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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
. - & - ~ . ' . -
T . £ . . . [ ' .
3 b . - * ‘ ! ;\ N
§ R Y
- 4 EoE . N ":‘
P JEN - . :
- . % 3 - .
e N . * . - a . ¢
.-, .
. . - 7 , -~ s - P
.
/ i ~ 1 - . , . . \,
. a\
’ ) o :' . - ( . . - ’
. L - . - . .
T . - ]
} o 1 -, N .
’ .' < . ’ .

-~ Q . ‘ . . O - ‘a».‘ . .,
) g L . o

v o




i
}%’" /
3 .

*»

.

-

Aruitoxt provided by Eic:

R D

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




[

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. ..
» - ’%
-3 N \ - ’
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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. )
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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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Wem™2; and, Caive VI, treny for typ MR 146.5 Wem-2, -
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