-
.o ment relates thermal subjective responses (discomfort) to actual*physiological changes.
. This approach utilizes a two node model of human thermoregulatory processes
s » (7). The added feature is that proportional control coefficients for effector responses such

as sweat secretion or skin blood flow, as well as sensible and insensible heat exchange

coefficients, are .accurate for wider thermal stress and exercise levels . Loci of constant
s, _ -physiological strain in the heat are depéndent on skin wettedness which reflect the -
) probable sweat secretion on the skin surface; in the cold, skin temperature level (Tsk)
< 3 reflects the vasoconstrictor” activity. Both of these factbrs are important in fudgment of

warm and, cold discomfort. -In the physiological neutral zone, comfort res‘ponses and

"neutral" votes are equivalent. The American Society of Heating, Refrigerating and Air-

Conditioning-Engineers (ASHRAE) New Effective Temperaturea (ET*) was derivéd by using e

tpevGagge et al two node model (2. 7) N ) ;o

Phys ologists ‘and sensory psychologists have recdgnized for a long while that thermal

neutrality is not a totally sufficient criterion for thermal comfort; "the affectiVe responsesr ¢

are influenced by other physical factors besides those that change heat balance and ‘many

other factors such as fatigue, endocrine (humoral) influences play a significant role. The

Lo relative., state of hyper- or hypothermia of the body, as shown by Cabanac (8), has a

5 - marked iﬁf.luence on feelings of displeasure, also, while in thermal balance, whether
thermal radiative_heating of segmental areas such as the face is considered pleasant or
unpleasant depends strongly on prestimulus skin temper{tme‘(*Q) Phere again the size

2 of a particular skin area stimulated has as great importance as-how much heat is applied

“ Hardy (10) has characterized, for ASHRAE, the mafor physiological factors which are im-

portant in judgment of thermal acceptability to,any thermal stresd4, His account gamered-

w from extensive studies makes a clear distinction between affective response—T e, those,

PR *  mediated by comfort or displeasure) and thermal sensations (thermal warmth and cold - ‘

. sense). Warm discomfort occurs whenevgr physiologiéal mechanismg such as sweating and -

increase in skin blood flow are activated to bring heat Joss-into balance with metabolic - |
heat production. Its antithesis, cold discomfort, arises predominantly from vasoconstriction |
and a subséquent decrease in skin temperature necessary for heat conservation.
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I contrast to affectNe responses involving some degree of central nervous s}stem
(CNS) integration before effector action are those thermal sensations arising from skin
heating or.cooling (11) Although an adequate description of sensory responses to cold ..
environments can be made by either cold. discomfort or cold sensation, a quantification *
of warm discomfort or warmth sensation is possible only by assessing multiple physiolog- .
fcal’ responges (12,13). warm sehsation essentially follows from warm skin heating; but, -
warm discomfort is composed of an interaction between physiological afld
physlcal factors all tied in with at least these variables: sweating, fraction of skin
areas wet with sweat, perlpheral blood flow, and central and p ipheral temperatuges, !
Subjective responses and thermal acceptability will be influenfd by physical tors -
(Ta, Pa, etc.) and individual fagtors (sex and clothing effects}, However, the final

’ reactions are based on efferent control of physiological functions.

_ zero, each group was exposed simultaneously to the air temperature swing shown in

Although we know a great deal about the thermal sensations equated with comfort re~'
sponse in thermal neutrality from the work of others (4, 12, 5), very little is still known
of the way internal and peripheral thermal signals affect thermal_acceptability in persons,
How the different sexes or age groups respond to warm stress and humidity and to moderate
cold stress or whether loca% sensations of feet, hands and face aversely affect the accept~
ability in cold environments 1s also not fully understood. Such ‘information is sorely need+
ed sincé it is apparent (14) that the cross section of average office workers in large cities
are not uniformly glothed and don't dress ccor ing to indoor weather conditions. .

The following summer and winter laboratory studies were done as a part of a large -
multi-pronged field survey designed to investigate recent energy conservation guidelines

7on comfort acceptability,and hedlth by Gagge and Nevins (15).

o METHODS AND PROCEDURES e ‘

~

R,

Environmental Chamber and Dry Bulb Temperature-Cyclic Changes \ ‘
All owr summer-and-winter-experiments were done in a 5% 3 x 5.3 x 2.4 m3 test chamber .. :
with a ra id system response in air temperature (& 2% rh at 25 ‘cT ) The design and | R ~
control characteristics of the chamber have been described in detail:by Kjerulf- IerLen et l
al (16). In the first part of the experiments relative humidity was kept constant at. 50%° . l‘
(by controlling dew-point temperature) and dty-bulb temperature (T, = T,) altered + or ’ |
-5° from a starting temperature of 25°C with the room contrO‘ls set at an average rate of
+or-0.3 C/minoveraz’-l'mperiod. |
]

Summer Studies : wwf . . LN . (
L . _ P

|
A total of 18 subjects were used in thé experiménts._fhe individuals were divided
into 3 groups; each group was run on separate days. The groups consisted of 5 young 1}
|

|

§ females (age 22 + 3 yrs), 6 older females (44 = 11 yrs), and 7 males (25 = 4 yrs). S .

Elderly~ males were not available at4he time of the experiments,
>
“Each subject served in two sessions which took place on successive days between 9 Daat 3
and 12 A.M. in the month of July, In a preliminary sessi'fn, which'lasted 2 hr from time .

fig. 1. . 2 o . e

* Each >the subjécts rested on a plastic/aluminum office chair for 15 min and walked: . ©
.about the chamber at a rate of 50 sféps/min for 5 min. Average metabolic rate during the_ .
walking period was estimated ta be about 88 W/m2 (1.5 met) by spot measurements on
the subjecte. For the total 15 min rest plus § min‘walking period, the activity level for
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- Figure 1. Typical changes in ambient temperature (T ) ? -
’ o ' at 50% rh and averaged discomfort and thermal sensation ’
~ - ~ - . votes for the three groups of subjects, used in. summer
@ study, Horizontal bars on time scale indicate cadence
* ’ . walking interval - . .
v . . . . ’ -
X B . . ’ ‘ o 3 . . . ‘
a both'male and female subjects was about 1.2 met, typical of light office work activity
. (3). Mhe average relative air veloeity for resting and walking Wwas abadyt 0.25 m/s.or &
mean heat tran: e: coe!ficient (h ) = 5 3 W/(sq m C), e RN

os— °
; (

In a secon session eactpsubject was exposed to 27 dry—%ulb temperature ant the * .
humidity level was cha ed eac our from 40%.to 6“0*’/0 t 0% rh over a 3-hr experiment._
The activity was, simila o the st e:gpetiments however, 4 time sequence was 5 mir
walk, 25min rest, Atsthe end}?‘e §0th min a vote swas “takeRl, nly the terminal 1'.'1'.11'

votes for each group were avera d. . ox

m%asuned continuously by thermocouples at ¥ focations (head’ shotlders, chest back,
.. thigh, calf arm, and hand). Core temperatlee was meagured from a thermocouple in the
_rectum. Clo values were estimated from a. check list which each subject answered betore
~ entering the test chamber (1) . The subjects were requested to wear typical apparel for

», In two of the subjects, ne female aﬁone male » average ski temperatures were

office work in summer mopths (i,e,., no shorts permitted) " . ] . v
° I's
.o 0 . ) . .
Winter Studies ) - " : . Qe i P
’ N . x VS e _r.\ - K

e The subjects were first exposed to a preliminary session in which T was changed
cyclically as in theﬁswummer studies. In a separate run afterwards a change (— 1° C/min)
towards the desired exposure temperature occurred after the ‘subjects had initially

i stabilized at 25°C for 1 hr, Each subject was exposed 3. times to 202.C and 3 times to T
15 C. fdr 1 hr on different days. Zero time of exposure at 20°C or IS’C began after&' 3 ’



- .

reached a stea y-level. Relative humidity was controlled at 30-*40% All experiments
occurred in ml ebruary, typically the coldest part of, the ! 9ear in New Haven.
. o

) Twenty subjects were used in the winter experlm nt. Each subject attended as a
.member of his respective age group and sex: males age 21 %1 and W’%ﬁ :yrs and
. females 21 & 2 and 49 #2 yrs. Each group consisted of 5 members who were exposed to
the swing expériments and constant T. level experiments on alternate days - morning
and afternoon sessions 1nterchanged aﬁach day aftefwards a differenrgroup was subjéctd ‘
" to the constant Ty sessions of 20°C and 15°C. ) ) \

. '

pATPrSY
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v

The instructions given ta the subjécts when they were 1n1tially hired, ‘{(ere to wear
. their typicdlwinter indoor clothing but to brlng additional outer wear such as sweaters,
~ or light jackets but not overcoats. Most females attended with pant-s‘ﬁits and males-
g ~ with slacks and pullover sweaters. -
. e .
. The 1nlt1al time (a't"f\\c) after arriving from the cold outdoors was, spent in answerlng <
. . a prelimlnary clothing check list (14) as before in the summer study, 1n receiving specific !
instructions regarding voting scales and, in general, time was given in explaining the v
activity while in the chamber.  Lavatory privlleges~wene also given at this time. The
activity (1%, 2 met)(as in the summer study) was a 5 min walk for the. first 30 min of an
_ experiment at 50 steps/min, kept constant with a metronome, and a 25 min sitting period
* . ona plastic/aluminum chair (2)." The sitting period was occupied in reading, writlng or_
talking ‘at leisure. No communfcation about the environmental conditiorg, nor any smokim
or eating was permitted. Subjects voted, and each ballot was collected, every 1/2 hr. At
the end of one hour at 20°C conditions an effective clothing insulation measurenient was .
taken (17). During constant air temperature level experlments adding or removal of extra .
" clothing was permitted at any time after the start of an experiment. Unlike the occurrence ’
in the summer study,this behavioral activity was of major concern to us but subjects were
given no encouragement to alter their ensemble, The only &QWement was that a subject
noted the article added or removed and the exact time he/she did it.

-

)
.

‘“ ’ Comfort and Thermal Sensation Scales I ]
. 4
"\ Some mention -should be given to the scales we uged in, the 'speciflc summer and

g

winter studies. In the past we have used magnitude estimation techniques (9 , 19),°
However, in order to directly compare our results with other studies done for ASHRAE (2, )
5, 18, we used the ordinal scales previously discussed by ‘Gagge et al(12). Additional~
ly, in the winter study we used a direct vote of acceptability '(+ or ~) and a symmetrical
. scale for local thermal sensation votes. Subjects had no difficulty in understanding either
o type of scale. A category interval from neutral thermal sensation can be either’ positive or )
N - negative, for warm sensation and cold sensation respectively. For discomfort scale each »
category interval describes an ingrease-from "comfort point."

o
13T
2
4

¥

SR
g ATy

ANALYSIS OF SPECIFIC SUMMER AND WINTER LABORATORY STUDIES

e, ) Thermal transients can havé a decided effect on person's thermal acceptability by

o influences on physiological and sensory responses. The common way thermal transients
g&gur is by a change in location; thatis, movement from one soom tc another one, cooler

- or warmer (2). Another occurrence is while a person stays in the same place but air

o temperature of humidity vary either as ramp 1ncreases or decreases over time, or -
via cyclical changes (19, 20) .
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‘- Early research was done using thermal transients-by changes in room site, Houghten <
and, Yaglou (-21) were able to use this technique in arriving at an empirical index (effective -’
. temperature, ET) for human thermal response. They showed that thermal sensation e7g.
judgment of warmth or coplness of an environment,was closely associated with dry bulb
. temperature and humidity (P;). Lines of equdl thermal sensation formed the basis of#their
old E’l‘ﬂSca}e'whicb was described using the 100% rh environment. Hoéwever, this scale
was deficient in that it placed too much emphasis on humidity effects in cold environments
and_dfd not show clearly efﬁ%sa;fyhunudsw in warm environments. By, transferring sub-
. Jects to different room sites, * and Stolwijk (22) and Gagge et 8l (12) were able to
derive useful data from which they separated sensory afid thermoregulatory processes and,
derived proportioral control coefficients necessary for their model. In moving their sub-
jects from a reom.at 29° C to a room set at 17 .59 C, they found that cold sensation and
discomfort were almost immediate; our.estimate (from their thermal sensation and dis-
comfort votes) is that towards the cold, owing to vasoconstriction, a change in one cate-
gory of thermal sensation and cold digcomfort occurred as a result of a drop of 7° C.
When subjects were moved from 17,5°C to-29°C, thermal sensation and thermal comfort
votes were not concurrent - thermal sensation votes laggedbehind (A1l .59 C/category in
sensation vote) the comfortable feeling (A 7.7° C/category digeomfort vote). Thus'the lag
was :elatgad-\to-rate of change of skin temperature, but the hedonic estimate was immediate.
1 : . LN s o
M Figure: i, shows the typical cycfftal changes in T, we used to derive comfort and
ty . thermal sensation thresholds in summer and winter studies. Figure 2 depicts for one
; ) subject how such thresholds were estimated by intersection-of regression lines from
,these cyclica'i Ta changes. Table 1 compares comfort and thermal sensation votes
for both summer and winter studies determined by this method,
- UNCOMF,
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Figue 2.- Discomfort estimates and thermal sensation ' . :

.judgments plotted:as functions of ambient femperature : .

for ono femals subject. Only votes between 5-120 min \ ' v
are plotted, Interséction of cold and warm discomfort v\ ) '
lines indicate optima} T, comfort point(24.6°C). Inter- \
section;of thermal sensation iine occurring with 0 onx.

. ordinate is T,.neutral point (25°C). Votes atend of -y, ’ o,
walk are indicated by o'utex; circled points. :
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Table 1. ‘Optimum T, (= T,) conditions for comfort, neltral thérmal sensation and calculated
clo values (Nevins et al.) derived by temperature swing method in summer and/” -

winter laboratofy-studies,

A

: Ty for Warm disc” Cold disc T, for neutral 0Tgens/8Ty Ioioon”
Group comfort sensitivity sensitivity thermal sensation : S
-4 L -
SUMMER .
Males 24.7  0.204 + -0.1B2\ 24.8 0.232 0.3
: ©£0:33  £0.840 £0.138 £ 0.5 +0.030 ’
Young females  24.8 , _ 0.327 ~0.157 “26.1 0.360 0.3
%0420 % % ,091 0,179 ' £0.3 x .022 -
- - ’ N ) o ’
Older females  25.0 _  0.338  ~ -0.195 25.8 + .0.318 0.5
+0.30 £0.018- = %0,313 % 0.5 +0.044 ~
- ' . "WINTER -
Young males ,22.8 0.26 -0.29 22,72, 0.34 0.78
- % 0.56 £0.11 £0.07 £0.70 ~  %0.06 £0.10
Older males 21.9 " 0.32 -0.27 22,22 0.37 0w75
‘ +1.05 £0.12 £0,04 £ 0.59 +0:03 £ 0.04
_ Young females 23,55 0.26 -0.37 24.08 .e 0.50 0.83
© %0.78  0.18 +0.07 "&£ 1,48 +£0.08 & 0:14
Older females  22.54  0.28 T -0,38" 22.36 0.43- 0.76
- +0.54 '£0.15 £0,15 + 0.98 '£0.05° % 0.16
, - i
K - . 7
Values are means {& S.D.);- I, evaluated from Nevins et al (14, ,
. i M) 4 . .
- ‘ [
. -
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,. In the summer\ tudy, (shown in Fig. 1), discrete subjective sesponses occurred between
groups as a response to the cyclical changes in T,. In the older females warmth sensa-
tion increased between the 50th to 80th min time period. For the most part these indi-
viduals were in the comfortable rfange despite ¥¢hermal sansation deséribed as warm.

At the peak of the, second T, cycle (85th min), feelings of warmth had decreased but a
lag¥occurred in the discomfort vote. Two factors may have béen associated with this.
effect: one assoc fed with a subjective.dfsgatisfactibn (sticky feeling) as a result of
permeability of clothing to water vapor which becomes reduced the higher thé clothing
nsulation, This: permeation efficiency factor (ch modifies evaporative@at exchange-
from under .the clothing (17). Another factor related to Fpc) may have been the direct
effect of this delayed evaporation coolirig the skin but not reducing thermal disconifort
perceived by the skin, wettedness (7, 23, 13). 0
P 4 - LY
< & Qur dry bulb te’mp\ rature cyclical method proved a reliable means for assessing short
term preferred comfort (thermal sensation) temperatures for hoth winter and summer studies
ag shown in Table 1. I\t;l‘-,.'was found that the mean preferred ambient temperature for com-
fort (24,7 to 25°C) does indeed agree well with the 1dng period studies of-Rohles ang
Nevins { 5) and Fanger (24)1in sedentary subjects. In the summer study, the activity
level of 1.2 m&t, as in office work, did not alter appreciably the preferred tngé‘i"ature

for comfort which was within the optimal ambient temperature described by the Fanger
comfort equation (3). On the other hand’, there were specific differences’between men
and women and between age groups within the females in thermal sensatién regression
lines and in optix?l ambient temperature judged as neutral. Rohles and Neving (25) have
reported that malés felt warmer than females during their first hour of exposure to various
air temperatures. Rohles et al (18) suggest, from their observations of thermal sensatjon
differences among males and females, that the "“same clothing is responsible for different
thermal sensations in men and women." Unfortunately, only combined equations go into
formulation of their "Comfort Zone Envelope. " In a study by Wyon 17-year-old-males
generally "felt hotter and reacted more rapidly to changes in air temperature "(10).,

_“ Stolwijk (personal communication) has found that males exposed to therinal transients

_ from 30 to 50° had higher warm discomfort compared to females per change in cehtral -

drive for evaporative heat loss. All these studies served te.ghow.that the thermorégulatory
responses closely-tied in with (and which modify) thermal acceptability-are not uhiform
between sexes - a finding originally noticed by Hardy and DuBots (2g). These differences
become apparent only under fluctuating temperature conditions. - N

5

*  In contrast to other studles (au)w;vith sedentary subjeq;}é”, in which there was-a con- |
stant preferred «t?berature regaz:dless of age, we found-that older females preferred - -

* warmer ambient femperatures during slight activity inthe. simmer experiments, Since
clothing habits in summer months differ widely amdng females and ‘males, we have
reduced analytically differences in apparel and neutral temperature sensation votes

. to make them comparable to the ASHRAE ET* recommended comfort zone bounded by 22,2
' and 25.6 ET* as seen in'Fig. 3. This approach was used in earlier work (13) 1ﬂ which

_ subjects do not'wear similar clothing. We have used Standard Operative Température
(STO) because STO more clearly defines the present conditions since skin wettedness
was not.actually measiwred in all our subjects. In brief, STO is defined &s the uniform

>

. . ._&\
YOl N )
- g - Yy .
| 13 {la ,

- P T -

T




»“ < v ~ A k ’ ?
. .. e )
3 -
" . . e
' - - 21 SN WARM
- < 4 4
o -
— e, ' ' § '
3 .
. @ . ; o - y
w4 "
. , S
. . 2} ASHRAE COMFORT ZONE 1 coo
e *
. - A
i 70 75 k . 80 o . o R |
20 22 ’ 24 26 28°C N
, - R . ' STOGt 50% th, or SET*
. |
- . 1
{ . . i K oo

. Figure 3., Estimating equations for average thermal -
sensation estimates as func'tions of standard effective
.. temperature (SET*) or=STO at 50% rh and the optinfal
SET* point (+ 1 SD) for peulral thermal -sensation for
males (open circle), young female group (open squares) .

, and older female group (open triangle). The regression >
‘ equations are:
- i / . 4

Males: W TSENS s 0.23 (SE™#) - 5,15

o +.. Young femates: TSENS = 0. s(ss ) -8,57 .
. OldERfemales: TSENS = 0.31 - 8,01 .
. . ;‘E’,‘. A . ; . -

ry

temperature (T_) at 50% humidity of a standard sea level environment (air movement 20 to
35 fpm) in which a subject wearing standard clothing (0.6 clo) loses the same heat by
evaporation, radiation,and conve,ction as in the actual complex environment, The “stan-
dard"” environment at sea level (760 mmHg) is the same as the one #n which ASHRAE ET*
(2) isrdetermined: 1. e., in which a subject wears 0.6.clo and the air movement renders
a convective heat trinsfer coefficient (h ) of 2.9 W/(sq m °C) and a .combined heat
transfer coefficient (hg) of 8,0 W/(sq m* °G) -

. -~

-8 For our summer experiments, STO was determined by the following relationship:
h 5TO = [hFcl/hs'F::ls]Ta Fl- hFcl/hch\s ﬁsk f N~ (1)
- * - P . )
’ where: , . » -
Ta = operative temperature Ty h h +h, and equalled . * .
. -8.3 W/(sqm °C). in our experiments, and Fj is the = ] R
. B Burton clothing efflciency factor determined by the relation:
v L=/ 0185h T Y (2) _
- - . . ) - M Ty -
4 ’ Iclé is the clothing insulation in clo Units : e?' ¥ oTee
- . .. {1 clo=0.155°C « sq m/W) and . N N - -
- 'ﬂ - .
Pcls is the standard clothing -efficiency factor for a subject . .
: . ) wearing 0.6 clo and equals 0,58, using‘h = 8 0 W)’sq m °C)
. - « ¥ from Eq (2). . 3 B ..
P ) . . -
% \)‘ T f . 139 . ; %, R
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Since the relative humidity in these experiments was 50% then by definition (10)5

STO eguals the Stahdard Effective Temperafure (SBT*) o =,
) :k'we 3 presents the estimating equations for 'thermal sensation deterpined from
-~ analysis of the corresponding thermal sensation votes and SET* (or STO at 50% rh) from
s - the same data as used inTable 1. .Two observations can be made from this plot. . One
is ?- is that the SET* (f.e., STO at 50% rh) preferred temperature determined for the subjects

" . in our study, although “within the ASHRAE comfort zone, is significantly different
: "%.(p = 0,01) betwegn the young male and both female groups. Secondly, the T, preferred
> temperature fo;founger females (Table 1) when normalized by.SET* (STO at 50‘% rh) in

\ > respecttoT sk and clo, is lower in terms of SET* {STO at 50% rh) compared to the older
s female group. On the other hand, it can be inferred that the tendency for older females,
. to prefer w3rmer Ta"s may be a result of lower metabolic heat production in these
E {ndividuals (@6).

. - —_ . - . -

= There was a significant difference in the subjects’' sensitivity in judging thermal.
sensation as determined by statistical analysis of the regression coefficients. Young
females and older females had significantly higher warmth sensitivity than the male
group (P =..005). Howeveg, there was po significant difference (P = 0.05) {n warm
sensitivity between the young and older groups. The date suggest that a change
e, 34 °C in ambiént temperatire caused one category change in warmth sensation
in the male group (i.e., regdprocal of the regression coefficient) while a 2.8 °C
and-3.1 °C change in Tp would result in & simflar category cherge in the yourg
female and older female groups, rﬁ,spectively. ) ‘

e

The. results of the preferred optimum T, levels derived by our swing methad for the
-\ winter laboratory study, in which sub]ects were allowed to wear fypical winter indoor
-clothing, can be compared to the values obtained during the summer-study. Insthe
stmmer laboratory st%described above, males’ thermal-sensation neutral potnt
(24.8° C) was signifi€antly lower than the females; the thermal sensation sensitivity .
.wag also less. In the winter sefies (’J"\abl'e 1), however, the temperature for neutral ther-
. _ mal sensation was not signifR:a\%g different within the groups, but was significantly
. reduced compared to summer val . In the winter study, the higher clothing insulation
contracted the preferred atr tempera\ure for comfort and neutral thermal sensation about
- 2°C compayred to the zone obsgrved for the summerstudy. The thermal sensitivity
values (4Tgens/LtTa) were in line with Fanger’s predicted (s .4) but were higher, as a A
. . group, then for the summer seties. The lower displacement in winter preferred tempera~
. . tures for comfort is in itself interesting ®™d has been also, shown in the survey findings *
) by-Dr. Gagge discus$éd in this Symposium. LT ‘ »*
. Effect of Level of Humidity on Comfort and Tharmal Sensation in Summer
The results of the experiments in which humidity was elevated each hour for 3 hr at
27°C are shown in Table 2, and these discomfort and thermal sensation judgments are
plotted in relation to.ET* in.Fig.(#/-Each comfort and thermal sensation value is the
+ . average termhal judgment oika 1-hr exposure. | \

- : « L
-

.

/ No s gnifidant differences were evident between thermari’ sepsation values fortthe B
groups , pr for individual changes within a group, at ea¢h humidity level ('l’ab e% and
Fig. 4)/ 1In the male and female subject in which skin temperatures and core tempera—

" tures’were measured, a humidity level of 40%, 60%, and 80% rh at 27 °C T, did not

— “affect ‘méan skin temperature which stayed constant within £°0.2°C ¢ Wzg?m‘c 2 3~
period. Core temaerature was-also not ‘elevated more than = 0.1- °C. Tils is dirdet - .
evidence that temperature sensation, as judged psychophysically by the subjects, is
associated with skin temperature, which is govemed by ambient temperature rather than

- ’ :
“c ‘ ‘i'; m-l-lool <
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Table 2. Comfort and thermal sensation values at the end of a 1-hr
. humidity exposure at 27°C 1., Activity level atl, 2 met,

. ) "@4‘?0!&
. t . Ld

THERMAL SENSATION

X -

Relative humidity (%) 40 60 80 40 60 86" -

" B, (Torr} 10 15,9 20,7 %0 15,9 20.7

. . .

Males, n =7 (22-32yr)© 0.57 0.82 1,57 0,50 0.81 0.54
x sem 0.19 0.24 0.12 0.33 0.08 0,33

- . -~ fad / .
Females, n =5 {18-24yr) 0.60 0.40 _0.60° 0.50 °0.25 0.10
"z sem ' . 0.36 0.22 0+38 0.14 0.18 0.38 t

Fémales, n 6 (33-60yr) 0.42 0.33 0.83 0.33 0.42 0.58
* sem ’ 0.30 . 6.15 0,25 0.33 0.3¢ 0.27

»
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‘Figure 4. Average discomfort gstimates (upoec

~ ordinate) and thermal sensation estimates (lower

crdinate) as fupctions of ET* for humidity experi-

ments, Solid line i{s combined Kansag State Univ. '
. (XSU) regression equa‘tion. =0,1517 + ,010H-8,371
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modified by humidity level as long as sgfn temperature is higher than dew-point tempera-
ture }| This response would be expected sincé relative humidity exerts little effect on the
loss bf heat by evaporation when the body is in the zong-of vasomotor regulation (26). It
also Herves to show that one would not be able to predict accurately the clear effect of %
humidity on thermal affective responses by merely using an equation shown in Fig: 4. As
evidetit in Fig. 4, ‘humidity level affected judgments of discomfort, which varied markedly
. ewit the groups. There was a significant increase in discomfort, {using paired sample
< “analysis, P = 0.05) for the male group from 6C to 80% ri level (Table 2, Fig. 4). How-
ever, the younger female group or older female group, no significant increasggin
. __ discomfprt occurred during the 60% to 88% relative humidity increases. The mean dis-
comfortivalue at 80% rh for the male group was significantly higher than the discomfort
values for the 'younger female group {t = 2.43, P = 0.05) and for the older female group
(t=2.58, P.= 0.05). . Analysis at variance for repeated measures of |
unequal yroup stze (Wiper, p. 599)(27) confurmed the fact that humidity level was the
significaht main effect on subjects’ discomfort vétes. «

.~

N

Thus\lve can Surmise that all groups were not affected at 2ll by the 40% rh level a:
constant 37°C Ty. Males sensed a greater discomfort with increases in humidity level
from 60% 4b 80% ( %16 to 21 Torr) at an acyvity level of 1.2 met in 27°C T, while,

. females difi nqt. Furthermore, the discaaor: at 80% rh was significantly higher in males
. than the difcomfort felt by the younger femate and older female groups. - in terms of
discomfort B change of 1 category Disc per change bf 10.7 Torr is balanced by 2 change
i 1.1°C T,\level 1n males, Griffiths and McIntyre (28) also found that at 28°C 2 low
. numidity wak preferred and 50% and 75% rh were considered by their subjects as "more
oppressive and uncomforizble,” All these sfudies indicate that the minimum acceptable
, humidity confitidns in summer months for @ dry-bglb temperature of 27°C (80.6 F)
- appear to be Rt 60% rh { ~ 1§Torr), corresponding to 2 ET* of about 27.7 or 2 °C
ET* above thd|\optimal ASHRAE neyzral/comiort zone, However, further studies are heeded
¢ ~ _ at higher ambient temperatures and humidity levels. Males, engaged in office-type
activity (1.2 \et), as shown in this study, appear to be very sensitive to elevations in °
humidity; and\level of skin wettedness, determined by the ratio of evaporation of sweat :
to the maxim evaporative capacity of the environment, probabiy'plays an imporiant '
.. role tn adding t the @arm discomfogt as shown in earlier studies (7 and 13). Decrements
in pérformance light physical and ménial tasks may occur at increasing levels of
humidity (= 60%\rh at 27°C, as jn our study) and higher ambient temperature for longer
exposure period o
' Based on the\present study (Table 2, Fig. 4), at the upper T, of the FEA guidelire
. {26.7°C) ‘thermal discomiort and sensadons (at = .2 met) would not be appreciably
~ elevated for humidity levels = 60% rh j16 Torr) regardless of crothing ensemble if
£ 0.6 clo. Higher\humidities tharrthese at tr.e recuired summer ambient temperature
. conditions in office\ butldings may result, in significant iCreases in warm discomfort and
dndicate % nedd for some humidity control, » ’

» o .
Y

Special Consitefation should be given td elderly office workers. As shown in this ~
. étudy,oldgr females dfter 1-hr exposure were:not e<cessively disturbed by hq 80%
numidity level at 27 .. However, because of the general lower physical finkss‘and '
resulting lower sweat|isecretion and poor skin circulation, leygl of skin wettedness does
.n'ot serve as an early Bue {d¢ thermal discomfort in the elderly as it does for more fit
. individuals (17). Othds symptoms of distress (syncope, headache, etc.) are less

s ostensible and can oc at higher levels of humidity and ambient temperatures.
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he/she is. heavily dressed in a cool one,

Effect of Leve] of Ambiefit Temperature on Thef’mal'Acceptabmty in the Winter

/ s . ' .
~The basislcif this study was that‘ subject/s were allowed et will to increase their
clothing insulation (by addition of sweaters) As such,behavioral thermoregulation
would be the major way to aveid displeasm’e from cold aided also by vasoconstriction.
We limited our exposures to 1-hg so that excessivé heat loss wéuld not be a major
factor and decrease core temperature. In other studies we have done (19) at similar
time perlods, e ophageal temperature wag maintained constant (37 £ 0.2° C) in

. sedentary individuals (s 0.6 clo) eVen a;: ambient temperatures of 5°C and 10°C.

In the present stidy, we were also interested in evaluating héw cpld discomfort varies
over different

A plot of the whole-body discou&fort thermal sensation,-and effective clothing
insulation (17) is shown in Fig. 5 for each group. The most signiﬁcant observation
is that at neither of the two Talevels did the subjects manage to a’void discomfort

totally by use of extra clothing (shoWn by the effective Iclo increase). Young females

' always had a significantly higher effective clo increase from comfort conditions

compared to the othéer groups (roughly a change of 0.3 clo) from baseline comfort -
conditions, What is ,apparent i{r this figure is that subjects,. for some reason, never
added sufﬁcienv"clothing'which would bring them close to the intrinsic I of 1.4,
(about 0..9 effective clo), which Fanger (3) has recommended as a clo vaciue fora .
26°C preferred t‘é’mperature at 1.1/met. Humphreys (29) has pointed out that an
individudl may find it more acceptable to function by intermittent activity-levets,

of rest /gxd work, if he/she is lightly dressed in a ¢omfortable environment than if

o

Figure 5. _Whole body thermal dis-
comfort, thermal sensation,and
mcrease in effective I, at 20 ‘c

- . and 15°C.
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‘ A plot was made of whole body discomfort and_arithmetic means of the local regional
- thermal sensation votes at 20° C.and-15° C as shown in Fig. 6. - .

B YOO MALES @ 4 N r
5 5L weframis tduc
> - & ALD(R FTMALLS A k
i R XU A (ece) ) .
- \/ co sk F .
. . ’ .
. - . . .
s .. ’ o s——f—— 51 .
B NEUTRAL cap
. , Y ANCONF 4 (LEGS)- - (FEET-TOES) {HANOS )
o 2
£
R 2R S L ‘. o
j 12090
owi—&—— —F—— § ,
3 ~ NEUTRAL oo
hd R .- LOCAL SENSATION
- . T . Figure 6. Relationship between whole body thermal
¥ . .discomfort and local thermal sensation from various-
.- . - body segments., N . ) .

- 1 * .
Clearly, what this figure indicates is that thermal sensation voLl qver the féce',
- back, arms and hands tended to be distributed unevenly., The assessfneng of thermal

' sensation from the covered legs for the two T, levels proved a good predictor of the )

P total cold discomfost for all groups regardless of clothing insulation. Thus,every increase

.. . in local cold sensation from the legs (and possibly also feet and toes) away from a ther-
mally neutral point may be a reasonable indication of total cold discomfort and by infer='
ence - thermal dissatisfaction for all individuals, : <

. . Fanger has shown (3) that even within the leyel of ASHRAE's Comfort Standard (2),
. which is rigidly specified for both winter and summer conditions, 5% of the people will
still be dissatisfied with theé environment, In ous study it was possible to directly com-
- pare the frequency of votes (5 subjects/group over 3 sessions), each subject checked
PR as acceptable or not acceptable, over the two dry bulb temperatures. The results are shown
. in Table 3a. The hypothesis was tested of no difference between groups (i.e., equal ac~
.. . - .. ceptability-amhong young males, older males, young females and older females). The x '
analysis gawe 10,84 (df:3) which shows a highly significant difference T acceptability.
» - Young females had the most dissatisfaction at 20° C environment despite a higher clo
— - -.value (0.9 clo). As expected, at 15° C all groups had similar dissatisfaction with the
Lo - “environment (viz: X% =1, df 3, P& .05). Interestingly, when Fanger's:criteria (3) are
S - used to estimate acceptability (.e., all votes +1 or - 1 from neutral,acceptable), the -
- percentages are somewhat lower (70%) compared to our direct group votes as seen in
~  Tablé 3b. - oo - S .8

- - - /’ -
P In otr, winter study it was found tha; at 20°C, the effect of added _clothing by the sub-
i _ jects (generally done by adding sweaters and determined by the effective clo incréase
.. ) (17) did maintain 3 of the groups in the comfort range. In this respect, our résults concur
= _ with the observations of Melntyre and Griffiths (30)_in which donning of a sweater (~0,3
- clo) increased feelings of warmth. Differences batween males and females were again ’

- . qbserved in the winter study. Local sites producing the highest cold sensation votes at

e
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. T&l%ie{Q-A. D};ectly bbs,erved .a‘cceptabil_ity.‘of 20_°C.
. — .

———— - 8

,; - I
- P

Young males Older males Young females Older females _Total

"Acceptable | 13 12 ' g 15 48 (80%)
D Not acceptable’ 2 : 3 R 0 12 (20%) -
15 - 15 ) 15 * 15 60 -
- x2=10.84; df3 (P=0.00) - ©
. ) Table 3:8. Fanger's criteria of acceptat;ility for same data. . -~

’

’

, [/ o
Yot;xg males Older males Young females Older females Total -~

‘Acceptable 13 S .13 ‘87 - 8 42 (70%)
votes* - - . o e
‘Non-acceptable ° 2 2 7 7. 18 (30%)
- N . )
" 15 .15 15 15 © 60 . |

2 - ‘ '
X" 8,082 7.8; df =3 (P = 0.05)

1 -

* : )
. Acceptable votes according to Fanger include all votes + or - 1 category from 0 or - .

neutral, -

A

20°C_showed a siﬁﬁlarity to others' results (26, 30). However, the areas constantly ex-
posed to cold such as the face and hands were not consistently sensed as the coldest
by every group (variable heat loss in the face) (Fig. 6). The cold sensation votes from
the uncovered legs however, were highly correlated with total cold discomfort for all
- %&'groups (Fig. 6) and may be a good predictor for both ;hermal sensation and discomfort,
W . . . o
Another factor which should be .considered in judging thermal acceptabiﬁty at 20°c
and aboye is body weight-to-DuBois surface area ratio or the ponderal index of Fanger
" Ae.d. '@wtﬁD), which factor is a relative indication of body build and amount of sub-
. cutaneous fat (in liev of skin fold measurements), Ahis faétor is another way of aidirg
. thermal insulation and, thus, enhance cold resistance (26). In°this respect, young fe-o-
males had the lowest weight-to-surface area ratio, but were more dissatisfied at 20C
despite a higher calculated Iclo than the other groups. The combinatitn of increased
local air movement.around extremities while walking and increased.dry heat loss around
these specific body segments may have also contributed to the dissatisfaction apparent
" in Young females.’ In the winter study if'was found that older individuals complained
less of the cold than did younger females and they had less cool discomfort at both 20°C
and 15°C (Fig. 6). Such response has been shown in other studies on elderly.persons by
Watts (31) and by Horvath et al (32)., Horvath et al (32) noticed that although older
subjects {male and female) did not make discomfort complaints (at 10°C), they were less
able t6 maintain core temperature than the’ younger-subjects, We, are especially con-
cerned with responses from the elderly age gféup because in older indiv@duals metabolism
C ) >
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i{s generally decreased compared to young individuals and problems of adequate circula-
~ tion may occuw, especially in the inactive. Cold discomfort, however, may not serve as
* an adequate cue as shown in the study by Watts (31), Horvath (32) and ours.
~ )

In summary, as shown in these laboratory experiments, a 20°C environment, of
possible interest nationally as an energy conservation strategy, may never be wholly
accepted by a significant percentage of all individuals despite added clothing or doihg
light office work with increased activity. "When occupant comfort and acceptability, of
such an envh:gpment is cgnsidered, local cold diséomfort fram peripheral extremities, W
such as arms, legs and feet, surface area-to weight ratio, sex and age, duration of ::Q%
occupancy, as well as level of activity, must all be considered. All the problems,
introduced by theSe factors , certainly will not be remediéd by merely adding extra
clothing, However, ‘an awareness of which groups of subjedts are the most likely to 4,
be dissatisfied is a_step in the proper direction. Even while left free to increase
clothing at 20°C, only 80% of.the subjects in our laboratory winter study found the
conditions thermally acceptable. . -

)

¢
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Special Study; Seasonal Acclimatization . . '

Despite extensive research in’%his field, little is known about the effects of long-term
heat exposures for subjects working and living in hot climates on their thermal comfort .
response and on their thermoregulatory system. Equally unclear is human acceptability
of such.an environment even thoygh many spend whole lives in warm regions. For
example, a sedentary office worker in a hot climate, is not necessarily acclimated to

oderate or hard work in that climate. Thys, both physiological and sensory responses
may be clearly different in the same individual depending on the task hg performs.,
Whether at rest or active, heat acclimated subjects, both clothed and unclothed,
should have an upward displacement in preferred Ty (or acceptability of a =

given warm environment) compared to an unacclimated state. However, Fanger (2i¥)

has never observed this in individuals brought to Denmark from tropical areas. -

Addftional basic studies are necessgry, however, because Nicol (33) has analyzed

the field studies made by Webb (347 and found that natives of certain hot-wet regions,
with var;éd occupations and presumably heat acclimatized, do prefer warmer ambient
conditions (up to 32-33° C) in summer seasons. Humphreys (29) has compared

results of extensive field studies in various climates around the world and concludes
that "Fanger's results which suggest that agclimatiza’tion does not affect thermal
‘comfort requirements, may need some qualification. "

« A just-completed study (25) explored the physiological and affective changes
occurring during seasonal heat acclimatization in 20 young males attending Yale ,
Summer School sessions. Subjects rested or did light exercise (» 2 met) while exposed = —
to-ambient temperature changes . either unclothe | or heavily cloéhed. The conditions
were done in early June and repeated in late Aughst. Results of £he study are shown in
Table 4, ' ’ . e

In general, the affective responses for resting \subjects, both clothed and unclothed’
showed no statistically significant difference betweken June and August. This confirms
McNall's et al (6 ) early studies in resting subjects. However, the light exercise was,
in fact, instrumental in changing affective‘responses. Exercising subjects in August ,
preferred a warmer temperature (Scale 1), thought they were sweating less {Scale 3),
shad lower internal temperatures {(oral), and felt cooler (Scale 5). Figure 7 shows that,
for subjects in which sweat loss was directly measured, a displacementioccurred

towards lower internal body temperature without a change in the ‘proportiijhal control //

coefficient for evaporative heat loss.
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Table 4, .
-~
- Summary of Differsnces Batween June and August
Scale Conditions Test  (n) . Mean difference Y ‘ :
1 (Freterence) Rest ot Sign -{9) NS,
. -— -
. ¢ Trerctse Mo, 6e pE00S
2 {o t} No test 1) S s )
, 3 (sweating) Restiog (1 & 2) Powedt ) | -0 NS, .
. Exerese (3 6 0 Mawred ¢ i) 09 o0l il
ot {Esumate} Noytost significant ’ 3 W
S (Warmty' Reating {1 & 2) ratedt (9) | -0 NS
Exercise (3 6 &) Pajreat (9) o7 ps0 G .y
- A (Hands) hatest significant
* 7 (feen) Mo tost signiticant
8 (Face} No test significan®
Mean sin Ciothed (2 & 4} Paires t (5) 9.8 p 1,01 *
Untlotned (1 6 3 m 0.3 NS . ’
PP , . .
Interna} Restigg {1 & 2) Pasrec t (9) (Y NS
»
L& Execcise (36 8. Of ) 0.2 p30.01
A positive di'ference ImMplies a lower value in Auqust  In scale I, more people™
requested & wirrmer envircnment 1n August than In June v
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3 \ ‘These experiments have broad relevance to energy congervation requirements in c -

LI summer months. For one thing, if subjects' thermal pgg,ference is for higher ambient
temperature in late August, . the thermal acceptability ‘Sriteria (2) may in fact be
changed. Building environments (T, and«h) could be allowed to rise during the day
in summer months with only mifiimal dissatisfaction. Essentially, physiological
-processes (improved skin blood flow, evaporative heat loss) occurring during.normal
heat acclimatization could compensate for the reduced air conditioning neces sary for

. conservation of energy. However, our resuylts have to°be confirmed by more extensive

hd

© field surveys. - ) -
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CONCLUSIONS e

The present review has focused on some physiological and subjective factgrs .
which will be important in Energy Conservation practices in the future. Throughout
. this paper the emphasis has been that, before we consider engineering applicabjlity
in built environments, we must first consider physiological consequences. It is\an
easy matter to lower thermostat settings in the winter or raise temperature settings,
« or eliminate humidity control in the summer. As we have shown in these laboratory N
studies, such practices will 1m{61ve a measure o{ Qiscon’ifort-. Thermoregulato
and heat exchange models can offer a useful first order prediction of the degreg of
thermal discomfort; but, we need to realize that such model predictions havé™o be B
compared with actual experimental data which may not necessarily involve thermal .
" steady-state conditions. It is not the physiological comfort point where we need \
additional.studies - it is at displacements from this point. Such studies in the
future should focus on a disinterested resolve to such factors as sex, age effect,

fréquency and direction of dry bulb and humidity and possibly any chaniges in
T humgh comfort criteria caused by normal pAhys{ological acclimatization. . ’
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RATING OF ENVIRONMENTS FOR HUMAN THERMAL COMFORT BY "RESULTANT, SURFACE TEMPERA' ‘
v ; . v

B
.

-A cOncept is introduced for rating thermal environments on their potential for human

¢ womfort. It involves the measurement of the surface temperature (designatgd Resultant

4 ~ Surface Tempesat@e) of an object placed in a building environment and pro ucing heat per

unit surface area at a rate equal to that of a human bodys A detailed description is given

of a prototype RST-Meter that has been built. The intended applications forsthe instrument -

and how it tould be used for rating environments :
L

A -

IS
.

Indoor Environmental Measurement, Rating of Indoor En&ironment%, Thermal
Comfort ; ’ ‘

Key'WOrds:

.
. ¢ * )

[ ————————
N T R WP
o ! ‘It 1s generally accepted that e-a ix’ primary variables that govern the "fgeling"

8
of comfort or discomfort on the part of ogiﬁEZHE?TﬁPany given structurg (1, 2)*. T - )
variables are air telperatufe, relative humidity, air velocity, mean radiant tempexature,
the level of activify of the occupant, and the amount of clothing wonn, ~Experimental work
has Been dpne over the past fifty years to determine ﬁﬁe int@relationships among these
variables und how a change in one, with given fixed values of the othé(ii;affeqts comfort
(3,4,5,657,8,9). More recently, mathematical models, .which have been verified by-some of
the past experiments, have been used in these studies (1,10,11,12). s
. . 4 o
s In making méasurements to det®imine the acceptability of indoor environments from a
s thermal standpoint, the air temperature, relative humidigy, and velocity are most-often
‘measured with conventional instruments and the mean radiant temperature (MRT) determined
. by using a globe thermometer.
« . because of the relatively small air movement in most occupied spaces of buildings. In
addition, the accuracy of determining MRT with the globe thermometer is a function of the
/—~accuracy of determining the alr velocity. The globe normally is a 15 cm (6 in.) diameter
‘hollow copper Spher¢ coated with flat black paint and having a thermometer at its center.
The tempetature assumed by the globegat equilibrium 1is a result of a balance between the
. energy gain or loss by radiation the ‘gain or loss by convection. The MRT is then
. calculated using the air L .pergtire, eir -velocity, and gIbbe temperature: There have
been a numbe?!:f instruments built over the last decade .to determine MRT more difectly.
They are rev ed\&:ia separate paper presented at this symposium (13).

~> . = ' . )
There have been very few instanceg where the measurements of all the variables-or at

- - -least the effect of all the variables have been combined into a single instrument. Two
< of the most significant attémpts®*at doing this have resulted in the so-called "Thermal:

Comfort Meter" (14,15,16) and the "R-Meter" (17). o . .
z » v * .

& N . v . -
The "Thermal Cogfort Meter' consists of an, ellipsoidally-shaped sensing body and an
X assoclated control circuit and calcplating device., The size, shape, and surface properties
\ of the sensing body were chosen so that’ the relationship between the energy ejxchange by*
= convection and radiation jis the same as that for a human, The control circu t maintains .
. ‘the surfdce temperature of the sepsing device at a prescribed level (chosen by the instru--
B - ment user and depending upon the oecupant's metabolic rate and nature of the dlothing -
Pgpecified) and the amount uffenergy required to maintain this temperature {(i.e., the heat
loss from the sensing body) 1s then used in the calculating device to give a direct read-
.out. in terms qf.r%latiie position on a comfort scale. ¢ s B

~

. ’

=
% __Numbers .in pagenthesiéfindicate references at the end of the ngt. -
L4 < L ) . .
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sphere formed by No. 36 enamel copper wire, bifilarly wound as two hemispheres.

exchange by rsdiation an? convection as he does in the actual environment,
-

The major advantages of such instruments are‘their ease of use and the fact that the .
individual enviromnental variables need not beiasured. This latter advaritage however

is also a disadvantage .Whereas the instrumen
"feeling of discomfbrt to be expected, it is no

A

The subject of this paper is new instrumentation and the experimental approach*dﬁich
should allow a thermal environment to be fullylcharacterized inclﬁding the asymmetrical

aspects of low temperature radiation and air motion
; i

-

o p .
i . .. RESULTANT SURFACE TEMPERATURE (RST)

*

: - -, . \\
The R—Meter consists of a sensor unit which is a 0.5 em (2 in )} diameter skin—colored
The wires
dre held as a rigid sphere by a thin epoxy coating The sphere serves not only as a sensor-

but also as a uniform afd rapid heating element. The sensor and associated control box
gatt be operdted to determine the operative temperature (18,19), defined as the uniform

temperature of an entlosure surrounding the subject in which he would have the Same heat

will give an indication of the relative
ossible to determine the reason for
discomfort without addftional measurements. The exception is with the use.of the R-Meter,
.. where it can also be used to measure MRT and .equivalent "free-gtream” air velocity. |

The task of characterizing and rating a given:enviromment on its potential for human

thermal comfort could be resolved in an ideal manner, if there existed one measurement that

would reflect, and be responsive to, al].\ﬂactors of the thermal environment in the,same
"way as a human body 18 affected and induced to respond. It is proposed that a measurement
- of gurface temperature (to be called resultant surface temperature (RST)) .of an object,
producing heat per Unit surface area at a rate the same as the heat produstion of a human
body and placed in the position where the occupant of the environment would place himself,

will satisfv_the requirement -

- ’

~ Inherent "in the concept of RST are the following assumptions

-

s 1. Whenever, at a given rate qf heat production, any factor
. o ATE
4 of the thermal environment changes, the RST must also

. change in order that the equilibrium between production
and -10gs of heat can be restored. In other words, when-
ever the MRT rises, and: everything else stays the game, . *
the RST must rise. Whenever air temperature falls, and
everything else stays the same, the RST must fall. When-
ever air-motion increases and everything else stays the
same, the surface temperature-of the heated object must’
go down. ) . X -
2. There is, in any one environment at a specified location,

at one time, and in ome direction of space, only ome RST

- that can fulfill this condition.

- . 4

\‘;'*“'

-

"RST" 15 therefore chosen to be’the variable to rate thermal enviromnments objectively

and unequivocally with respect to their effects on human occupants in given places.

manner. ] . .

. DESIGN AND CONSTRUCTION OF AN RST-METER

- . ‘ ’ . .

»

" Some wo;k has been done to design and ‘build a prototype RST—Meter. This work will be

described hérein. - . “~

153 .sz?fs ) P

-

More-
over, unlike ratings obtgined by means of the state-of-the-art indices, the measdrements
of RST would be indépendent of any study or findings, past, present-or fytuge, on the re—.
actions of human subjects, their physiological (pheripheral or central) temperatures and
their, subjective sensations, behavioral reactions, or votes of *comfort. The essential
physical characteristics of a given environment would be measured in an exactly reproducible

.
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e Since two of the four physical factors involved in the heat exchange procesﬁf‘becveen
the occupant and space, ‘radiant heat transfer and air motion, have directional characteristic'q,
it was decided to construct a sensor that could be used to "scan" the enviromment. In this

| vay, the directionaJ‘ characterfstics of RST could be determined. Since a*scannihg radiometer

| had already been built (20) for determining directional jadiant temperature (DRT) (see

; Figure 1), it .was tentdtively decéded to incorporate the protgfype R3T-Heter omto _the top

| of the existing Scanner head: - . v . g

~A schedatic of the proposed RST-Meter comstruction as originally conceived is shiown
4in Fjgure 2. It consists of a tightly bonded lamination of ‘several couponents. The center
is an insulating base which serves to unite mechanically, yet separate thernally, the two
heaters supplied with identical amounts of energy per upit time and surface area. External .
to the tirin heaters are twin thermometers bonded to the heaters by a thin layer of
“ * electrically insulating miterial. The outernost layers are coated with some material to.
absorptive to low-temperature long-wave radiation.~-_. ¢

v When the instrument was ‘first conceived, it was planned to build the sensor head by >
depositing thin layers of smetal on oppdsite sideg of a thin "Mylar" sheet. Each sheet vas
then to form one half of !he sycmetrical instrument sensor of Figure 2. On ome side of
the, sheet, the metal was to be teference grade platinum which would serve as the resistafice
thermoneter and on the other side, a metal alloy (called LTC) of gold, chromium,“and nickel
vith an extremely low temperature coefficient of resistance for the heating elegent. It

" .wvas planned to bond the resistance heater directly to the central insulating panel. 1In
turn, the resistance thermometer deposited on the opposite of the "™ylar" sheet was to be
cqvered by an, overlapping layer of silicon conoxide (also acccaplished by deposition)
allowing g covering metal foil to be applied for an outer surface. "It was recognized that
the only disadvantage of such a design was the relatively low resistance (on the order of

—~ ten ohms) obtained fof square layers that were thick enough to be uniform., Eowever, the

- tesistance could be.in¢reased to the order of 200 ohns by dividing the square into aé

continuous ribbon. Figure\3.shows the basic pattern for both the resistance heater and

resistance thermcmeter. I%s planned to accomplish the pattern by placing certain "zasks"

over the substrate dufing the/deposition processes. -

After -several months of experimentation, the basic design described above had to be
modified for two main reasoms. First, it was not possible to accomplish a upifora comb
pattern as shown in Figure 3 by deposition even though two different techniques ware used
for "masking" the substrate. Secondly, it Was found that the resistance thernometers could

. not be electrically isolated from the covering metal foil b e deposition of the silicen’
monoxide layer. A microscopic investigation of the deposits revealed inmmerable pinholes” *
- which resulted from not being able to obtain a completely dust-free substrate.

As a result of the above eéfforts, & change in design was made. It pas<-decided to use :
a substrate  6f -synthetic sapphire and to deposit the same metals as initially selected but,
- to do it by the technique of "sputtering'. The fatility for sputtering (in this case at
the National Bureau of Standards) had a size limitation on the target. Consequently, the
size of the-prototype sensor which was actually builc was reduced sosiewhat from.the original
e design. ., - ' . - . . ' -

. -
- Figures 4 through 7 are schematic diagrams showing the essential features_of

the -
prototype that was finally built. The substrate of sapphire that was used had a fhgchws -
- . of 0.2 zm. Figure 4 is a front view of the sensor héad showing the essential dimeasions.
. The surface of the:sensor measures 1l cm?. The two deposits, gold for the resistance ’
> thermometer and LTC for the heater, are on opposite sides of the substrate with the slicing
o _ patterns rotated by 90°, This rotation was done to insure a uniform temperature distribution

= , across the surface of the sensor. The figute also indicates the wires required for comnection
to either a linear bridge (thermometer). or a power supply (heater). The five shown are for e

the thermometer and heater im front. A,total of ten were required for both thermometers and

L heaters and were f&d down through stainless steel tubing having an inside diameter of 6 =
- _ as indicated-in Figure 5. - .0 ) - .
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Figure 1, NBS Scinning Radiometer (20)
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could be filled with an insulating material. The prime considerations will be the required
speed of response to changing environmental conditions as well as having the medsurement

in one diréction not irfluence the measurement in the opposite direction. "As can be seen,
the outer-ring of the sensor head serves as a carrier for the lead wires. The wires of 1 mm - )
i in diameter run in separate groovesvrather than in one 4 mm conduit. This allows tthe wires

ey = v

6 p Agm .
Or A
-

%

Figure 9 shows the completed prdtotype sensor head. It has been assembled in the .
" metal ring and silVer epoxy resin was used to attach the lead wires to the terminals of
thgmfesistance thgimometers and heaters. The necessdary bridges and power supplies have.been
. . addad to, the tabl of the existing scanning radiometer shown im Figure 1. Some preliminary
cqlibration work has_ begun to determine the characteristics of both the thermometers and
the heaters. .Further development work is planied to examine alternate and better ways of
making such an instrument. : : : -

y .
A o

o . ) APPLICATION OF THE RST-METER R

] « . » -
A brief déscription will he givéy of the intended uses for the RST-Meter.,

o . -
o v o B
- . B

- An EnvVirormental Physiological Tepperature Scale .
» . LI . . i

-

.

. . . 4
e As evidenced from the descpigtiog of the instrument principles, RST measurements could
< be considered measurements on a "physiological, scale” and should allow one fo determine

' .- which one of several environments Would be "warmdr' or "coolexy" for occupants and by how
many “"degrees". This should be-so regardless of whether the.air motlon, air temperatire, -
or radiant temperature is the prédominant determining physical factor. Although humidity
_level over a wide range has only a minor effect on preferred shermal ‘conditions, a - . ,
completﬁ"evaluation of the enyironment would require an addifional independent measurement
*  of- the humidity level.
- [ . oo L4 -,
> L Once envitonments have been evaluated or rated on the RST :scaleFpredicting how
- ‘~different individuals would react to those environments is a completely different subject
' requiring independent analysis, A great deal of research has been done_in determining human
) subjects' "preference" for different environmental conditions. References (3-9) have '
already ‘been cited and a coﬂzplgte, review paper has been devoted, to fthiqs topic at this
- symposium (21), However, dt is felt that in conjunction withk' the uge of an RST scale, a ,
significant sample of the population should be subjected to controlled experiments in which
: not only their verbal or writben responses are recorded and analyzed, but detailed o« . L.
- - physiological measurements made *as well. This would enable a solid body of knowledge to be’ .
established on optimal environments and zones of comfort as a function of the individuals’

&

P — 3§ . .
e — in recent decades, sensory physiology has made extraordinary progress due to recordings
L e "of gingle-unit nerve action potentials., As a result, we now know that-mo an a single

: , Research has showm (22 3')" that the reiction of an occupant to his thermal environment .
o is a unique function of the temperature. in the anterior portion of the hypothalamus region. ’

defined set point, for the individual (va’ries from perso{to.person), warm sensitive neurons <
' -, . .

N .
s -
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own "human thermostat". . )

¢ =, .  measured body temperatgjg is needed to characterdze the humans’ state of thegnal‘gqu“ﬂ’:tbrtum. T
2
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B ., Figures 6 and 7 shoy a side view.and sutaway view, respectively, of the sensor head: i =
™ The air space between the two heaters was left open, After further analysis, the space

to be separa%gly and securely located.. * ¢ 5
3 N . . 3 N .7
Figure .8.shows one themé'ﬁeter and \fxegater uﬁit pr'ior to assembly in the sensor head & e
e comb pattern shown was not obtained during the deppsition process as origindlly planned; '
stead, it was made after deposition by & special scribing process. The gubstrate was %' N
-~ fastened to a movable table fitted‘with a low-magnification microscope and a special cone-~ i&.
s shaped carballoy stylus. In such a rig, it was possible to form lines of less than 0,05 mm . k
in width. , . ' . - )
— - — ' * .‘ 14 : ’

: N of ' the brain as well.as on the Ski‘n..When the hypothalamup temperature rigs above a sharply :
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begin to fire and excite sweating such that the rate of sweat production is directi;\p?o-
. portional to the deviation beyond the set point. The skin temperature can cause an effect
of inhibition on the sweating (if ‘it is occuring) as'well as result in a feeling of cold
¢ . Dby.the individual if its value is below 33°C.
R . NG . ’ ’ s
. Partition of Body Heat Loss R
v ] * ; ‘2'" \ , .
The human sensory "system has no means to distinguish between radiant and convective |
heat loss. 'Determination of RST will therefore be sufficient in stating the degree of
comfdbrt or discomfort to be expected in a given enviréﬁﬁ¢5ﬁ5¥WEUWBver, to the thermal N
engineer, it is critically important to know why a given-environment|is inadequate. Are
Lthere sounces or sinks ‘of radiant heat, low.or high air temperatures) or directional air
‘currents? | To ‘answer these quéstions, the mgasurement of RST could be combined with .,
measuremen of the rvadiant temperature . ‘ *
s # ‘ o
, As mentioned previously, it is the intent to use the RST sensor in conjunction with
“ the scanning radiometer of Figure 1. As a re§u1t integrating the results of one complete
. scan yith both instruments would dllow the simultanepus dftermination of MRT as well as an -
. integrated RST. -Retognizing 'that this value of RST represequts the surface temperature of
a heated object or non-sweating human of specified metabolil heat production exchanging
heat with'his enviéonment it is possible to calcuipte the heat exchange by radiation*: _ .

L4

: . .. . P
: : e = ety S s* W .
%35 r s e ) - . )

»

qu;s rate of heat transfer per un gE area by radiation
, between-the RST sénsoy and the enviromment, W/m

6 = Stefan-Boltzmann constant, w/(mz- K) .
M - T ’ . ¢ e
_ T, = surface tempergtureof RST sensor, K .

N - . %W -
T = mean radiant tempeﬁ?ture of the environment, K.

bl

e a N

' Since the total rate of heat ¥uput to the sensor is known and specified, one simply subtracts
. the madiant portion computed above to depermine the heat loss by convection.; <

s P - ) ..

< Jgrediction of Body Skin Temperature . @

S . . - .

SE .
One can consider heat transfer from the surface of the human body through'tﬁe clothing
to the enviromment to be described by the simple steady,state heat transfer equation: , v
) b ’ . b - \ s - . . - '.
. g . q = (tsk cco) : . ’ 2
R » v -
- - N v ¢

j‘ - - \ . aﬁ& i

K codeg T - A ; ) . °

s"‘-‘- -‘"A; i * . * .

P8 ) N § - '

C 4 Assumingﬂége RST sefisor is smail in comparisonito the environment it faces and that its
o * surface emissivity = 1, . Y
. " .
‘ e .
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where :
' : , -~
. q = total,rate of heat loss per unit area from the human Hody,zgép -
t = gskin temperature, °c

t = outer surface temperature of the clothing, oC

co
. - :
R = overall resistance of the clothing to heat transfer, .
@2 - °C)/W . . -

' It should therefore be pessible to use equation (2) to predict ddy skin temperaturé ’
: once the Resultant Surface Temperature has been measured (t o) for a_given metabolic heat &'
production (4). References (24-27) give detailed data on or methods of predigting the

resistance or insulating value of.a variety of clothing ensembles.

Once the skin temperature has been computed, its value could then be used to state the
degree of discomfort due to cold (a skin temperature below 33°C). 1In addition, using a
mathematical model of the human body (11,12), it would be theoretically possible to predict
a oeﬁtral body temperature and hence predict the exact state or condition of the‘person in
that given environment. It should be noted though that for this prediction to be meaningful,
the central body temperatyre would have to be correct withinovery narrow limits. Since the , -
- thermal conductance between the skin and core of the body varies‘yidely due to vason or :

responses and variable rates of blood flow between these two areash it, is felt that predicting

- central body temperature from the measurements could not be done accurately
- ¢ ; e ) K
A pra 4
Accounting for Evaporative Heat Loss - ‘ -
» . .
Man maintains thermal equilibrium with a hot environment partiai}y by evaporative
heat loss or secretion of moisture at the sweat glands. In order to properly account for
this in ‘the measurement of RST and rating of the environment, it is proposed to reduce the
heat input per unit area to the sensor by an amount equal to the evaporative heat loss.
- This "negative metabolism’ could be based upon studies done on sweat rates of individuals
and could be automatically accounted for in the control and operation of the instgpment

tb Toe ﬁéggm

Equivalent Ideal Temperature (EIT)
’;' . o [ - “A/%V . N
. When exposed in air to an gnvironment and heated at an appropriate rate per uhit area,i
the value of "temperature" indicated by the R§T-Meter will always be higher than the air
temperature and what a conventional room thermostat would indicate.  In order for the readings
of the RST-Meter to bear some resemblance to the temperature building occupants are most.,
/ familiar with, it is convenient to introduce the concept of equivalent ideal temperature (EIT).

-, While any number of environments of widely varying air temperature, air motion and mean ) s
radiant temperature may yiéld exactly the same reading of RST, there is in theory one that
is most readily definedj ap, "jdeal" room in which the mean radiant temperature ig identical
with the air temperaturé, and the room is free of any air motion beyond the inevitable
. thermaf convection accug ng‘around the instrument. The integrated RST of this room is ~
designated as its EIT. 1It.is proposed to "calibrate" the RST-Mster in a speclal "ideal’, -
_chamber so tha; all rooms gn which the RST-Meter is used could be rated on an EIT scale.s
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T / -ASPECTS OF INDOOR ENVIRONMENTS: o .
. TOLERABLE VS COMFORTABLE THERMAL ENVIRONMENTS - -

" E. R. Buskirk and J. L. Loonis - . ,
Laboratory for Human Performance, Research .

Intercollege Research Progranms »
119 Noll Laboratory
The Pennsylvania State University

- ‘

v - University Park, Pennylvania 16802 .
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. - ABSTRACT S - . . '
/ : .
O = Thermal comfort depends on a_ variety of factors includix.:g the level of f)hysical

activity, clothing worn and how the oceupied gpace is heated, cooled or ventilated.

Sufficient attention Has nfot been
‘of jobs workers need to perform in

paid to the fmportance of physical activity or ‘the types

a given environmept.

and nodes of heat loss are important codifiable cozponent
+ Both relatively cool and warh environments can be tolerat

Their zetdbolic heat production
8 in the energy balance equatiom,
ed by. the physically active

* worker.

Similarly, podification of ¢

lothing ensembles can extend the tolerable range -

depending on the type of

different, but, wien

energy ©ust be conserved maint

t}sk perforned. Confort and tolerable conditions can be quite -1

enance,of tolerable conditions will, of

- necessity, take priecedenc® over "'confoqt." The 1inits of fglerable conditions for various
" tasks remain il)-defined and largely a happening of the work place. Use of tolerable
conditions may Et Y
Thus, research is needed to”;?‘rovide guidance -fegarding tolerable conditions and their
(_'pexiedicity, physical activity, clothing worn, work-rest cycles and productivity. The
cumulative effects of prolonged therzal stress and the resul

/ * KEY ‘WORDS

°

ovide therzal stres$ 'and result in physjological and psychological strain.

tant strain need to be assessed.-
p ;

. control, environkental control, texperatpre and perfo 2.

N

- Thernal comfort, thersal sensatlon, thermal tolerdnc¢, wdrk conditions, tenperature

3 . The concept to bpe treated in this hopefully provocative paper is

inportant aspects of ghe thermal environment of consequence to workers
other than conmfért or thermal sensation considerations.

t thereare
d their:employers

Acceptable work |can be performed

within eavironments encompassing a relatively wide range

of enviromment

conditions,

Therzal toafort has beed defined as "tha't condition of nind which expresses satisfac-
tion with the thermal enviromment" (ASHRAR Standard 55-74)(l) or more recently in terms of

. thermal sensation, "4 sensation that ig neither slightly warm or slightly cool" (ASHRAE )
e * Bandbook of Fundamentals, 1972)(2). As the pore recent version suggests, a thermal evalu-

H

ation sgale and a comfort scale should probabl

y not be combined as has been the traditional®

. practic€, put the scales ghould be separated t

A thermal gensation ratipg

°1s a function of the surrounding

0 better utilize their independent contribu-

vironmental conditions

tiops:
e —dg?gribed by: dry ‘bulb tegperature (Tgy), wet bulb temperature (Typ)s Water vapor pressure,

radiant temperature, and air velocity, plus such behavioral modifications as the !

L respect ,t

*wearing of different types of clothing, utiliszation of protective strategies or the modifi-
catiog of physical activity’ 80, as, to change the heat gengrated by metabolism within the
body. Al ﬁ’z\ these relatively didereet yet interdependent variablés affect the body with

omfort and thermal semsation. In terms of.txzaditional usage: the temperaturé

- and humidity range which provides high probability of cpmfort has been set forth as the

e “"comfort envelope." Research; ‘primarily on college students, has provided definitive data

sk

L
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: * on the "comfort" of interior environments for subjects wearing approximately- one "clo"
3 " uniforms and who are either resting or working at very low metabolic ratea. ° .
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The point 18 that comfort and thermal sensation scales while providing useful infor-
mation, omit important inputs from the complex emvirqnments, that are probably acceptable
to those in the occupational world. People musg wor within thé environment but they can
perform well in uncomfortably kot or cold envirom:enys. ° A partial 1list of some of the )
irportant factors to consider in an analysis & perf ce in relation to thermal tolerance
is presented in Table 1. -
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f/ Becauge of the spectre of a long-tern eneygy shortage$, one cust assuze that enelgy
r heating and cooling will be available in the future only at a premium and, therefore,
zust be conserved. Thus, the condept of tolerance in relation to acceptable productivity
assunmes added importance. To accormodate the tolerance/productivity concept the‘intra-
. personal,. behavioral, occupational and environzental complex should be assessed in some
detail in order to provide an acceptable compromise for bulldings and their environmental
J - control systems. -~ .

. \ . o
Thermal ‘1inmits within the range of physiological temperaturgnregulation foP ' man have

-2 _ been defined as the extreme envirpnmental canditions which induc‘e"physlological responses

that reach "steady state" values and which are reversible once the thermal stress has been
removed (3). Other less severe criteria for thermal strain limits#include those used to
establish safe working conditions for a wide range of occupational activities (4) The

+ variables described which affect comfort are ‘also the ones used to establish thermal -
linits, f.e., Tgby Twb, radiation and air movement. "Physiological” thermal limits have
generally been defined utiliZing laboratory o occupational environments. Edphasis has
usually b&en placed on the limits of thermal sgulation, principally body heat storage and
core temperature rise. , ¢

Tolerable thermal limits or tolerance limits are somewhat difficult to define,

partially due to the wide variability in individual. thermal tolerance in relationm to
specific emvironmental conditions and work practices. JFor purposes-of discussign, tolerance

.  1limits may be defined as those extreme environmental conditions which produce no significant
degradation of performance withingan allowable period of time. The performance may be
measured in physical, mental, physiological, &t other appropriat& quantifiable terms and
evaluated with respect to environmental conditigus. Thug, tHe environmental limits are ..

. "tolerable" both with respect to the workers demopstrated physiolégical strain and an =

. acceptable level of performance or productivity. Of comcerm, of course, is the political

necessity to recognize worker acceptability as a woddfying variable. Hopefully "however,

" sclentific guidance as to possible solutions will remiin %ned by political Consider-

+ ;tioqs, at least initially. ® “ - .
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= performance with lower temperatures (p<0.01). The range in confiitions stugied was only , ~

Some ‘of the probleus related td utilization of confort scales are illustrated b Ex

has risen about 5.5 °C (10 °F) in the last 60 years of documented comfort research (5

Shig crend has been associated with increased body size, reduction in "standard" clot

worn in indoor edvironments as well as to differences in comfort agsessment cechniques

‘It 18 also possible that adaptive trends have played a role, i.e., brought about by ‘¢ ged |
living patterns and better heating and cooling syscems, inciuding control systems., It
b&nn;demonscracednthac subjects at rest who were studied.during a one hour exposure at \
23.3 °C (74 °F)effeccive temperature following an environmental antecedent exposure at 6 \
or 90 FET gave similar comfort scale ratings within the first houtr following exposure (6)‘
Thus, short term anteledent temperature history was deemed of no consequence. Antecedent
exposures of longer duration or in hotter or colder environments were not utilized nor \
were the effects’ of a 25 yard walk or a toilet stop evaluated. The latter occurred between \

following examples. It is incerescing ‘that <the cemperacura which man rates as comfo Svn

thernal transients. ’ e
At evaluation of student performance in three air—condicion oolk\eompared with \
student performance in three non-aireonditioned schools provided ;¥ ecced resulcs. The

students within the climate controlled schools showed a significanc reduction in ¢lassroom.
2-3 °F and in the vicinity’ gf 74 °F, The students at the non-climate cont olled schools R
shoved no significant correlation between ‘performance, even within an 8-10 F range An
envirdomental conditions, and environmental temperature. Furcher, the students innche
non-climate controlled schools gave predominantly "neutral" thermal comfort ratings oyer a
. wider cemperacure ran §: than students in the c¢limate controlled schools (7). The 1mpliEacion
is that the students the schools with no temperature control did gs well as those with .
relatively precise temperature control within the temperature ranges studied. Perhaps Te
prior thermal achlmacion was re ponsible for the rating of neutral to the wider range of hes
environments. 7 °
When the metgbolic race is high and mental iMvolvement intense, ready accepcence of
cool environmental conditions is possible, e.g., a lightly clothed basketball player
. (approximately 0.43 clo) will tolerate a cool eanvironment }5 °C (60 °F) whether on the °
: court or on the benc en with & tenfold difference in metabolism. The mental involvement
.with the contest ovefwhelms the comfort or thermal semsation evaluating mechanisms, The
player may be sweating profusely when he begins to rest and cool rapidly but not notice
because of the competition. It is only with a break im the action_that percepti~n of the
thermal condiciongﬁof the enviromment return and protective clothing is donned. Even then
an assiscanc m3y have to remind him bx§handing him a sweatshirt or jackec to put on. '
The examples illustrate that cofifort racing or thermal sensation rating is imprecise *
at best, parcicularly when related to performance criteria. Thus, it 1s proposed t the
. literature be restud{ed”and that new experiments be designed to utilize the toleparce/
- produccivity concept with a view toward total design of buildings and facilities to 1hclude

o

. major congideration of energy conservation principles. g
f If it is true that-man's range of adaptability.to chermal changes may be reduced_by
¢ 1imiting* exposure to environmental swings through utilizaeion of modern HVAC systems, su
f; utilization may be counterpraductive. Consideration of the present trends in. energy cos

~ s
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and che requirement for egergy savings makes it mandacory to attempt to extend "the range’
of man's limits rather ¢hén shorten them. '
. The toleratice limits for acceptable human performlnce and productivity are poorly ’,“
7{ understood alchouéh some experimentation has been recently performed (8), Comfort at lower
% : 1indoor temperatures, 15-20 °C (60-68 °F), may be enhanced by selection of appropriate
. cloching with insulation values in the range of 0.5 to 2.0 clo depending on the quantity
~of metabolic hest generation by the requirements of the job. .The critical body parts are
the hands if manual dexterity is’' important to preserve. The accep!able environmental « -
liniCs become a function of all the factors that wete pointed out in ble 1 pilus acclima-
tion, adaptacion which includes familiarization, and work rest schedules that favqr ’ ‘
maintenance of acceptable performance. It is conteivable’that studies of behavioral
nodificacion, such as aceommodation to reduce temperatuxes in the home, may rewveal positive
correlattons, i.e., in this instance acceptance of cooler -conditIons in the work place.

P The range in-tolerance in relationm to che ASHRAE thermal comfort envelope is illus- v

x, trated in Figure 1. The axbifrary tolerance limic at the cool end was established using the
criceria of maintenance of accepcable hand- finger-dexcericy. The arbitrary tolerance limit

- " .-
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the antecedent exposuré.and the exposure of record and, of course, involved undocumented -

L ‘ \
. . N e Vo
e : L =




at the hot end (see reference 9) was based on the wearing of a minimum of socially accept-
‘able clothing, while peiforming‘a job requiring 3 Mets of metabolism and where sweating
would not be objectionable either to the worker or fellow employees. The limits constitute
; an example based on cursory perusal of the literature and not specific job-related experi-
mental evidence. " N - T .. ) -

‘ PAASHRAE Standard 55-74 .
. f—={_imut of Heat Toleronce -
- - 70% Skin Wettedness

. 3 MET '
. N . . 9 3clo . < )
. o5ms’ e .
- . °° .
] - . === Cold Tolercnce . - ¢
. . Requires Behavworol 0"/ , .
‘ ) At -
: . Moditication <3
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Thus, the“purpose for which a building, or work space will be used becomes all impertant

S for consideration in the design process, Accurate definition of” purpose requires thorough

knowledge of the job and the worker's interactions with his equipment as well as the

. environment within swhich the work will ,be performed.’ To gain insight into acceptable

design criteria, it will be necessary to conduct a variety of thermal tolerance/productivity
, types of studies in suitable laboratories or accepteble work places that can serve as

laboratory substitutes. Ome needed type of experiment would be study of the~yand—finger

. dexterity problem in cool enviromments for 2 commonplace job such as typing. Conceivably, -

one could start these experiments at the cool end of the scale using skilled typists

working on difficult typing projects at temperatures around 10 °C (50 °F), "Various types

of heating pr air-conditioning could be employed, clothing cauld be modified,. and the

work-rest ¥ehedule altered.» Environmental temperature increments of about 2.5 °C could be

lized to cover the temperature range of interest. The experimental periods-sheuld be
long~enough to facilitate discrimimation Betweep accepted differences in productivity.

‘ ér type of expériment would involve utilizatidn of ramp changes in envirqnmental
conditions;ith environmental control modified by the;worker. Using the’example of the
typist, the envéxonment in which the typist was working could be cooled at a rate of about
5 9C/hour. The typiet could warm the environment by changing a convenient control setting.

* -The typing task would real and require.sustained.cgncentrat§on¢ Perception of the
environment would be méastted by the frequency and extent of environmental c¢ontrql manipu-
lation. Variation of this’ iment could include provision-of graded clothing layers to

\ substitute for‘envircnﬁgn:aixgzﬁfﬁq}, use of a §h811 ayxilliary heater, use of a gham’ -
.\envirogmental control system, Or usfhg“ramp changes involving diffétent slopes, The list
of possible- experiments could be'quite Tengthy, but the pointgis that’ these types of
exper{meﬂtation gshould be perfOQmed to'compkement our knowledge of therflal comfort an§
. sensation. B - LA ¢ - . R R
_ Considerable energy savings can be realided if the coptrolled environment is allowed

re

‘. " to fluctuate within telerable limits while responding to ambient vardiations. It is
— ,acknowledgpd ‘that .most present systems, are neither defigned or capable of sensing ambient
» ~ tconditions far enough in advance or, appropriately to affect accurate coptrol’ changes,

” knowing the heat
: - o, While desig

rage and exchange charactggis:}cs of the building or work space. P
heating, and air-conditioning systgms should in the future consider

» ) a?’cjgp:ab'ﬁ tolerdgnce/ rsductivititcrit,eria, it would be inadequate and unjust to design

— enoitonmentay_sy ems to meet nedr survival 1imit8.. Long-range acceptance of more'gpartah .
s . N . a ’, ¢ R ..
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conditions than we are currently accuatomed to will undbubtedly require pertinent education
programs for the affected workers that are based on some scientific input. Thus, both
confort thermal semsation criteria-as well as tolerance/productivity criteria may well
- have to be cénsidered to develop more realistic environmental designs., The acceptable
. interactions among criteria remain to be determined. Thus, we currently disagree with
- _ R. G, Nevins, (10) our departed colleague and one of those who has contributed substantially
to the literature on thermal comfort, that "there is no spartan virtue in bging uncomfort-
- able. Indeed, it is believed reasonable, but difficult to prove, that people perform
. bettex, 1e§§n better, and accomplish more .when comfortable rather than when toq ‘cool or
£oo warm.” The definition of "too cool" and "too warm" should be redetermine utilizing
tqlerance/productivity criteria. The ASHRAE thermal comfort &nvelope "should be -expanded
anl a variety of thermal envelopes constructed based on our knowledge of the complex’ of
personnel, job, and environmental 1nteractions. : . -

-
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. - ASSESSING PRODUCTIVITY DECREMENTS IN HEAT AND COLD:
" ON-SITE SIMULATION OF INDUS'}‘RI'I\L WORK IN A MOBILE CLIMATE CHAMBER
. y vy :
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i . . National Swedish Institute ‘for Building '%&ea.rch o, o )
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., . Technical University of Lund ‘ -
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. R ) ABSTRACT '

2 . . * s 1 \
This paper describes the establishment in Africa of a major research project whose
aim is to quantify the effects on produthvlgy of heat dnd cold stress in -factosy *
buildings. The intention is to provide design crite(ﬂa for the intermediate levels of
tRermal stress - beyond comfort but ndt involving eny risk to health - which are likely
to occur in the, industrialikagpion of developing countries with warm climates and }im;lted
resources. The background té the project is given, and relevent published work 1 -
summerized., On-site simulafion of industrial work in & mobile alimate chamber was chosef?
" in pxeference to copf¥entigfal field or laboratory.studies. %he development and ) .
'cons‘gruction of .thd mobike climate laboratory,, including the, performance testing equipment,
4s described. The currently proceeding reSearch program is' gi?rén_. It is suggested that the

. /-ratiOnale and methods of this project are appropriate for energy conservation research

e,

t

#  activities should therefore be used to optimize the design of the buildinﬁand'to Justify

-elsewhere. . ,

v . . INTRODUCTION ° . ] .
- . h \ “ -

\ The main function of any building is to transform the outdoor climate to an indoor

climate that promotes t umen activities it contains. Criteria derived from these |
the aiiocation of resources for its construection and operation. Where resqurces are
limited, the criteria must be 'hard', not based on preference, but objectiyve, -
demonstrably relevant to the stated purpose, of the enterprise,sand quantitative. BSuch

«  ecriteria are difficult to define. for some o,la'tegories gf buildings, notably for dwellings.
It is\usually assumed in the case of dwellings that comfort eriteria fulfil™the above
requirements. Comfort mey perhaps, be defined as a necessary eriterign for the indoor
climat ofggwe“llings,' particularily when adequate resowfoes are available, but it is
surely hot ‘a sufficient criterion; ebren in dwellihgs other criteria calY be derived, more

t\ to the purposes of the humap’activities performed there, and more objective than -

_ 4those of \comfort. 1In a factory building,‘whose purpose is to increase production, comfort
¢riteria bre neither necessary nor sufficient, Resource allocation must be guided by
.criteria o{ productivity. This is “especially %rue in devel&pin'g countries, and in countries

- with a streqbbful climate. It_}s.oespec%a.](ly true in Africa. ., ‘ L. .

Africe has embarked upon a course of industrialiBation.. Every African country now
yeledmes foreign investment and the establishment of new in:!fst,ries. Countless new
factory buildings will be grected in the near future, many of themsin hadsh climates-
= wh€re no.such building has existed before. Their viability depends upon éorréc§ resource
allocation. If environmental standards are set unrealistically highy the factory building’
.and its services would use tod big a Pproportiod of the available resources, and may be
built elsewhere. If standards are set too low, productivitygmay bé so adversely affected
that the enterprise will fail. This may occur even if jimm stgfdards that safeguard’ -

b health are'strictly observed. A ratigngl allocation of respurces requirés that

Q

ATV N »

- environmental st 'da.rds‘ should .be set Bet\een these two extremes It is not & teghnical
problem; buildings)can easily be desighied %o provide the required comiitions, either .
passively, as when 8 messive building structure is used to reduce the extremes of an arid =™

climate or_actively, when conventional heating or cooling equipmept Is. installed. The
R . M ) ‘ < . —— .
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\problem 1ies in determining the retur‘;"}s for providing such design features, and thus ‘e
increasing the cost beyond that of a basic shell construction. In most factories the

. production machinery is designed to operate well beyond the climatic extremes likely to

be, encountered. Only in rather special ca'Ses can climatic control be justified for
machine or product. Examples are” where compnting machinery and food production require

specific temperatures, wveaving requires controlled humidity, and eldctronic ,assembly requires

‘& dustifred. atmosphere. Tn most cases t retui’.ps to be expe’cbed are in terms of the
effects upon human efficiency, and theretbre upon-.productivity. Criteria derived from a
study of these effects are therefore urgently requived for the industrialization of Africa.

y >

o - THERMAL CWNDITIONS IN FACTORY BUILDINGS

. This paper is concerned with the derivation of criteria for optimizing thermal ‘
conditions in factory buildings, i.é., with the comfort and moderate stress region.,
It does not deal with limiting criterid for extreme thermal stress. Hazardous exposure
gg/extreme heat or cold occurs only in hot or cold process industries for which special
studies must be made in each case to determine the trade-off available between process and
operator safety and efficiency. The only exception is where ‘heavy manuasl work is to be
performed under what would otherwise be only moderate heat stress. In this case the work
itself usually contributes the major heat 1lvad, the criteria appropriate are those of .
thermal rhysiology, and a solution is available in increased mechanization of the task-
In the vast ‘majority of factory buildings, thermal conditions for light manual work are ne
more than moderately stressful; the criteria appropriaté dre those of comfort and .

productivity, and improvements can only be achieved by increasir)g the cdst of the building

-and its services, ; ) - -

" e PUBLISHED WORK = e

N - - - -

factories was recently made by the’ present author Il] In ¥iew of its limite
circula.tion, & short summary of the conclusmns wilk ‘be given here. s
1. Thermal conditions roviding optimum comfort not give rise to
efficiency. In an experirent by Pepler and :Warner [2], normally clothed young I
American subjects performed mental work at different temperatures N They were most
‘tomfortable at 27°C, at which temperature they ereed least effort, and performed least
work. They performed most work at 20°C, although most of” t'h_e,m felt uncomfoz;tably cold
at this temperature, » % ) =

e , .o -
2, The effects of heat stress on human efficiency.~are not linee.r_ In the above
*experiment, rate of working showed a minimum at €7 although . naturally it would have
declined below.this value in extreme cold or heat.- A similar reversal@ the effects of
moderate heéat stress o erformance was demonstrated by Wilkinson Fox et. al. [3] under
conditions of controlled hyperthermia, and also.by Wyon [4} in a simulation _experiment
with Bwedish school children. No correspondi,ng data’ e.rz .availgble for cold- gtres
Manual dexterity has usually been found to decrease mondtonically if not’ linearly
stress, but Clarke et. al”\[S] have shown that muscular.strength_intreases_to a
in moderate eold stress before declining at more..extreme levels. These non-linear
—are in marked contrast to the orderly decline of comfort blow and -above & ma.ximum a
some- optimum temperature.

- . . \ '

Lt K

3. The above conclusions h ogether invg‘idate the usual assumption that perfo

effects can be deduced from studies of -comfort alone, Unfortunately, very few field
_ studies of performarce under m derate heat and cold. stImgs have been reported, and there
" _are meny unknown factors involyed4u the application of boratory results. However, the

following conclusions are dr from the &vallable evidence., . s e . ¢
] .. - :

b, 'l"he crit:!.ca.l tel era‘ure for Yerformance lies: at about 30°C for normal humidit
levels. This conclusion was reached by Pepler, 6}, citing.studies made in weaving_sheds

and coal mines by the Industrial Fatigue Resefe.rch Boe.rd in Engla.nd oven 50 years ago.
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“months, by the Industrial Fatigue Rese

. much smaller effect on women. Accident rates were closely similar for men and women &t and « -

* It.is possible that this difference represents the effect oftheat acciimatization.

» i - by i R Y 2 ; 2
12. Heat and ndise-stress act on performante in .gimilar ways and can be expected to
. interact. The main evidence for this conclusion (Bux?sill,‘ [17], Bockey [18 [) has recently

BRI A v 7ext providea by ric [
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5. Accident rates are lowest at 20°C, increasing by over 30% below 12°C axidvabovegh"c
ree munitions factories, over periods of 6, 9 and I2

{7]. This study was carried out #n “tha-g ( )
ch Board (see figure 19, - . £ - ‘

6. Moderate heat stress has an adverse effect upon the accident rate for men', but &

below the-optimur temperature, suggesting that the difference wgs not due to.differences in
the tasks performed by each sex. This conclusion derives from the above study of munitions
factories, amd the effect is clearly apparent in figure 1. .

»

. T. Moderate heat stress and fatipue interact to increase accidents. s This conclusion is
derived from stddies by Vernon [T7] of 18,455 English coal miners at work. Figure 2 shows
clearly how acci¥ents inéreased with the number of hours worked in, e shift,.but’ progressivel,
more rapidly at tomperatures of 18, 25 and 28°C. -« - ' .

o « ) 3 ! b )
8. Moderate heat stress lncreases the dependence of accident Mgquency upon age. This
conclusion is again.derived from the studies!*\lernon and his colleagues [7] of coal face
s

workers over & 4-year period. Figure 3 shows khat age was barely a factor in accident
causafion below 21°C, while increasing the reffdtive accident frequency by up to 4G% for
older men above 21°C, . ° . . ' s,

'9., Performance of simulated wogk is worse at 10°C than at 17°C, and worse at 24°C than
at 20°C. These conclusions 'are drawn by Pepler {6], from the Indpstrial Fatigue Researfh
Board experimentg, and by Wyon [8], from the New York State Commizsion on Ventilatién Report
[9], resgectively. Note the excellent correspondence of these performance date with the field

accident data. Both exp‘eriments were carried out un@gﬁ*?‘ealis\tflc working conditions, subjects

working & full eight-hour day for several weeks. . . . .

v

10. Laboratory tests of rapid skilfed arm movement indicate performance decrement at
13°C and 29°C, below the level achieved at 21°C. A further and more marked decrement takes '
Klace-between 29°C and 38°C, according to the result obtained by Teichner and Wehrkamp [10}. .
Again, thee correspondence with field accident date is good. Similar résults were obtained by
Pepler {111 with heat-acclimatizZed Eurcpeans living,in Singapore, although the optimum \
temperature in this case 'appeared to be at least 5°C higher than the expected influence of ‘
the rgported differences in clothing, humidity and air velocity between the e experiments. ‘

i
{

~

» - .

11. Physiological gtudies imply substantigl gex and race group differences in the effects
of moderate ‘cold stress on manual dexterity. Wyndham et. al. 12] found that black males
showed greater peripheral wvaso-constriction than white males in moderate, but not in extreme
cold stress. Numercus studies indicate that manual dexterity is a function of hand skin
temperature, but as ndwdirect perfqrmance studies are availdble and the physiological studies
were carried out on|nﬁde, inactive s_lubjects, not quantitative estimates of group ifferences
in performance in the cold can be made. Wyndham et. al. [13] found that black mgles tolefbed |
_heat stress better than white males uness both groups were grtificially acclima ized, an .
there is similar evidence (Wyndham et. al. {14], {15], Fox et. al. [16]) that female tolerande . ‘
of both heat and cold stress is lower than that of males. Only in the case of cold strew . |
‘however, can these group differences be.confidently expecfed to produce differences in
performance. | ° .- P " e =T
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Peen criticlzed by Poulton [19], However; Wvidence for such an interaction may also.be k
derived from Vitelés and Smith {20]. *Signifident effects of heat stress on performange can
be shown to have occurred at 72 and 90 dB, but -not at 80 dB, in the date published by these
workers. This suggests & complex~, non-’lineg:}' intez‘ac‘{tioxi, of noise and heat stress.

. . p . i . . . - . . ;

The above\nclusions are s%%‘]ect to the épecial;; coﬁ'ditio'ns under which each study wag .
carried out - i.é., the rield studiés must be considered speéific¢ to the particular industry,
coutitry” and. historical period in vhich they were carrjed out, and the laboratory ‘studies - -
were of short duration, with *an artificially high levél of motivation, "and subjects who .
were highl¥ selected fit young menyssusually students br 8ervicemen. Their ‘validity for B o
factory building design cannot be‘ze,ssmned without veritficatiOn, but theyﬁ.e.r'e indicative of V
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SO - C : . THE PRETORIA EXPERIMENTS .

BACKGROUND . ' , A - ,L

+ . « ' The National Bui'lding‘Research Institute (NBRI) in Pretoria,.South Africa, is engaged
- in studies of factory building design for African climdtic conditions. The influence of %, "
., various design featpres on the resultant indoor thermal conditions is being studied in a v -
number of differept climatic zones évan Straaten and Wenzel, [21]). The building physics
. involved is relatively well understood {van Straaten J{22]). 1In 1974, the present author o
. was invited by NBRF to initiate & further aspect of this project to provide criteria for .,
thermal effects.upon productivity, without which cost/benefit analyses of factory building .
- desigm alternatives ¢ould not "bé chrried out. Research proposals based upen the above -~ -~
assessment of published work were made and construction of the experimental facilities .

begahh in 197% . _The work has begun and is scheduled to continue gver a p:ezéqafof severil
years.” . N 4

- .
. e .
l‘ J e &
- » . . . «
. .
> . . k4 .

RESEARCH STRATEGY . L {) S L B ;

. ? » IS \
The/ifrfcm‘tion requirement, is for valid and quantitative estimates of the effects of
- vafious attainable levels of- heat and cold.stress upon productivity, fér 'mme&iate M ‘.
sa .application in factory building design. _The above assessment of published work indicates
. that long-term accident rate studie$ wouldsprobably pro¥ride the most valid ami reliable
+ evidence for the existence of-undesirable thermal effects at low levels of stress. HoVever,
LI the time factor ahf the requirement for quantitative estimates of productjvity decrements | A
eliminate this option. It is true That modern loss-control evaluati'on studies’ currently .
qssume” a fixed ratio between disabling injuries, minor injuries and damage inecidents . o
(1 : 50 : 500 is not uncommdn) Bkd that thisy if valid, provides an attractive means of
4 estimating this aspect of productivity decrement from registered injury statisties. However,
there is no general agreemgp't, and certainly no conclusive evidthce, as to the ratio or the
cost of demage incidents. Both.must be presumed to vary between jndustries and may even *
be functions of thermal stress. Tp. study damage incidents di¥ectly requires a very high
. degree of co-operatiorr at all 1 s of factory management, and is difficult* to carry out,

reliably even.within @ny. Numerous studies in different.industries would be’'necessary, * *
ct of produc};ivity decrement would be accessed,. o . ' ' v
o . - - PN : "’
In view of the numerdus qperative factars indicated by the assessment of published . ta
work and the impossibility Jf controlling’a sufficient number.of them in the field, Tyt .
. straight productivity studies are, judged feasible only as, i)oi'glt’validation of firm, 1
existing, quantitative hypotheses. Such hypotheses cannot yet be put forward on the basis
of published work. Conventional labordtory experiments .sétve‘.‘mainly.ah exploratoryx, ‘ ..

function, d in view.of their short duration and artificial circumstancés canndt be said”.
to 'supply a ‘sufficiently valid basis for s:?}dwpothesés. ab above assess { of pyblished R
work. amp strates the vomplexity %f t relatiqnshi‘pg and the numbet of factors ‘. -?
inyol 7 there seems little need to perform further exploratory studies., Only realistic .
simulgtion studies, in which t}ve-ma.ivn factors'knowp to be o;iez_‘,atfive are strictly céntrolled .

- ‘while the realism/of field work as far as possidle mséi,ntain"é 3 ‘seem able to fulfil the :
' _information requirement. It wa Srefore proposed that simulation studies should ride ¥
the link between laboratdry and- 1d, enabling subséquent; poigt-validation studies be

made in the field as.a ,fix?l_ st e e, L ) e ” a‘
® ’ 1 ..-. -~ R 2 * '.,O‘ ‘ A é ‘ - .

EXPERIMENTAL DESIGN . ' . ° ml T L s o
o rary ~ Ca . s < R '| B
q Groups of four subjects will perfori simulated indust::"ia‘l work for a fu;[l":“%zorking
under 'contz:olled environmental c¥ nd;tiér'xs.‘ Each group will be exposed”to omly one 1
thermal stress, i.e. thermal effécts will be tested between rather thhn withih %gfoups. e o
subjécts will be volunteer industrial workexs,-and the; exposures will také'place on the . *
('N, fagtory site where t:h&z work. However, the nee_gl for auéontfolle’d thermal”environmént .
necessiéates that they work that day in a mQbile climdte chamber. They will change into .
standardclothing and footwear, #ypical for the industry and time of year. The simulatéd- e
work will cansist of set. tasks performed in rotation during the exposure, each designed\ , °
- to represent some componémz skill directly relevant tq’ industrial work. In-subsequent . M'
application of the results to a.specific work situation, the component 2kills.¢ritical for - ¥

productivity in heat and cold stress will be jdentified. The tagks were chosen, to provide *
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direcfly a small number of Bimple and well-defined meesures, usually of Work-rete and .
percentage error. The regzstrat‘on of these measures is autometed where this is feasible.
Some have been used befdre in the assessmént of thermal.effects, some have been-used in
other connecti9ns, and some are new. Comple;, miti-skilled tasks have been avoided, and
they are all sufficiently simple to be learned qu.te quickly. Skin temperatures and heart
2 rates are monitored. Thermal comfort assessments &ére recorded continuously from diel voting .
b . equipment. The mdin Pactogs in the experinzents are tempersture, sex, ethnic and regionel -
differences in acclimatization. In a reduced parallel series, the influence of clothing ,
and activity on heart rate, skin temperature, sweat rate and thermal comfo*: are to be
assessed under otherwise ldenuical conditions, buu in repeated measures (witnin groups)
design. c

L d ' . N -
) . . . ° <THE NBRI MOBILE CLIMATE LABCRATORY

CLIMATE CHAMBER -

] - .

The mobile climate laboratory consists of two double-axle caravans, each 8 n "ong,

3 nmwide and 3 h*gh These are parked 0.5 m apert and linked together on site. igure &
& . shovs the plen and section of these caravans. The climete chamber unit weighs 2500 xg,
and contains & 6.5 x 2.7 = exposure chamber, en air lock (ent?y lobby) and & toilet/

washrooz. . The service unit weighs 3500 kg andé conteins e plent room "‘.z; the eir
» conditioning machinery, edd & conirol room for the irmetrumentation. Within the control
toon is & darkened observation booth, providing e one-way View through e half-silvered
screen to the clirete chember. The screen is mun\.ec. &8s 2 windov in the niddie of the iong
. side of the climate chaxzber, irmediately opposite zhe observation booth window. A light-
tight bellows is mounted between the caravans to exclude daylight from these windows.

- . . Y

- ~»

T-’lexlble insulated sir ducts ere mounted between the caravens at roo® level‘for SUDPLY
and return air fron the air-conditioning plant. Supply air &t conirolled temperature and ’ e
+hunidity passes through one flexible duct to a ceiling plenium, entering the clicete chember .
- through a perforsted retel ceiling. "pis ensures & low eniry veiocity ané even distribution
over the entire floor aree. Up to 6C air changes per hour cen ke supplied by the var*abl_e
speed pain circuletion fan, of which T0-I00% is recirculated. The climate chember® is .
majntained 2t positive n"essure, end: controlled leekage through the door meinteins the eir- 1y
- " lock at a sizmilar temperature. The toilet is meintained et a negative pressure by a sepexate T
exhaust fan ventinhg to outside air. Retwrn air from <he clirmate chember is drewn up 2ehind
hollow metal walls <o a duct extending right arcund *he chasber above the ceiling, cunnected
through the other flexible duct to the n’e.n\. room eir intake.
=>og,rst rrene insulation 0.05 = \.h*ck is mounted directly inside the external rzetal skin
"of the caravan walls and '-oo‘r’, "auor-sea.led on the inside surface. Locel heet loss or
gain v.hrough this szell e.':oun‘ of insulation due to strong sun or wind is removed by the
exhgust air and taken up b_ the air conditioning plant, while the hoilow metal walls remairs
ak the. intended temperature. Thersal radiation errors are thus effectively eliminated
without either massive wells or proh bitively thick insulation. Two further. advantages of N
this 1ightveigh‘ 'hypocaust' cons‘.rucdon are that the time constant of the clikate chember
is very low, and :he acous\.ics are exceptionally good. There are no rigid connections .
betveen the caravens, and hence no v‘ibration ig transmitted from the plant room.

INSTALLATIONS i . A d

»

<

The ‘air-conditioning system was designed by the, Hetional Nechanical Engineering
Institute (NMERI), Pretoria, and supplied by Bronsair (Pty) Ltd. It is simple over-cooled,
ower~dehunmidified system. Two compressors %.r&nsfgr reject heat to air-cdoled 2ondensers
with varisble sSpeed fans. The return eir from the climate chamber is mixed with a manuglly-
set 0-30% pmportion of fresh air, filtered, a.nd drawn over a series/pe.ra.uel arrdngemesat of
o direct expansion cooling coils providing five manua.uy selected levelg of cooling effect.
‘@ . This ensures that the temperature and moisture content are reéduced to below the required

‘2evels. It is then blown past thyristor—controlled electrical elements providing 0-15 kVA
‘of proportionally—controlled heating*effect with a rapid response. Stean is subsequently
added at atmospheric pressure from an 8 xVA electroly‘tic boiler with proportional output.

’ﬂrzt&m?:re?ture end humidity sensors for the proportional control units are located in the‘
expos

amber. A sample of’ air from ceilting height is drawn across them by means of a
small fan,\thus ensuring a rapid response. This was found to work well at high tempere.t.ures. 4
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Stabiiity‘prdﬁlems occurred only when very cold air was to be supplied to the chamber,
as the time cQQstant of the feed-back circuit was ‘'slightly increased by the altered air-flow
pattern. In this case a variable pro rtion of air taken directly from.the ceiling plenum

+ 1s added to the control sample. This simple 'quickening' of the feed-back circuit has been

. .

found to restore stable operation without introducing measurable bias to the resulting set- ‘.

point temperature or humidity. Temperature control stable withip + 0.4°C is routinely
achieved over the range 6-40°C, and variations between different po{hts‘in the chamber are
-below Q.5“C. Humidity £9ntrol to ®ithin 1% relative humidity in the range 20-70% is
achieved bétween 15 and”35°C. ‘ System'limitations reduce the maximum relative humidity
, attainable to 50% at 40°C, and increase the minimum to 50% et 6°C. Air velocity in the
climate cha@per is below,0.05 m/s, and globe tempetratures are wiﬁyin 1°C of air temperature.
@yristorbconfrolled fluorescent tubes recessed into the ceiling prowide controlled lighting s
inten¥ity from 0-3200 lux at working height. A remote control pane¥ for the air-cohditioning
plant is 1o§h€ed in the control room. ’ § . :

4

-

/POWER AND WATER SUPPLY ON SITE S

2 ’ B . . ' »
+ _The mobile climate laboratory requires & meximum power supply of 30 kVA. This is } '4\
-provided-by—cadble from a,standard 3-phase, 380 V factory outlet at each site. From this,
single-phase 220 V power supplies are provided in both caravans, together with 1 kYA of
stabilized 220 V for sensitiwe instrumentation. If the labdratory ig to be used where no
. 380°V supply is available, a standard diesel generating set will be hired by the week. These
are readily available from local builders' plant-hire firms. Water must be supplied by
l-inch hose for tHhe steam generator and washroom. - - S T T

-, -
- . -

- a0 T - -
- TOoW VEHICLE AND CARAVAN FITTINGS

. )

Py The caravans are towed, ocne at a time, by an International V-8 2-ton truck with ha?&
Lanopy. This is fitted as a 10-sedt bus and equipped with gas rings and refrigerator for
fced preparation and storage, and a folding ioble. This serves as & staff room. Subjects
?chanée in a large tent exiending along the whole of the exposed side of the climate-chambe
" caravan, enclosing the door and serving also as an enfrance lobby. Solar heat gain to th
climate chamber is thereby reducéd. A sun canopy is likewise fitted to the exposed side of
‘tHe Service caravan. An intercom links tow vehicle, changing room, entrance lobby, cliqate
chambér, plant room and observation rodm to the cdntrol room, and a hand-set pair between
obsetvation room and climate-chamber enables experimentgrs to communicate confidentially
during an exposure. Up to 12 work surfaces, 0.9 x 0.4 i\ can be,suspended from the walls of
the climate chamber as required, end adjufted individually to the correct height for each
*  Seated orlstgnding subject. Metal cable ducts run along each wall, well separated frqh the
power supply circuit, taking signel cables from each such work-station to a cable box.at one
corner. A canvas cavle duct ik mounted between the caravans to enclose cable ports in the
, cable box and the control room. Signal cables are extended through the duct to e control
room onr site to connect with instrumentation, and are withdraim to the cable box In transit.
% Amotor-driven belt’with veriable speed and gradient can be installed traﬁg;@ely at one
end of the climatewchember for contrglled exercise. The control room is

¢

ted with work
surfaces, cupboards and drawers for storage, and a standard 3.5 kVA room s&r-conditioner.

. The observation room is similarly fitted and is positive-pressure ventilated with conditioned .
air from the contrcl room., A small work bench for regairs is fitted in theiplant room.

o
-

‘ . ' INSTRUMENTATION - - -
COMPUTER SYSTEM -7 . .
.. Data requicition is based dn' a 16 kbyte desk computer (Hewlett-Package 9830).in the

* control room. This unit has & hard-wired'BASIC compiler, and peripheral control unit, and is_
- thus equivalent to a conventional computer with at least twéce the memory and a software

compiler and operating system,. It serves 11 peripheral units: printer, two megnetic tape
shetions, Earkbsehs% cdrd rgader, paper-tape reader, scinner, digital voltmeter, calendar
cleck, telemetry rgceiver control, skin temperature telemetry output and ECG telemetry
output." This system performs most of the data acquisition, processing and storage requifed

* in the industrial experipents.. It acquires physical and physiological data on-line, but\no
attqﬁpt has been made to acq':““ human perfqrmanqg data on-line. This is primarily because

. of the queuing problem - two or moreg gubjects” may ?espond at the same time, requiring a

»
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computex several urﬂeﬂs of magnitude f&svex, and thus more expensive. However, the diversity
of the performance te§trng equipment, ‘and the need to retain #lexability of choice and test//
* sequence, "ahd the 1rhe;ent unpredictability of working with se\erai subjects at-once,
greatly increase the d;fflculvy and expense of on-line data’” auqulsltlon
T perfornmance testing un%t is" independent.

! 4

PHYSICAL DARA LOGGER § o ) < N
——— —_— L - k4 - . . ’
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Instead, each g/
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)

> . . / e .
Temperature measurement to an aceuracy of O. 1°C is achieved using thermocouples with

a hested reference Junction at hh°Ch Measurements are initiated by the computer under -
. program control fy selepting one of 30 cnannels on the scanner. The sequence ig paced by th
% ﬂalendar clock, but the compkter has 'randem actess', i.e. can jelect ehannels in any order
: aﬁd reﬁeat measurementsiif Qhey fall outside preset guard alues. The meé§upement 1s gmd
by t&, Jdigltal voltmete¥ with microvolt resoluticn, end vx‘avsm'tted to thelcomputet.
. t Convazsgon to a calibrajed temperature value is thep per? ormed by the program the .
measurement is repeatediif necessery, Ehd the value stored’cn magnetc tape' Measurement,
. usually takes place at é‘oou+ 2 channels \per second, Mlth a scan at 5 mlnuLe-lntervals ’
Hum:2ity 1s then reasuréd -n the same way uvrng a hea‘ eq lithium chlorije sansor

-
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. Subjects regWate* ir sensaulwns\of therrmal comLort oy alJustlng a dl%i voding .
~ apperatus (Wyon et. all §23]). Teoh subjett is providkd with a 270° 4ial resembling a .,
o ".mqs but~nearing é'p rmal comfori scele with three 90° :ones marked 'too cold', » ‘
P ’co"’érgnge\éaru '{o0 h?t'. They ar'erasked to set the pointer “eveateq_y so‘tnat.lt s.lwayq

represgnts their uhermal!sersat'on dyring the expgsure.

The dial can be connected to
socxets at, eacq work station,

Up,to $ix dials can rresently be identified by mbe computer,
which “65‘5»8”? the pointier sett-ngs at regular intervals as a percentage of
using 2 {imp¥*é bridge c143u1t and'individual calibration equations for each
computer -15h s a Marnlng light in thé climate chamber if any dial is dis
a measurement seguence. b*al facia bearing the labelling in any of the 51x most Jus
lenguages of South Aerldh can quickly be fitted to each dial unit. S

» \ . . s
COMPUTER CONT. ROL OF CLIEAT“ CHAMBER ”VMPERATURE ~

/ ‘ .
Vo . -

. &
j o
in urder o be able to expose subjectd to 51mulated diurnal temperature changes 1n the :

climate chamoer, provision has been made for cpmputer control of the climate cbamb -

ternerature. Under steady-state operationy the contr®1 circults are completely andependent
f the computer ovever, a simple link may be established by switching in a motor—drlven

multluurn resistor in place of the normal set-point using the scanner £

elays. A‘seque ce of °
set-point values is entered to the computer memory for execution at set interv

qgl

;e .

-

—
v
seswres P I
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15,,paced W
the calendar clock. Adjustment at five minute intervals has h‘bn found satxsggcﬁory, and
) ' an arbitrary. témperature curve within the, capacify ofgthe plant can be achieved @;th full
- 0.1°C accuracy. .- R ¢y s . <. .
et v, .
. o 4 ¥
PHYSIOLOGICAL DATA®LOGGER . % 4
; & R
. . ECG gnd four ski& .temperatures can be acqulred from each.nf feﬁr subjects by‘telemetry
with a range of 500 m.-

This is prlmarlly intended for field studies, but, greatly‘s1mp11f1es
deta acquisition in the climate chamber by ensuring that the deta is continuouslygavallable
to the computer even when subjects are moving between work' statibns. Any one of fite ’

20 channels can be accessed by the computer, one at a time. Thérmistors with a sﬁandard _
calibration within ﬁﬁz/requ;red accur, ggcy of 0.2°C are‘used for skin temperature measurement
ECG is acqulred by ‘the computer as a“sequence of inter-beat intervals with millisecond
. acctiracy. The system is not yet fully operational. Sweat rate will be meaﬂ‘red a% a total
body weight change, using a mechanical beam balandk with an optlegf/scale and 5 gmxaccurhcy, .
* regdings vill be entered on mark-sense cards for computer compllatlon. L t
. BACK-UP' SYSTEMS B o . 2.,
¢ * o" fal . :
Y Key ¢hamber temperatures and humldltx ‘are recorded on a 0—50°C sampling phart recorder
with cold-junction compensation, completely independent of the computer system. Tl

is record = *
, alsoy provides § visible review. of* temperature trsfds over a perlod of about, an'hou:. Since,
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 duet temf)eratures and outside air temperature are §1§o “4nciuded, this Provides the operator |
with the information needed to run the plant correctly. The telemetry receiver can operate .
under manuyal contrgl, independemtly of the computer. Should these systems also fail, a = - * 4
hand-held electrical thermometer enables, direct measurements of dry and wet-bulb air |
+ temperature, room surface and skih temperatures to be made with an accuracy of 0.1°C. . . '
<) . .
PERFORMANCE' TESTING EQUIPMENT °

. » . .

) Performance tests are either scored manually, scored ’automatically, onto counters or |
registered on paper tape for off-line analysis by the computer. JIn the E‘ir,s,ttwf; ‘instance§,

> - the experimenter enters the score onto mark-sense cards pre-punched with session, subject, R

} time and t%;st identification. After each session the cerds are read by the computer and the

g scores autohatically con;pileyd with the physical and physiqQlogical data acquired by the )
computer diwring the relevant test.* The 1ink is made by the time reference, as physical and .

d physiological records are filed against time on the magnetic tape record. The following N
brigf notes summarize each test and give refergnces to their previous wse where appropriate.:
'Unless othérwise' stated, timing is performed manually using a stop-watch.
M g g

. COLD-SENSITIVE TASKS . COLD-SENSITIVE TASKS D

Ld

’

B

- 1. Tactual discrimination - 2 edges. A dew}elopment of the V-test introduged by
Mackwofth [2L], eliminating the possibility of subject bias, The subject. feelsfthe preseice
‘or absence, of a gap between” two edges h,‘ 3, 2or 1 m apart} using fthe pad of forefinger.
Tl'}e test iz semi-automated and scered on counters.

ﬂuuwng\-?

- .

- 2. Tactual discrimination - raised letters and numbers. The subject flels raised
5 letters or numbers on the surface of a drum and checks against a printed 1ligt containjing 9’
. discrepancies at random. The subjects' responses erz entered menually frof the list to the
computer .for scoring. This test appedrs not to hayve been used in the cold.
v .
v 3. Finger dexterity - rolling movement. The subject rolls a penciyl-sized shaft as
fast as pogsible between his fingers, against retardation at two levely of torque. ‘Rotgtions
" are regigtered on”a counter. This is a development of & test found by Hellstrgm [25] to be
very sensitive to qold. . .
b

. : -
. b, Finger dexterity - peg test. The subject picks-up three gmall pegs at once and *
inserts them one after the other in the same hold, using only one/hand. This test is * -
- mgnually scored. [t is describgd/as the O'Connor ‘peg test by Pafker and' Fleishmsn [26],
but not as a cold-sensitive test. ' . 4

ou
¥ * . 1] ~ -
A 5. Manual dexterity - block stringing. The subje\ct strings wooden blocks using a

blunt needle. The test i& described by Gaydos [27] and \has 1so*been using in the cold by
JLockhart [28]. « . N ) .

N - .

By - N
the same knot repeatedly in
e cold y\Gaydos [27]1, Gaydos and Dusek |

L)

N . lengths of string. The test has béen used in t

6. Manual dexterify - knot tying. The.s%)‘ject tiegl
. [29] end by Clark and cohen [30], among ‘others.

between holes in a steel plate. The test was use y Baddeley et. al. [31] to test the g

\
T., Simulated assembly task-screw plate. Th\%/zﬁbject ransfers small nuts and bolts
|
manual dexterity of divers underwater. A similar g\est was used by Kay [32] in «the cold.- -

- Vo e —— L e S e e W T

8. Similated ass:embly line task. The suly

ect'\ingerts 11 pegs into 3choles :"m each

1 ss, ! ~transverse bal of am intermittently advancing fssembly line. |The speed of the line can be
.~ ~aried, and the test™is scored onto L count s, using microswitches to detect the. number of
A bars passing with 0, 1, 2 or 3 pegs inserted. ° ‘Y . .
. ., I 4
. 9. Skill diagnosis - track tracin _The ’/subject track in a vertical plate -

til the whole track has

e total time in contact -
The task has been

he best predictor for a

. traces

with a hand-held\ probe. Once inserted,/it cannot be wi&hdrawn,,,
been traced. An\electronic counter retords the error s

+ with the plate or|the rear facia for/a preset number of irepeats.

., described By Fleishman {33) and by Parker and Fleishman [

L~ -} group of skiills ch ractetised by

{1 used in the . 285 ] / .
O ‘ ¢ 4 . ,
ERIC \ 19 S
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‘10

slowly inserts and withdraws®

Skill diagnosis steadiness precision. «he subﬁ?e”cht
a hand-held 0.5 m probe into & narrow. tube to touch‘a target at the end without touching the
- sides. The error score is recorded as for the trackftracing task, wag described by the same '
authorsjas a prédictor of a similar groUp ofs skills involving slow exact arm ement, and ,
.does no} appear to have been used in thermal experimepts. *
. . / 5
' 11, Skill diagnosis - fofary pursu¥t*_ Thefsubject~¢ries te maintain a hand-held probee
4 i on & st 1 target near the periphery of a rapidly rotating gramophone—type turn-table. Time
! on target is recorded on an electronic counter during five 20‘sec periods with 10 sec. rest .
* periodd between. The task was foun@ to be senSitive to heat and cold by Teichner and , .
Welrrkamp {10]. . . v T \\ . . .
h . R ey . .- . s . . ]

' to the subject to provide visual feed—bmik and encouragement.

»display,

. alcohol, etg.

’

v 12,

SRill d13gnos1s - motor judgment“ The subject controIs the speed of'a rotating

recorded on an elecfronic coynt

B Qre—set

f>01nter to avoid mov1ng obstaél%ng a’ é"j'oy—\, ick' control léver.

early version of ,this task is dpsc

] [A

atby Barker and. FLeishman {26].

.

automatically timed work period.

The errgr score is, vl

Anf

¥

13., Grip strength.

The subject exerts maximum force for a period of several seconds,

using both hand snd finger grips. Perfo ance is recorded on a paper chart, clegrly .visible

The .dynamometer uses & striin *
gauge assembly developed by NMERI to compensate for the mechan1ca1 advantage obtained by -

applying thie Torce at different points on the handle. -' ,

1k, Integrated task s1mulat10n - 5.choice serial reaction .The subject holds a metal ’
probe and touches five small kargets in $ continuous ranfiom sequence given by a 5—1amp -~ .
Errors and serial reaction times are recorded. This task is described by Poulton ‘ N
{34] and hag been used extens1ve1y to ‘measure the effects of heat, noike, loss of sléep,
upon perseterance and concentration. Two ‘further a5pects have been added, to .
measureg aiming and v1g11ance respectively; responses initially m1ss1ng.@he target are .
.recorded, and the subjeet must3press a hand-held button to report brief, barely visible

delays introduced at random to +the display change

- Data relevant to each response are

tecofded on a paper-tape pupch.

The test. s1mulates the sk111s us1ng in typical. work-bench

', tasks. .

*
0

b

\ Heat-sensitjive tasks
¥

B

v

o

.

. combination of the clock test used b

\
\ ¢
(Tasks h 7, 8, 12 and 1h w111 also be used in the hest stress seriesu)

- 1S5, Integrated task simulation - v1gi1ance The'subject monitors a ceytral display .
cons1st1ng of a rotating pointer on a dial, tand a peripheral display cons: isting of an array
of-lights—distribubted -from-ope—ex to the other of his visuel Tield.  This is a __
Mackworth. 35] and the vigilance aspeck of the task )
und marked effects due to heat stress. 'Data relevant
The test simulates the work
_It is not yet operationa1{

used by Bursill' {17]. Both authors
to each response or signal are recor ed’on a papﬁr—tape punch.
of, monitoring 1arge 1nstrument panel for process| control.
’ 16. Simulated inspection\task \card sorting. The subject ipspects a matrix of |

numbers printed on each card, r%jectgig those whefe any two of the rumbers are the same.
A papér and pencil version of the tes$ was found to be sensitive to moderate heat stress
by Holmberg and Wyon {36]. In-the présent versio
counters’ us1ng magnetic labels on the {target cards.

the test is automatically scored onto

)
> - 4

’ lT Simuléted checking* task -.card sS;ting The subject compares two T-digit numbers
,on opposite sides of each card, rejecting those where the two numbers differ _The task is
“scored as above. - | T T e

I

18. Memogx Task Subjects memoritze a list of common words and must recognize them in
a larger list.containing other words as{well. - “
§

-

N\
19.  Simulated spot-weldin g . The subject manipilates a heavy but counter—balance% .
welding caliper to close on.five targets in a random sequence given by & S-lamp displdy.

Scoring is automatic onto electronic counters.

The test measures perseverance in realistic

-,

¥

*

i

Q

LRIC

¢
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» hea recision task.
>y g&m o

It is not’ yet ope ational.

N
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RESEARCH PROGRAM

° '
o

The experiments described above
Mary Levis ‘and Dr. G. Meese. The res
4§ sclentific journals.. During 1976 ghe

ill be carried out_during 1977 and 1978 by R. Kok,
ts will be published in NBRI reports and in wppropriate
) ; obile climate laboratory hasabeen commissioned, and

the ‘performance tests have been_validated in ‘extensive pilot studies as they becam
f; operational. A prelimiﬁa;y study of heat and noise interaction is currently being?complqyedé
using ého-subjects. It is intended to examinegbhe changes in hand skin temperature occurring
ih~rqsponse to various diurnal temperature changes, using the computer control of the clima

.\ chamber temperature described above. On & long-term basis,.the c¢limate laboratory is seen as

& valuable resowrce for examining human ‘r ponge to the indoor enVironment expected to occir

in proposed buildings of alternative desigmhs. . . : T
. — 5 ' . S 5 . 4 E
. . . RELEVANCE TO\ENERGY CONSERVATION M " .

¢
-

* The Pretoria unit was established.to prévide valid and quantitatdive data on the effects
! of alternative factor'building designs upon p&oductivity. The information requirement for
“engrgy conservation is*the same - the ‘effects  of alternmative .energy conservation strategies
, must be quantified in experiments that are sufficiently vdlid d realistic to be accepted as
& basis for “important investment policy decisionss ¥No new{gf{iﬁiples Or. extreme levels of
R stress are involved. , Known principles derived from labora ory studies must be applied to
the ‘moderate stress region. Field studies are desirable, but would inevitably take much
longer to perform. If possible, hcéident, loss tontrol and pro§uctivit§ studies. should
proceed in parallel with simulation studiés of the Pretoria type. . - :

[ . . .
. . . . ~
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. “SUMMARY ym CLOSING" REMARKS .« i
e “'F, E. McNall’ , .
r R Building Environmeft Division ’
N National Bureau of Standards ’ ’ . :
< . , Waghington, D.C. 2023k . .
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In these few remarks I shall attempt to swmarize the e..ppe.rent n'eeds for further re-

-

segrch qn human response to the thermal environment which have been suggested by this

a

symposium. In addition, comments will e made concerning the priorfties of future research.

Thog‘g of high energy savings potentigl will be suggested as high priogity items and will be
. tredted in that order. ' .

3 R L4 * . \

L3

1. Time-tempdrature relations of excursions outside the presently actepted comfort
1imits. The use of building mass as & 'thermal:flywheel" can save considerable
energy, as well'as shift energy use periods. .The effects on comfort and per-

formance need quantification as conditions deviate beyond "comfort" limits, and-
then are restored at somd later time.. - _

-
’ a

A £

-2, Clothing research. The immediate need is to identify and specify proper available e
clothi ensembles as functions of performance and comfort and to educate the
public a to their availability. More long-range objectives would be to provide
a technicel base for thermel "labeling" -of clothing articles for the public, as

R ’ well as research into practical methods of ad ust‘iné the clo values of ’_en'sembles
when worn in various.enviromments, i.e.,‘openidg and closing vent flaps. A study
3f the life cycle cost of utilizing clothing would slso be appropnigte. Is it K

. more economicdal of sapital and: energy to wear more clothing and Savéd heating ‘-
energy? An additional:area of study would involve examining finger dexterity - -

limits. Lowering temperatures and adding clothing might not be acceptable beyond
a certain point becawusé of thig factor. . 1

,. 3. Spot heating and coolinghlimits: The use of localized heating and‘cooling' in . »i
building environmeats, particularly for industrial applications, has potential for

' le.rge_'sgsvj;ngs in energy. The acceptability of such envirémments for comfort and
performance should ‘be examined. S

A\l v

s . . 4
4! . Heated and cooled.furniture. Comfort and performance 1limits when using heated or
-;,‘\ * cooled chairs should be determined. Enei'sy'woul_.d be saved for example by using
heated furniture and maintaining—the surroundings ZE% lower than usual tempera-
\ '  ture. Increased activity when the person would leave the ‘heated chair to move, !
around might- offset the additional.cooling. Many interésting possibilities for
\‘ \ . this concept exists. - .

]
I3

air temperature appears to e the most practical of the four envirommental veri-
ables to control; however the donfiitions under ,which it is more energy efficient
to eontrol mean radiant.temperature, air velocity, or humidity and still maintain
the same degree of "comfort™ should be identified. '

.~ » M
\ 5. Energy efficiency of controlling the thermal variables independently. At present,

4
\
4 .
-
s’

: . 6. Cold sleep conditions. Research is needed to establish limits of acceptable + —

! - sleepwaré and.bedcovering for comfo'r.t and health consistent with lower tempera-
| tures for night-time énergy sdvings. . oL ’

» ’

- 7. Instrumentation. A Jhéap and simple comfort instrument still remains as & need.
* \ -~ . - ..

| All of the above research.areas need special attention for children, the aged, and
'the inflmmed for -obvious reasons. - .

?
b~ - . . .
s It does appeear that the several huian comfort mathematical modéls now being employed
are accurate dnough to be practically employed in many of the research areas. Better ‘
Lt . - . 190 S ) i oy
4 ' . 202 S
* ' ‘ . *s ‘. . . »
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high priority needs.

pet se do not seem to be

- . The specialized use of

color, design, sound
tential for energy saving,

» and music do not seem to have great

.po- N
with one 1nteresting-lgng-range exception., Can the visual and R
© ot acoustical environment be designed so that people can Live ami work comfortebly in smaller
» spaces? ‘The resulting energy savings would then be great. .
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These are, the broceedings of a symposium sponsored by the National Bureau of Standards
and held in Gaithersburg, Maryland on February ll; 1977. The-symposium was held for
the purpose of exploring new aspects of indoor thermal environments,‘caused primarily
by the impact of energy conservation in new and existing buildings. Included in these
proceedings are eleven formal papers which were'presented by. leading regsearchers in tbe
field of thermal comfort and heat stress. The contribted paper's were from Demmerk, -%
Sweden, and” several research institutions within the United States.including the "k
+ John B. Pierce Foundation at Yale.University, Kansas State University, and Pennsylvanig
State University. Information was presented-on a variety of !approappes *to determining
human response to thermal environments. These included laboratory studies in environ-
mental chambers utilizing instrumented mman subjects, field studies imyolving, surveys
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and questionnaires, mathematical modelling of humans, an analysis of some types of
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relationships between , cductivity and the thermal envirohment. .
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JOURNAL OF RESEARCH reports National Bureay
of Standards research and developntent in physics,
mathematics, and chemistry. It is published in two
sections, available séparately: T
* Physics and Chemistry (Section A) ~ gf' .
Papers of- interest primarily to scier* \.\ orking in
these felds. This section covers a br & ge of pbysi-
cal «and 'chemical research, wit* \,"9' »r emphasis on
standards qf physical measu~ - 3, fundamental con-
stants, and propegties of m-- ™' ssued six times a.year.
Annual subscription: D- '\0‘)..‘, $17.00; Foreign, $21.25.

* @ Mathematical Sci- 9 Section B)
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Studies and comr’_¢® us designed mainly for the math-
ematiciah and .o(\’ctical phydicist. Topics 1n mathemat-
ical statist .\db“..eory of ekperiment design, numerical
analysi~ % retical physics.and chemistry, logical de-
sign & srogramming of computers and computer sys-
‘o‘o"?nort,numerical tables. Issued guarterly. Annual
\pt scription: Domestie, $9.00; Foreign, $11.25.
DIMENSIONS/NBS (formerly Technical News, Bulle-
tin)—This monthly magazine is published to inform
scieptists, engineers, businessmen,’ industry, teachers,
studentsy and consumers of,’the latest advances in
science and technology, with primary emphasiston_the
work at NBS. The magazine highlights and reviews
such issues as energy research, fire protection, building
technology, metric conversion, pollution abatement;
health and safety, and conspmer product performance.
In addition, it reports the.results of Bureau programs

in measurement standards and techniques, propertiesof.

matter and materials, engineering standards and serv-
ices/, ins‘tr}megtati@, and_automatié da‘t»a/processmg.
Annual subscription: Domestic, $12.50; Foreign, $15.65.
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NONPERIOGICALS |

Monographs—Malor contributions to the technical liter-
ature on-various subjects related to the Bureau’s scien.

" tific and technical activitiés..

~

Handbooks—Recommended codes of engineering and
industria]l practice (including saféty codes) developed
in cooperation with interested industries, professional
organizations, and regulatory bodies.

Special Publications—Include proceedings of conferences
sponsored by NBS, NBS annual reports, and other
special publications ®ppropriate to this grouping such
as wgll charts, pocket cards, and bibliographies. P

Applied Mathematics Series—Mathematical tables, man-
uals, and studies of special interest to physicists, engi-,

nee;s,—\chemists. biologists, mathematicians, com-

puter programmers, and others engaged'in scientific '

“and technical work. )

National Standard Reference Data Series—Provides
quantitative data’on the physical. and chemical proper-
ties of materials, compiled from the world’s literature
and critically évaluated: Developed under a”world-wide

program coordinated by NBS. Program under authority .

of Natjonal Standard Data Act (Public Law 90-396).
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“The following* currentiawareness and litera‘tute-survey
bibliographies are issued periodically by the Buteau:

..' Cryogenic Data Center Current Awareness Service. A

- litérature survey issued biweekly: Annual subscza'p-
O : Domestic, $25.00 ; Foreign, $30.00".

Annal * subseription:” $20.00.
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» NOTE: At pregent the principal publication outlat for

these dhta is the. Journal of Physical and Chemical
Reference Data (JPCRD) publishqficquarterly for NBS
by the Americhn Chemjical Society (ACS) and the Amer-
ican Institute of Physics (A{P). Subscriptions, reprints,
and supplements available from ACS, 1155 Sixteenth
St. N.W., Wash. D. C. 20056. :

Building Science Series—Disseminate; technical infor-
mativn developed at the Bureau on building materials,
components, systems, and whole structures. The series *
prgsents research results, test methods, and perform-
arde criteria related to the structural and anvironmental
functions and the' durability "and safety chapacteristics °
of building elements and systems.

Technical Notes—Studies or reports which are complete
in themselves but restrictive in their treatment of a

, subject. Analogous to monographs but not so compre- °

‘hensive 1n'scope or definitive in treagment of the sub-
Ject area. Often serve as a_vehicle for final Peports' of
work performed at NBS under the sponsorship of-other

‘government agencies. - i Ca e
Voluntary Product Standards—Developed under proce-
dures published by the Department of Commerce in Bart
10, Title 15, of the Code of Federal Regulations. The
'purpose of the standards is to establish nationally rec-
ognized requirements for products, ap_(f to provide all

“ concerned  interests with a basjs for gommon  under-

‘

BIBLIOGRAPHIC SWBSCRIPTION SERVICES

standing bt the characteristics of the products. NBS -
administers this program as a supplement to the activi-
ties of the private sector standardizing org#nizations.
Consumer Informatioh Series—Practical information, .
based on NBS reSearch and Q<perience, covering areas
of interest to the cgnsumbr Easily uhderstandable lang-
uage and illustratiéns provide useful background knowl-

. edge for shopping in foday’s technologicgl marketplace,

Order 'above NBS publications from: Superintendent
.of Dociunents, Government Printing Office, Washington,
~D.C. 20502. oo .

Order following*NBS publications—NBSIB's and FIPS
from the National Technical Information Services,

Springfield, Va. 22161. - .

Federal" Information Processing Standards Publications

(FIPS PUBS)—Publicatjons jh® this séries collectively

tonstitute the Federal Information Processing Starf@.

ards Register. Register serves as the official source of
.information in the Federgl Government regarding stand-
ards’ 1ssued by NBS pursuant to the Fedetal Property
and Administrative Services Act of 1949 as amended, -

Public Law 83306 (79 Stat. 1137), and as jmplemented

by Egecutive Order 11717 (38 FR 12315, dated May 11,

1973) and, Part 6 of Title 15 CFR {Code of Federal
Regulations). ! ol Y

NBS Interagency Reports (NBSIR)—A special series of
‘interim or final reports on work performed by NBS for

outside sponsors (botlgovernment gnd non-govern-

ment). In general, initial distribution i3 handled-by the
sponsor, public distributiod is by the National Techni-
cal Information Services (Springfield, Va. 22161) in
paper copy or microfiche form.
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Superconductifig Devices and Materials. A literature

" survey issued quarterly. Annual subscription: $30.00 .

Send subscriptiofi orders and remittances for the pre-
ceding bibliographie gervices to National Bureau ¢f

Colorado 80302, ) ..

. . o
E lCigd Ndtural Gas. A literatyre survey issped qu2-.0 5Standarda, Cryogenic Data ‘Center (275.0?) Boulder,
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