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FORCWORD

Lot

On 23 October, 1962, the Chief, Resesrch Branch, Division of Health
Mobilization, Office of the Surgeon General, requested the Division of
Occupational Heslth to conduct s study on the effects of extremes of tho
environment on cthelter occupancs, desired by the Diractor of Research,
Office of Civi: Defense.

On S Noverber, 1962, the suthors mat with the Director of Research and
several of his sssistent: in Washington, and presented #n outline of the
study they were prepared to undertake under three headings:

Scope of Study

State physinlogical and clinical effects of environmente: factors
in qurantitative terms, and the relative contributions of each, in a
form which will guide planners as to the significance of various
combinations.

Wili ne? try to estimate shat conditions mey occur or cosment on
methods of ameliorating cenditions, unloss there is an overriding
physiological or clinical aspect.

Set2 of Variables to be Considered

]
.-

Boanvrl o movon mcn b s LI B P
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aspects). sir mevement, redisnt heat, clothing, approxi-ation
of persons,

thman factors: ectivity, sge, scclimat!zation, functional im-
peirment, diseaze, hydration, diet. normal variation.

Significant effects: comfort, sensations of distre.s, func-
tiona! failures, physiological crises, exacerbetion of existing
disease, infectious disease, water renuiremente, clothing re-
quirements,



Approach

A. Eotablish onee of efiect for stendard person on a psychro-
metric chare.

B. Establish quantirative adjustments to be made for departure
from standard peraon.

C. Esteblish quantitative adjustments to be made for variations in
environment other than temperature and humidity.

L. Prepare tables of significent effects for esch zone.

These proposals were discussed in some detasi! and accepted ss th: basis
for contract negotiation. The formal contract was signed on 21 March,
1963.

The contrasct was further smended on 7 June, 1963, to provide for the
supply of 500 copies of the final report and an annotated bibliography.

In June, 1663, the authors presented an outline of the report beiny
developed, at s seminar on 'Physiological Aspects of an Austare Environ-

ment”, conducted by the Research Directorate of the Office of Civil
Defense,

This document constitutes the final report under the contract. Th-
annotated bibliooranky wii! ha arasantad coms-otcly

e whpiMiwWLwsYye
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EVALUATION OF THERMAL FNVIRONMENT IN SHELTERS

SURBMARY

Various schemes which nave been advanced for expresaing the significance
of a given set of environmentsl conditions es & single number, or as =
semj-quantitative simple phrase, are reviewed, including the katather-
mometer, wet bulb-globe thermometer, effective temperature, operative
tempernture. EP index, P4SR index, heet stress index, snd paychrometric
plots.

An index of retative stratn s developed, similar to that used by
Belding and Hotch i1~ their heat stress index, but based on Burton's wet
clathes formula for the calculation of actusl and relative cooling
demands. A chart is developed in whi.-h relative strain lines are drawn
on a psychrometric chart for standard conditions of activity, clothing.
sir movement, and radiant heat transfer most likely to be found in
shelters. A table is provided fer adjusting the reading on the chart
for certain ron-standard conditions of activity and sir movement.

The significance of rach zone for s standard "average" person is ex-
pressed in graphic form for asuch considerntions as comfort, discomfort,
gistress, tailure, pertormance, and tolerance. Mirther charts indicate
the significance of each zane for such non-standard states as cardio-
pulmonary disease, metabolic disturbances, gastrointestinal upsets,
psychological abnormalities, dermatological complaints, infancy, middle
age, old age, scclimatizetion, limited water supply, and obesity.

The report seeks to pressnt the best judgment of the suthors on the
evidence availebls at this time. As knowledge of thermal physiology and
the effects of clinica! dizorders upon heat responses is extended, im-
provements will undoubtedly become possible; but for the preaent it is
believed that the estimates presented here will permit optimum manage-
ment of the shelter situndion.



SHELTER ENVIRONMENTS

BACKGROUND

Over the sixty years since Haldane reported on the Jornish tin miners
(1) there have been numerous attempts to devise a syatem whereby the
significance of a given set of environmental conditions could be ex-
pressed as a single number, or at leasta semi-quantitative simple phrase,
Efforts have centered around the thermal aspects of the environment
beoouse it was Lelieved thet the well-known physical laws governing heat
exchange would permit a relatively simple and reliable formulation to be
established. It still seems reasonable to concentrate on the thermal
aspects, but it is clear that a formulation camnot be simple and accurate
at the same time, and that a workable scheme must necessarily be rome-
thing of a compromise.

VARIABLES INVOLVED

Three sets of variables are involved in assessments of significance:
1. Envirornmental conditions:

temperature, humidity, air movement, noise, clothing, contiguity, ‘
radiant heat.

2. Human factors:
activity, age, acclimatization, functional efficiency or impair.
ment, divease, hydration, nutrition, individual variability
within any one of these sub-classes.

Significant effects:

Sd

comfort - discomfort, sensations of distress, functional fail-
ures, physiological crises, pathe'ogical developments, exacer-
bation of pre-existing disturbances, infections, water needs,
clothing needs,

Clearly i* would be impossible, or at leest impracticable, to set up a
scheme giving full expression to »ll of these variables - even if the
necessary quantitative data were available. Some selection must be made,
and some condensation e)fected in the presentation of data if the re-
sults are (o be comprrhensible.



SHELTER ENVIRONMENTS

CHARACTERISTICS OF A PRENICTIVE SCHEME

In making a selection of variables to be included, and in judging the
sdecuacy of any particular method, the requirements of an ideal predic-

tive scheme should bo borne in mind. These have been set out elsewhere
(2) as follows:

A. Pemmits read-in of data on the primary stress fsctor. lnvolves:

(1)

(2)

(3)

Establishment of true stress factor or constant accompeni-
ment

Recognition of variability in nature and effectiveness of
factor

Development of accurate measurement of factor and equiva-
lences of varisnts

B. Permnits read-in of modifying effect of other envirommental con-
ditions. Invoives:

(1) Pecognition of fsctors having modifying :ffects, and quan-
titative relationship

(2) Measurement of incidence of modifying factors

{(3) Esatablishment of any interaction betweenmodifying factors.

C. Permits read-cut of predicted effects on standard individual,

Involves:

(‘" Recognition of impurtant effects

(2) Esteblishment of quantitstive relationship between effect
and prim: - stress

(3) Measurement of effects

(4) Determination of biological (or social) significance of

effects, if possible us single integrated value.



SHELTAR ENVIRUNMENTS

D.

Permits adjustment of prediction to non-standurd individuals.

Involves,

(1) Eatablishment of characteristics which atfect resonses
(2) Measurement of characteristics

(3) Deteruination of quantitative effects of thesecharacteria.

tics upon responses,

Indicates limitas of confidence. Involves:

)
(2)
(3
4)
(5)
(6)

Errors in measurement of primary and modifying factors
Sampling errors in time and place

Uncertaintics in quantitative relationship

Errors in measurement of respoase

Individual variability

Uncertainty in integration of different responses to give
inclusive measure of strain.

Is applicable to various time-distribuvions of exposure,.

Involves:

(1) Response development on commencement of exposure

{2) Response decay on cessation of exposure

(3) Sets developing as result of exposure or absence of ex-
posure

(4) Application of cyclical, intermittent or graduated ex-

posure,



SNELTER ENVINONMENTS

EXAMPLIS OF PAST PREDICTIVE SCHEMES

i

Attemy.!s to provide predictive schemes fall roughly into three groups:

(1) Instrumental methods sought a devicewhich would respond to the
major envirommental veariebles conjointly and in a fashion com-
parable to man’s.

(2) Physiological methods, at the other extreme, set up charts or
tables bas?d on measured ..man reiponses, from which a given
combination of environmenta] conditions could be evalusted.

(3} More sttention has heen given recently to formulation methods,
which seek to base evaluation on the difficulty of maintain.
ing a thermal balance in a given environment.

Some of the better krown exasples follow,

Katathermometer

In its earlliest end simplest form (3) it no an alcohol thermometer,
with & bulb measuring 1.5 x .75 in. and two marks engraved m.a
correrponding respectively to 100 and 9S°F. The time taken for it tu
cool between these two merks, after it had been heated to a higher ter-
perature, was measured. From this time, end the smount of heat lost frim
the katathermometer in coollng Sthc "flctor" m;nnd on the stem), m.
"essling oz Sf 5t all was Qetenmined,  Wien iLiw aeie was used Jdry,
the cooling power indicated the combined effect of air temperature,
radiant heat, and sir movement; when the bulb was wrlmd with a wot

sock, the cooling power included the effect of h.nldity ‘well,

Because tha shape, dimensions, and thermal propcruu of the luu
differed markedly from thosse of the human body, it fell into disvie., A
silvered version in three ranges (100-98; 130:128; 130+148°F) hlf.! fro-
quently been used to messure turbulent air movenents. (4).

Wet Bulb-Globe Thermometer

Minard and co-workers (5) developed a simple index of combined effects
of temperature, humidity, rediant heat, and air movement, which iv ob-
tained ty combining dry bulb temperature (DBT), wet bulb timpera: ire
WBT). and conventional dry globe thermometer tnponturo (/BT in the
ollowing fashion:

For indoor use: W9GT = .7 (WBT) + .3 (GBY)
For outdoor use:  WBGT = .7 (WBT) + .2 (GBT) + .1 (DBT)

moy e e AR s ey e o] R O S e, i . 1 b b i



SHELTER INVIBONMENTS

A comprehcntive tabie of evalustions seems not to have been published,
but the follawing pructice has been reported for U. 3. Marine Corpa
training centers:

WGT B2 to 84.9 Green flug. Alert f‘or posszible curtailment of
drill.

HBOT 95 to 87.9 VYellow flag. Active drill curtailed for new
{lean Lhan four weeks) recrusts.

FBGY 98 to B0.9 Red flag. Active drill stopped for all re-
cruits, except thase in last quarter
of 12 weeks training may continue
routine training.

WBGT S0 and over All training ntopped.

Se have found the globe thiermmmeter to give unrelisble readings in pusty
wind, or in the ricinity of hct surfaces of limited extent, so that we
would not expect the WHBCT to be very sccurate in many industrial situa-
tions. The significence of a given value for WAGT needs to be considered
in terms of the activity of the perzon exposerd, hix clothing, degree of
acclimatization, »te.

Effective Temperature

The esrliest and most widely known schase for indicating the thermal
ssguiilcmce of environments based upon physiological reactions, is the
"Effective Temperature" scheme, developed by a research team in the
American Society of keating snd Ventilating Engineers.(6) Test subjects
were exposed serially to atmespheres with different temperstures, humid-
ities, and air movements, and asked to rute their compmrative sensations
of warmth or coolnest. From a largy mmber of records twe nomograms were
drawn up indicating the cembinations which preduced comparable sensa-
tivns: (a) on normally clothed persons, and (b) on persons stripped to
the wnist. The latter is seldoa used. For simplicity of understrnding
the significance of any combinntioh is expressed as the tomperature of a
still, saturated atmosphere vhich would praduce tie same effect. For
example, normally clothed persona exposed te s dry bulb tempersture of
76YF, « sct bulb temperature at 62°F, and en nir movement of 100 ft/min,
on the average expressed the same sensations as when they were exposed
to "still" air (actually on air velocity of 25 ft/min) with both dry and
wet buib tewperatures at SUOF. The "offactive tamperature” of tne former
atmosphere is, therefore, smid to be 68°F. From the appropriate nomo-
gram, (Fig. 1), the "effactive temnerature” of any combination of dry

bulb temperature, wet bulb lemperature, and air movement can be doter-
mined.



Figurc 1. NOMIGRAM FOR DETERMINING CORRECTED FFFECTIVE TEMPERATURE FOR
CLOTHED PERSONS. From Bedford (4).
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SHELTER ENVIRONVEMS

ihis, ltke any other scheme, has certain limitations. Most of these were

clearly recognized by the authors, but have not always bee- observed by
ugers or (ritics,

(H

.
L)
e

(4)

(5)
(6)

(7

The basic observations were made on a specific group of sub-
jects -- healthy, young, white men snd women living under the
current American conditions of c¢limate, housing, clothing, e.c.
The results are rot necessarily representative of other groups,
and shoutld not he applisd with abandon to inhabitants of
Enplandt, 1nt nione to Bakimox or African pigmies.

The observations relate only to sedentary conditions, although
some later modifications were drawn up to make the scheme
applicable to greater ectivities. (7)

The scheme applies only tc persons clad as described. Heavy
clothing could be expected to reduce the effect of air move-
ment still further,

The original scheme applies only to situations in which the
mean biack body temperature of the surrcundings is substantial-
ly the same as the air temperature. It has been shown by
Bedford (4), hoxever, that the scheme can continue to be used
vhere the temperatures oi Lhie surrounding surfaces differ from
air temperature, provided that they are fairly uniform, if the
globe thermometer temperature is substituted for the air tem-
perature,

It does not apply at air movements belov 2§ ft/min,

ft is not realiable at the upper end of the scale -. E.T. above
90°F -- since sensations of heat cease to be very good guides
under conditions as hot as this.

The scheme in its oriyinal form gives too much weight to
changes in humidity st the lower end of the scale, The lines
have recencly been revised (8), but the entire nomogram has not
yet been redrawn, The nomogrem and the revisions are given as
separate figures (Figs. 1 and 2).

The effective temperature scheme was besed upon sensations of warmth and
coolness, but there was superimposed upon it later a scale to indicate
the proportion of the test population that could be expected to be com-
fortable at vurious effective temperatures. Some indication of th> vary.
etion in prefercnces of difierent populations is given in Fig., 3. The
scheme provides no scale for cvaluating the physiological significance
of «tresara above or below the comfort rone,
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Operative Temperature

Forkers at the Pierce Laboratory of Hygiene (12) early enterad the field
of forxulstion with the "operative temperature," which expressed the
combined effect of air temperature, wall temperature snd air movement se

the temperature of still air (and walls) which would permit the same
rate of heat loss,

I\
e

where K iy ratio of radiation ‘o convection constants

Kt 1

‘o TVRTIexX

ty 13 standard operative temperature

t, is mean black-body tesmperature of walls
ty is sir temperature

V is rate of air movement

V, is standard air movement (15 ft/min)

t, is temperature of skin

The proponenty of thix schema ""“‘""t‘,‘!:’ amitsad any :xpr&;;;on ol
humidity from the equation on the grounds that: (a) humidity is not a
factor in heat loss under cold conditions; (b) that if the mmidity is
changed under hot conditions, the imevaporated sweat passively increascs
the extent of the water film on the skin and does not put an extrs burden
on the body. In spite of this defenss, the omission of tlumidity was felt
to be a weakness, and the schems was never widely adopted. '

EP Index

Robinson and co-work:rs (13) devised an index of environmental signifi-
cance based on the combined response of rectal tempersture, pulse rate,
skin temperature, snd sweat rate. The concept of relative strain, that
is the devistion from normal as compared with the maximm deviation that
the body can tolerate without bresking down, was used here for the first
time, although not clearly tabelled as such. The relative strains for
puisc rate, skin Lemprrature, rectel temperaturs, and sweat loss were
established for a variety of conditions, and the results expressed on
dry bulb v wet bulb temperature grids (Fig. 4). Unfortunately, this
acheme, in common with moat physiological methndz of prediction, doesnot
furnish any hasis for evtrapolation to sets of conditions other than
those used in the originsl experimente,

e ot B R Lo B, WA T SRR AL Sl R ey e



Figure 2.

EFFECTIVE TEMPERATURE LINES REMORTED BY DIFFERENT INVESTIGATORS

Thin continuous lines--original ET lines (11); thick contin-
uous lines--Koch, Jennings and Humphreyz (8); dash lines--
Yaglou’'s lines of mean skin temperature (9); desh-dot lines--
Tennings ard Given: thermal sensation linsa 010y, A1l af the

newer lines show considerably less slope with humidity than

the original ET lines.
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Figure 4,

EP INDFX CF PHYSIOLOGICAL EFFECT CF ENVINONMENTAL OONDITIONS.

From Robinson et al (13).

Upper left: clothed men walking at 5.6 km/hr up 2.5% grade;
upper right: men in shorts doing same work; middle left:
clothed men walking 2t 4.5 bu/hr on level; middle right: men

in shorts doing same work; lower: men in shorts sitting at
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P4SR Iodex

s Ul 5 . etk

McArale and co-workers (14) developed a nomogram whereby the signifi -
cance of different atmoupheric conditions is expressed in terms of the
sxeat losr they induce. With a later modification (18) it was made
applicable to various combinations of clothing and levels of activity
(Fiy. 5.) For conditions which are hot enough to induce moderate sweat -

ine. but not sulficiently severns tn nuartew the ewesting capability, the

b A AVPy Garo

index works fairly well. Care ia necesszary, however, in applying it to
prople who diff .r markedly in training or acclimatization from those
nsed by the suthors.

Heat Stress Index (HSI)

Belding and Hatch (16) explicitly iackled the concepts of stress and
strain. On the former, they reported: "Heat stress is considered to
exiat vhenever, despit> vasomotor adjustment, metabolic heat production
exceeds the combined losses by radiation and convection." Steain they
regarded as the probable consequence cf exposure to stress, and by a
sequence of reasoning that is not quite clear, hit upon expressing
strain as the ratio between: (a) the rate st which evaporative cooling
is needed to balance the satrasx, and (b) the maximum rate at which
evaporative cooling can be muintained in that particular environment.

~. . _ Evaporstive cooling required
OLEHEAN " " N
Maximm evaporative cooling possible

Az will be seen later, this ratio would be better termed "relative
strain’”.

e il
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For quantitative expressions the authors had recourse to data obtained
on military subjects by Nelson et al. (17), with the following result:

M v 220t - 955 + 2 J¥(r, - 95)
Strain =

10.3 VO-4 (32 - p,)

wzhere M is metabolic rate in BTU/br
t, is temperature of walls “F
t, is temperature of air OF
Y is rate of air movement in ft/min

n, is vapor pressure of air in mm hg
(obtainable from dry and wet bulb
temperatures)

As the vapor pressure of the air decreases or as the rate of air move-
ment iucreases, the value of the denominator will increase. The authors

placed a constreint upon this value of 2400 BTU/hr, on the grounds that
the body cannot maintnin a rate Af ssaating which =181 ==rpit greates
cooling than this,

A chart was provided for determining the HSI value for a given set of

conditions (Fig. 6), and a table (Tuble 1) for deternining the signifi-
conce of the value obtained.

P |



Figure §,

NOMOGRAM FOR THE PREDICTION OF "HE. 4-BOUR SWEAT LOSS OF FIT,
ACCLINATIZED YOUNG MEN, SITTING IN SHORTS (14).

Locate point of intersection of wet bulb temperature and air
velocity lines at right side of disgram. Join this to the
globe or dry bulb temperature reading on the left side of the
diagrem. The point at which this transverse line cuts the air

velocity line in the center of the dingramindicates the basic

4-hour sweat rate. The nAamaaram mess ha nead fas

Lt-=re o

of work by «dding to the wot bulb temperature resding the
amount indicated by the small chart at top left. (The sppro-
priate figure for the metabolic rate can be obtained by

reference to tha table on p. 71 of the text).



THE NOMOGRAM FOR THE PREDICTION OF
4-HOUR SWEAT RATE (P4SR)
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Figure 6.

m;ﬂu

FLOW CHARTS FOR DETERMINING HEAT STRXZSS INDEX (16).

Example: Globe temperaturs 110°F, dry bulb temperature 90°F,
wet bulb temperature 75°F, air speed 100 ft/min, metabolism
600 BTU/hr. For solution follow broken lines. HSBI = 90.
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Table 1 - Evaluation of Values in Belding and Hatch H.S.1.

s pranma PR R ——

Index of Phys iological and Hygienic Implications of 8-hr
Heat Stress Exposures to Various Heat Stresses
-20 Nild cold strain. This condition frequently exiats in arens
-10 where men recover from exposure to hest.

0 No thermal strain.
+10 Mild to moderate hest xtrain. Where a iob involves higher
20 intellectual functions, dexterity. cr alertness, scubtle to
30 substantial decrements in performance may be expected. In

perrormance of heavy physical work, little decrement ex-
pected unless ability of individuals to perform such work
under no thermal atress is marginal,

.Severe heat strain, involving a threat to health uniess men
are physiceclly fit, Brenk-in period required for men not

40 previously acclimatized. Some decrement in performance of
50 physical work is to e expected. Medical selection of per-
60 sonnel desirable because these conditions are unsuitable

for those with cardiovascular or respiratory impairment or
with chronic dermatitis. lhese working conditions are aiso
unsuitable for activities requiring sustained mental effort.

Very severe heat strain. Only s small percentage of the
population may Lo expected to qualify for this work. Per-
sonnel should be selected (a) by medical examination, and
(b) by trial on the job (after acclimatization.) Special

70 measures are needed to asiure adequate water and salt in-
BO take. Amelioration of working conditions by any feasible
90 means is highly desirable, and may be expected to decrease

the health hazard while increasing efficiency on the job.
Slight "indispositior" which in most jobs would be insuffi-
cient to affect performance may render workers unfit for
this exposure.

100 The maximum strain tolrrated daily by fit, acclimatized
YOUNg men.
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Thie scheme was a distintt advance on previous proposals in expressing
the unmeasurable strain as a dimensionless ratio betwaen definahla quan-
tities, It is unsatisfactory in that it does not include the effect of
clothing, and ignores physiologica! reactions other than sweating.
Attempts have been made more recently to meet some of these objections
(18). but the practical spplication awaits further development.

Pavehromateis Plote

As a supplemental device to the various indices in determining the
scceptabiisty of environmental conditions, it is sometimes useful %c have
» psychtometric chart on which are plotted those combinatiors of temper-
ature snd humidity which have been found to have equivalent effects, as
revealed by estimates of “comfort," limiting physiological responses,
threatened physiological bresidown, etc. The more !iluminating of these
lines of equal effect are given in Figs. 7 and 8. The conditions of
activity, air movement, and clothing applicable to each are showm in the
appropriate box.

BASIC FORMULATION

DEFINITION

For meny years one of us (D.H.XK.L.) has insisted in teaching and writing
that, if physiologists use physical terms in a physical connotation,
they should conform to the uvage of physicists. Stross is defined in the
Handbook of Chemistry and Physics (23) as “the force producing or tending
to produce deformacion in a body, messured by the force spplied per unit
area”. Strain is defined as "the deformation resulting from a stress,

messured by the ratio of the change tc ihe total value of the dimension
in shiich the change occurred’.

When the concepts contained in these definitions are applied to the case
of a living organism exposed to heat, the term "stress" should cleerly
refer to heat gain imposed on *hie living system, and "strain” to the
changes in the living system resuiting from the application of that
stress. It is unfortunate that in at least one field of physiology, the
esaential difference between these terms has heen completely lost. The
suthors agree completely with Belding and Hatch on this point.
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SHELTER ENVIRONMENTS

WYhen one goes beyond the concepte to dimensions of the terms, sand modes
of quantitative expression, one runs into some difficulty with the term
"force”". Even in physical systems there are difficulties when one deals
with other than mechanical forces and work energy. Mechanical force is
energy /distance snd has the dimensions mit™<, but temperature. which is
often regarded as a "force’, in energy/entropy and has its own dimension
(24). For our purposes, we will follow our own earlier practice, similar
to that of Belding and Hatch, and use energy intensity, that is energy
tranefar oer it surface 2703 por Unlt tise. we the “force’. As we will
aventually be concerned with the ratio between two such expressions of

intensity, it matters little whether certain dimensions are included in
the original selection or not,

RELATIVE STRAIN

The evaluation of a therme! environment as a ratiohas been an attractive
concept theus Tant twent, years, but ideas différed an to what should go
into the ratio, As we have seen, Robinson (13) used the observed re-
sponae of four functions in comparison with the maximum response that
the body could meke without breaking down. A Quartermaster preup (285)
proposd the ratio of the opportunity for heat loss to the heat produced
by metabolism (less heat loss from the lungs). One of us (D.H.X.L.)
stirting from the tendency of lines of equal effect, plotted on a
psychrometric chart (Fig. 7), to chonge slope with infreasing stress,
sought to express strain es the ratio between the threatened rate of
heat gein and an ewmpirically derived expresaion of the opportunity for
evaporative compentation (26).

Belding and Hatch cut the Gordian knotr by using the ratio between:
(a) thrrate at which evaporative cooling is necded to balance the stress,
and (b) the maximum rate at which eveporative cooling can be maintained
into that particular environment. It replaced the author's empirical
expression of evaporative possibility with a rational one.

This resvlted in an indea which at least expressed the concept of strain
as @ deformation resulting from stress, postulated a direct relationship
between this measure of strain and the applied atress, andwas dimension-
less. It depnrted from the narrow physical definition of strain in com-
paring the extert of deformation with the maxisum deformation possible

without system breakdown, instead of with the normal dimensions of the
system,

Howesver, it is precisely the ratio of deformation produced to the mnxi-
mum permissidle deformation that we wish to know. The conflict with
physical practice can be resolved if we will change our nomenclature
somewhat, and term this ratio the “rrlative strain". The present authors
feel that this is in any case a better term, since it is the relativity
that wr wish to emphasize, and we will use it hereafter.
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TORMULATION

The Belding and Hutch indox of relative strain had the dicvadvantage that
it was based upon the reactions of nude subjects, and did not provide
for the effects of clothing. The proponents took the view that not
enough was knowm about the affects of clothing for this consideration to
be includad in the quantitative expressions. Some concession was made
to the marked effect of clothirg under conditions nf high radiact heat
in a later psper (18), but the allowance was empirical. Jt {s not clear
wly they elrcted to ignore Pirton’s equations (27)., which do provide
terme of clothing cffects. It is true that the expreesions used by Burton
can be rege-ded as no more than first order approximations, and that the
appropriate values {or the ccstants should be expliored over a wider
range of zonditions than those used in the Pierce Laboratory experimunts
{12) on which they were based. But they do provide s basis for dealing
rationally with clothing effects, and if incorporated into the ex-
preasions constituting the ratio shruld permit more satisfactory sppli-
cation to a wider range of circunstoncet.

First Formulation

On these assumptions the present suthors made their first modification

to the 83! by substituting the following cxpression for that advocated
by Beiding and Hatch:

5.85(t, - 38) * RI,
T+ 1
ER N
$(44 - py) I
¢

M+

Relative Strain =

a PSS P

vhere M is mrtabolic rate in keal/sq m, hr
ty is air temperature in °C
R is mean radiant heat incidence in kcal/sq m, hr
Iq ts insulation of air in clo units
I is insulation of clothing in clo unita
Pa i3 vapor pressure of air in mm hg

fq i8 resistance of air to outward passage of water vapor
rxpressed as cquivalent cm still air
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This expreasion reduces to

N(Ip * To) + 5.58(t, - 35) + Ri,
(44 - py) . 1/7,

Relative stran ©

And according to Burton, I,/r, = 1.5

Explanation of Terms

M, thr metebolic rate, is the smne as in the Beiding snd Hatch formuls.

The bracket (t, ~ 35) corresporls inthz centrigade scale tothe (t, = 95)
in the Belding and Hatch formula, but the square root of the air movement
in the former is here replaced by a more complicated expression, the in-
verse of two quentities I, end I,. I, expresses the effect of changing
air movemeni as did the sousre root of ambient air velocity, but I,
introduces the further effect of clothing in modifying tke rate of air
movement over the skin. The relationship between I, and V is given in
the following table:

Standard Velues for I, (28)

insulation
clo units 0.1 0.1 2.20 0.30 0.40 0.5 0.60 0.70 0.80 O0.85

Velocity of
air movement

niles/hr 51.0 22.7 11.9 4.85 2.39 1i.27 0.85 0.57 0.49 0.34
ft/min 4.500 2,000 1,050 425 210 120 75 = S0 35 36
cm/gec 2,280 1,015 $34 216 107 61 28 25 18 is

The value of Jo for dry conventional clothing is given spproximately by
the mean thickness of the clothing ensemble from the skin surface to the
outer margin of nap, inciuding any intervening air space up to .6 cm.
(For detailed explanation of the reasoning behind these expressions, see
29, 30.)

The coupling of I, with the datum {or incident thermal radiation pro-
vides f57 the fac* that part of the heat derived from absorption of
radiation is swopt sway by movement in the ambient nir.

The bracket (44 - p,) corresponds to the (42 - Pa) in the Beldiig and
Hatch formulae, but the fractional power of the air movement is again
replaced by an inverse expression of resistivity.
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The modifying fraction I, / (I, + I.) in the denominatnr is designed to
compenaate for the proba%le evaporstion of sweat at the surfsce of the
clothing instead of at the skin surface. As poiited out by Belding in
an esrlier publication (31), part of the heat removed by evaporation is,
under these circumstances, taken from the ambient air rather than the
skin-clothing system,

Further Wodification

To test the relative applicability of the two formulas -- that of
Belding and Hatch and the one just derived from Burton's equations --
one can uvbsatitute reasonable values for all cf the variables except
tempaerature (t.) end vapor pressuce {p,). plot lines for various values
of relative strain on a temperature/vapor pressure grid, snd see to what
extent the predictions correspond to experience,

Sinco we are ultimately concerned eapecislly with conditions likely to
prevail in shelters, we can postulate the following standard values:

" 4
i

= 100 keal/sq m,hr (walking at 2 mi/hr)

|
n
H

= 1 clo (standard business suit)

I © 0.4 (mmbient air movement 10U ft/min, sir movement
csused by body movement 110 ft/nmin)

R - O (wall tempersture = sir temperature)

The above farmula based on Burton's dry clothing equstions then reduces
to:

18.7 + .74(t, -~ 35)
RSmoc = “-p, (tq in °0)

The corresponding expression from Belding and Hatch's formula weuld be:

8.2 + .S58(t, - 99%)
RSpy ~ W (ty in °F)

The corresponding sets of relative =ztrain lines ave illustrated in
Fige. 9 and 10.
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Neither of these sets corresponds very well with one's experience. The
Burton dry clothes formulation lies much too low and gives a valuc of
zero strain which in clearly in the cco! region. The Belding and Hatch
formulation, on the other hand, places the zero strain position under
conditions that are too warm. It also asems to under-emphasize the
effects of high lmidity at high temperatures, as might be expected of a
formula based on the reaction of nude men.

Further cons:ideration showed . thst the values cssigned to the insulation
of clothing in the dry clothes formula were ton great in twc respects:
{8) movement reduces the eyfectiveneas of the insulation by promoting
exchange of air between deeper spaces and the ambient sir; and (b) the
meximum opportunity for eveporation is not attained when the skin is
completely wet unless the clothing above it is also wet.

The mathematical considerations for these two factors, are far from fully
worked out, and they would greatly complicate the expression used for
relative strain. At this juncture one must rest content to make an
est’nate of the extent to which the value for dry clothing insulation at
rest needs to be reduced when the clothing is wet and movement is taking
place. We found that, when a value bf 0.4 for I., was substituted in
the formula instead of the value of 1.0 for I, much grester compati-
bxlxty with experience was obtanned

Doubitless in the future much more: precise: esrimntfons wi'll be possible.
but for the present we believe thnt the estimlte vned here is per-
missible,

The proposed formula for the prcviously postulated "st.ndnrd" conditions
then reduces to:

80 + S.S5(t, - 3%)

5w T37s5(44 - b

1.07 + .74(t, - 38)
44 - P,

1f the air tcmpernture (ta) iv to bc expréssed in OF, the coefficient in
front of the bracket becomes .41. The ‘applicability of thlq formulation
will be examined aftér a slwor: recepitulation. -
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DEFINITIVE FORMULA

e .

FOR STAMDARD COMNDITIONS

To recepitulate, we have:

an general formule:

5.55(t, - 3%) * RI,

o Yo ¥ You
RS 544 - py) Ty
Ta Ia t lew

which reduces to:

M(lcw * Ig) + 5.55(t, ~ 38) + EKi,
7.5(44 - p)

m =

&nd, shenwe gsubstitute reasonable values for a person with sctiv-
ity equivalent to walking at 2 mi/hr, in 2 light business suit,
with smbient air eovement at 100 ft/min, and wall temperature

anuntl ta ale tamnneatiien cadivas
nAal o ety tammeraturs, cafuces o

1.07 + .74(t, = 35)

= ith ¢, i
RS, ren wi o in °C
or - with t  in oy

For each value of relstive atrain from 0 (no strain), through 1 (meximm
theoretically tolerable strain), to higher values (body must heat up), a
straight line can be drawn on a paychrometric chart,
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There remains the question of limiting values, If we accept Belding and
Hatch's estimntion that for continued tolerance the muximum allowable
sweat rRte in 1 liter/hour, and if we further assume that, after equi-
librium is established, the rate of evaporation will be maintained at
the same rate, then the denominstor in the general equation cannot ex-
ceed the rate of cooling produced by the evaporation of this sweat.
Under our postulated standerd conditions, this would mean:

where the latent heat of evaporation is taken ns .84 keal,/gm, and
the surface area of the body as 1.75 sq m.

T is reduces to

Fa « il mm hg

aor, to put it more clearly, at vapor pressures below 11 == hg, the
maximm attesinsble rate of cvaporation cannot further ‘ncrease, and
relative strain lines would become vertical.

This constraint upon maximam rate of cvaporation appears r2gsonable, and

one would certainly expect the unit strain line ta chow an inflaction at

the critical vapor pressure line. The definition adopted for relative

strain would certainly make it logica! that relative strain lines of

both lower and higher values should become vertical at the same vapor

pressure, but one cannot escape the feeling that it is unrealistic to

require a chanpge in the sloper of n lower valued line at a point where

the full pot>ntiatity of skin wetness is not yet reached, or, for that

matter, to delay the change of slop~ in a higher valued line beyond the

vepor pressure at shich the skin actually becomes completcly wet. At the

time of making this report the problem is unrenolved. For the time being
the au.hors have decided arbitrarily to continue the relative strain

lines without change of slope dowm to the 10 per cent relative humidity

curve or the 10 mm hg tine, shichever i3 lower and leave lower humidi-

ties in a zone of uncertninty. Since very high relative himiditics are

apt to introduce special factors of undetsrmined effect, they have alsco

terninated the retative strainlines at the 95 por cent relative humidity
curve,

Fig. 11 prescnts relative strain lines for valuese 1 to 1.8 drnen on a
psychrometric chart for thz postulated standard conditions.
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The position of the zero line with this formulation is considered to be
in an acceptable position, and the position of the unit strain line
corresponds well to the authors® exparience in such varied conditions as
saturated atmospheres in military tanks, hot wet jungle conditions,
summer operations in Deasl Valley, /nd conditions in machinery snclosures
exposed to full desert sun. Under the various sets of conditions repre-
sented by this line, the maintrnance of any kind of thermsl balance is
preceriour, and tolerance beynad a few hours virtuslly impossible. This
1IN Cotsespunin vary closely to that established by Robinson ss marking
the limit beyond which hest equilibrium could not be relisbly maintained
for more than two hoursz. Other comparisons between the lines of our
proposed chart and vilucs established by others will be given in the
succeeding section »f this report.

ADJUSTMENTS It NON -STANDARD OONDITIONS

While %he chart drewn for the postulated standardconditions will suffice
for & lerge proportion of situations encountered, therewill be instances
where conditions will depert significantly from those postulated. 1t is
not necessary, however, to draw & family of charts to meet all of these
cases. Reference to the reduced version of the general formula (p. 18)
will show that s change from the poctulated value for the metabolic rate
(M), asbient air movement (represented by 1,), or insulation of clothing
(Ioy) con be imitated by a change in t, (temperature of the air). In
other werds if one wishes to use the standard chart for other than the
postulated values, one simply has to know what change in the air temper-
ature would give the zame effect. and add nr suhteace thie value foom
the actual air temperature. The szme thing could be done where the mean
radiant temperature of the surroundings is different from air temper-
&ture.

The following table gives estimated chinges in the metabolic rate (M),
insulation of wet clothing (1.,) and insulation of the air (I,) due to
body movement occasioned by activitiez oth>r than the standard "walking
st 2 mi/he",
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Activity . L] . Tow Work Air Movements
Slesping ' 40 .8 5
Lying swake 0 .8 20
Sitting still ss .8 20
Desk work 60 4 , 50
Stand still 65 . 5 30
Occasional stroll 100 4 100
Walk 2 mph 100 4 200
Walk 3 mph 140 .38 300
Walk 4 mph 190 .3 . 400
Moving lcsds 100-3%0 .3 250

* to be added to mmbient &ir -m-’-nc in dm'mnm. x.‘ '(?c/-xn)

.11 the. ‘air sovement is different frow. !0) ft/lln. then a changa must be
made in | irrespective of the sbove. Table 2 presents the msounts to be
adder| to or subtracted from sctusl sir temperature to compensate for
sct’vity and air movement different from those uted in compiling the

standard charet,
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Correction to ¢, for Non-Stendard Activity end Air Movement °F

2
Sy

Table 2

Activity Asblant Alr Movewment (ft/min)
N
Type kesl/ 28 $0 73 100 200 300 400 $00
sq m,he
Sieeping 40 -3 -6 -8 -0 -10 =11 =12 -13
Lying swake $0 -3 - -6 -8 =10 -11 -12 =-13
Desk work 60 - -7 -8 -9 -10 =11 =12 -12
Stending
still 63 -2 -3 -4 - -8 -7 -8 -0
Walking
2 mph 100 X X -1 -2 -3 -4 -8 -
Walking
3 sph 140 +6 +s +4 +4 +3 +2 +1 -1
Yalking
4 wph 190 *11 +11 +10 +10 9 +8 +7 +3
Lifting 200+ -3 tg ~$ -3 - -4 -9 -8 -8
350 +30 to to ‘o to to te to
+50 +48 +48 +42 +37 +37 +37
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SHELTER ENVIRONMENTS

SIGNIFICANCE OF THE ZUNES FOR A STANDARD PERSQN

THE STANDARD PERSON

In the previous section a formula was derived and a chart prepered show-
ing linex of equal relative strain for various combirations of air tem-
perature and humidity, other physical variebles, such as ratc of work.
“loaibing ol movement, and radiant hest being held conatant at cortain
stated values believed to be fairly characteristic of shelter conditiona.
A table was provided for adjusting the chart for certain departures from
these physical conditions.

It is now necessary to indicate the significance of each of the values of
relative strain shown on the chart, or. more realistically. the signifi-
cance of the psychrometric zones lying between the lines. But again we
must take a standard situation first, leaving the modifications brought
about by departures from the standard situation for later treatment.
This time it is the individual exposed te the conditions that needs to
be standardized.

The characteristics chosen for the standard individual are those of a
healthy male about 25 years of age. not acclimatized to heat. Most of
the subjects raported in the literature of heat physiclogy are of this
type and this type seems to present a logical point of departure for
the consideration of responses to shelter conditions.

CRITERIA OF SIMIFICANKE

The application of the charts of equal strain zones to practical situ-
ations of sheltcr, industrisl or other enviromments requires a knowledge
of the significence of each of the zones in terms of physiological and
psycho.ogical responses and strain. The types and magnitude of the
responses may be multiple and will. of course, vary with the individual
srndd the combination of environmental factors to which he is exposed. To
keep the number of combinations of intoracting variables tomanageable
proportions, broad groupings of significant responses and modifying
inddividual characteristics had to be made.

The selection of generalizable categories of physiological and psycho-
logiral responses that would be meaningful for shelter manugement pre-
sented conzeptunl. acientific and semantic problems that required rather
arbitrary decisiony. To make the system managewble the number of cate-
gorics had to be kept to a minimm commensurate with ciearlydistinguish-
abie characteristics with a minimum of "grey areas” of overlap. Four
categories pertaining to health and well-being and two categorics related
to caparbilities were chosen. The significance of each of the 15 rzones
of equal environmental stress was determined on the hases of published
data fnr ench of the categories. The synthesized and interpreted info -

o S A B
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mution 1s presented in chart form for ready reference. The literature
that was consulted in formulating the concepts and conclusions is included
as the secorxd part of the bibliography. In utilizing the published data
much of it had to be converted to the standard conditions that were used
in calculations and construction of the chart on zones of equal environ-
mente]l atress. Data from several typical studies were corrected to the
Standard Conditions of this report and plotted on the zones of environ-
mental atress chert to illustrate the application of the data obtained
from the literature (Fig. 32).

A precise and sbsclute definition of each of the categories again pre-
sents problema in semantics in part because the categories are concepts
and are not entirely circumscribed entities that can be described or de-
fined in the ucual sense. The definitions of the categories are, there-
fore, for guidance and should not be construed as rigid, non-deviating
axioms. The following definitions of categories were used in construct.
ing the standar. effects charts.

Comfort

Condition of thermal neutrality; the environment feels neither too warm
or too cool; a state of contented enjoyment in physical and mental well-
being with freedom from enxiety; s state of satisfaction with conditions
present.

Di:comforg

Thermal «ensntion of heat or cold, physical and mental uncezincss;

uncomfortable; lack of comfort and well-being.

Distress

——

Physic~l and »ental strain or oppression; faintness, nsusea, heesdache,
spprehension. dizziness, irritability, leck of attention, weskness,
unsteady gait, excessive thirst or hunger: pain or suffering; anguish of

. o amdomad

| S
ey AR BN

Fpilure

Physiological and psychological equilibrium not poseible within accept-
nble limits of reserve capacity; rise in pulse rate and body temperature,
disturbmices in circulatory and tempersture regulation; may progress to
collapse and comn; wmeaning similar to wiiitary ~oncept of casualty.

Performance

The quantity nand quality of physical or mental work accorplished;
caspability to accomplish useful work.
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Tolerance

Time of exposure before physiological or psychological responses reach
unacceptable levels,

INTERPRETATION

On the basis of the foregoing definitions, assumptions and interpreta-
tions of pertinent data in the literature corrected to our standard
coniditions, a chart expressing the physiological and psychological
significance »f the zones was constructed for the Standard Person. These
relationships for each of the categories of responses at each of the
zones of equal environmental stress are expressed in the charts (Figs.
13 24) The concept of use of the charts is straightforward and is based

on a few rather general rules. The basic rules for the utilization of
the charts are:

1. A completely filled square at any response category -- stress zone
intersect means that most individuals will respond to the cnvironment of
the zone with the responses characteristic of the category.

2 A blank square at any responie category -- stress zone intersect
occurring to the right of the sheded area means that the stress zone ia
beyond the range of normal, expected responses. If it occurs to the left
of the shaded area, it means that rthe zone falls below the conditions at
which abnormal reactions can be expected.

3. A three-fourths, one-half or one-fourth filled sguare at any respuase
category -- stress zone intersect means that that proportion of individ-
uals will exhibit the characteristic responses.

4. A blunt point on the filled category line means that there is narrow
range of inter-individual variability in reaponse to the stress.

5. A long point on the filled category line means there is a wide range
of inter-individual variability in response to the stress.

6  Where there are no criteria for estimating the response in any cate-
gory. the cntire linc is blank.

The interpretation of the significant effects charts will be illuxtrated
by n detailed discussion of chart for the Standard Person (Fig. 13).
The procedure for utilization of the chart is similar for all of the
chart«




- 26 .
SHELTER ENVIRONMENTS

Comfort Catg_gf_)j_!

%> block of intersect zone .1 is filled in completely except for a small
area in the top and hottem corners at the junction of zones .1 and .2.
This means that all individuals will be comfortable for most of zone .1.
A few individuals, less than 25 per cent, wil! feel that the set of en-
vironmental conditions represenced in the right hand portion of zone .1
will be too warm. As the enviroomental conditions become progressively
more severe through zone .2, a progressively larger per cent of indi-
vidusls will say the conditions are too warm u..til at the junction
betueen zone .2 and .3 and beyond everyone will feel that the conditions
gre too wotm., The blank area in the comfort category line indicates
those environmental conditions where people will not be comfortsble. In
general most individuals vill be comfortable in zone .1, on the average
only 50 per cent of individuals will be comfortable in zone .2 and no
one will be comfortable beyond zone .2.

Di sco_g"_._x'ort Category

In the combinations of environmental conditions represented in zone .1
very few individuals will experience discomfort. The percentage of
individuals who will find the enviromment uncomfortasble will progres-
sively increuse through zone .2 and from zone .3 through zone 1.5 every-
one will »xpress discomfort or will have more serious symptoms and
complaints., Zone .2 then is the boundary between comfortable cond:tions
and conditions that are too hot for comfort.

Distress Category

Compleints and symptoms should not reach serious proportions in combi-
nations of environment conditions less stressful than those represented
in zorne .3; zones .1 and .2 would not be expected to elicit distress
complaints. In zone .3 the percentage of individuals with complaints and
the ssverity of the symptoms will progressively increase. When the con-
diticns represented by the mid-point of zone .4 are reached, all individ-
usls will experience some degree of dietrezs. From zone .S onward the
Jeverity and number of symptoms will progressively increase and will
shortly be overshadowed by the more serious failure of physiological and
psycholcgical systems.

Failure Category

The inter-individual variability in ability to meet the challenges of a
stressful thermal environment is large. As indicsted in this category
some individuals will show signs of failure £t the beginning of rone .4,
about 50 per cent will cxhibit signs of failure under conditions repre-
sented by the zone .4 to .5 boundary, and all will have some degree of
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SHELTER ENVIRONMENTS

Eleven non-standard situstions were selected which cover most of the
factors known to alter responses te heat. A separate "significance of
zones chart" with interpretation was prepared for each of the eleven
non-standard situations. Each of these charts will also be briefly
analyzed to illustrate its use and to point out the major differences
between it and the Standard Persou chart,

AGE 45-65 YEARS (Fig. 14)

The nejor change, as a function of increasing sge, will be a decrease in
the range of adeptability. This is indicated by a blunting of the points
in the comfort and discomfort categories of responses. How much of the
decreased adsptability is due to changes in capacity to sdep* and how
much is due to increasing self-indulgence and reluctance to put-up with
unpleasant situations is not apparent from the available data. In the
end, however, the practical importance to shelter management may not be
greatly different.

The onset of distress and of failure will occur on the averuge at com-
binations of environmental stress sbout one stress zone less severe than
for the Standard Person., Many middle aged adults will be remarkedly
resistent to the environmental stresses but a much greater proportion
than in the standard group wili showsigns and symptoms of deterioration,
reduced performance and decreased tolerance to heat stress.

AGE 65 AND OVER (Fig. 15)

Older ndults will have lost s major part of their shility to adapt to
stressful environments., This is indicated by the extreme blunting of
the points in the comfort and discomfort categories, a shifting to the
left, blunting of the distress and failure categories and & large reduc-
tion in the ability to perform work and to tulerate severe conditions.
Distress and failures will occur about one and one-half envirommental
stress rones soontr than they occur in the Standard Person. The same
relative relationships are to be expected for performance and tolerance.

INFANTE (Fig. 16)

In many aspects the responses and adaptability of infants will resemble
those intermediate betwoen the middle aged adults end the elderly. The
comfort snd discomfort cverlap will be rather sharply limited to zone .2
but the cooler conditions at the beginning of zune .1 maybe too cool for
the newborn. Prickly heat and increased irritability may be prominent in
category .2 particularly if the skin cannot be kept dry. Some breakdown
of body temperature regulation can be expected in zone .3 in the younger
infents and in those in whom the temperature regulsting mechanisn hos
not been fully developed. Eecause of the slow maturing of temperature
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faikure under the conditions of the zone .$ to .6 boundary. Failures
will be progressively more severe as envirormental conditions become more
stressful in zone .6 and above. At zone 1.0 and above the onset of
feilures will be rapid and severe.

Performance Caregory

Deterioration in physical and mental work capacity is not likely to ncecur
undes environmentnl conditions in zones .1 and .2. ¥ith the occurrence
of distress, performance will fall off with some individuals. However,
e wide inter-individual range of ~vsistance to deterioratien of perform-
ance can be expected. This is indicated by the long-tapering shaded
area extending into zone 1.0. Level of skill, motivetion, state of
physical training, experience in hot situations and many other factors
will alter the rate and extent of deterioration that is likely to occur
in any of the environmental stress tones sbove 0.3. A general rule is,
however, that the greater the environmental stress the morc extensive
and rapid «ill be the deterioration of performance.

Tolerance Category

Besides the severity of the environmental stress, the length of time the
individua! is exposed is importent in determining tolerance. Physiolog-
icully and psychologicslly most people can tolerate envirormental condi-
tioas up to those represented in zone .4. Beyond zone .4 the conditions
can still be tolerated provided the length of exposure is cecreased. Thne
Standard Person can tolerate conditions more scvere than those repre-
sented 1n zone 1.8 for periods of 15 to 30 mimites. The long tapered
shaded area from rone .5 through 1.5 indicater that tolerance time
hacomes progressively shorter as the envirommental conditions hecome
progreisively more severe.

CHANTED SIGNIFICANCE OF THE ZONES FOR NON-STANDARD PERSON

Many of the preople who may make up a shelter population will have char-
acteristics quite different from the Standsrd Fersor.. There wiil be
infants, children, middle age adults, aged, people o? all ages with &«
variety of diseaser. disorders and limitntions--condi<ions all of which
will change the physiological sndpsychological significance of the zones
of equal environmenta]l stress. Appreciating the magni‘ude of the changes
in the significance of the zones for individunls who nay differ from the
Standard Person, separate charcs of significance were prepared for major
groups of non-standard individuals. The choice of griupings was Lased on
literature reports of factors which had been obnerved to alter the
normal responses to thermal strews.
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Eleven non-standard situntions were selected which cover most of the
factors known to alter responses to heat. A separate "significance of
1onex chart’' with interpretation was prepared for each of the eleven
non-standard situations. Each of these charte wijl ala, be briefly
analyzred to illustrate its use and to point out the major differences
between it and the Standard Person chart.

AGE 4S5-85 YEARS (Fig. 14)

lIhe major change, as a function of increasing age, will be a decrease in
the range of adsptability. This is indicated by a bilunting of the points
in the comfort and discomfort categories of responses. How much of the
decreased adaptability is due to changes in capacity to sdapt and how
much is due to increasing self-indulgence and reluctance to put-up with
unpleasant situctions is not apparent from the available date. 1In the
end, however, the practical importance to shelter management may not be
greatly different,

The onset of distress and of failure will occur on the average at com-
binations of environmental stresa about one stress zone less severe than
for the Standard Person. Many middle aged adults will be remarkedly
resistant tc the environmental stresses but 2 much greater proportion
than in the standard group will showsigns and symptoms of deterioration,
reduced performance and decreasew! tolerance to heat stress.

AGE 65 AND OVER (Fig. 15)

Older adults will have lost a major part of their sbility to adapt to
stressful envirooments. This is indicated by the extreme blunting of
the points in the comfort and discomfort catcgories, a shifting to the
left, blunting of the distress and failure categories and a large reduc-
tion in the ability to perform work and to tolerate severe conditions.
Distress and feilures will occur sbout one and one-half environmental
stress zones sooner than they occur in the Standard Person. The same
relative relationships are to be expected for performance and tolerance.

INFANTS (Fig. 16)

in many aspects the responses and adsptability of infants will resemble
those intermediate between the middie aged adults and the elderly. The
comfort snd discomfort sverlep will be rather sharply limited to zone .2
but the cooler conditions at the beginning of sone .1 mayt+ too cool for
the newborn. Prickly heat and increased irritability may be prominent in
category .2 particularly if the skin cannot be kept dry. Some breakdown
of body tempersture regulotion cen be expected in zone .3 in the younger
infants and in those in shom the temperature reguisting mechsnism has
nOt been fully developed. Because of the slow maturing of temperature
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SHELTER ENVIRONMENTS

regulatian in infants. tolerancz time may be sharply lirited at the more
extreme ¢nvironmental conditions of zone .5 and beyond. None of the
usual cri*erion of performance is applicable to infants; consequently,
the entire category is left blank and 1s not considered to be pertinent.

OEESE (Fig. 17)

Obesity will, even in young aduits, decrease th: capacity to adjust to
rnvironmental streas.  The energy cost of carrying the added weight a2
fne will, of course, increase the total heat production at any level of
work. Its effect wiil be similar to increasing work rate. The thick
subcutaneous fat layer may nlso serve s+ a barrier to heat exchange
between the underlying tissue and the skin surface. The obesc young
adult can be expected to react to a heat stress much as the middle aged
adult does. Tolerance time, however., in extreme conditions of short
exposure may actuaily be rather better than expected because the sub-
cutancous fat will act as a thermal insulator to the gain of heat from
the external envirorment. Such severe conditions when the fat would
help to prevent heat gein is not likely to occur in shelter conditions.
Obenity can be erpected to exaggerate the deterioration that will occur
in increasing sge and in the disesse or disorder conditions.

ACCLIMATIZED PERSON (Fig. 18)

The benefite to be obtained from being scclimatized to heat are dramatic
for all individuals. The upper limit of ~unditions that will be con-
sidered comfortable is extended by at lesan. halfl an envirommental stress
zone and disconfort will, of course, sppear later. The great advantayes
wili occur in the distress, failure, performance and tolerance categories.
in the Standard Person, being acclimstized to a hot enviromment will in
effect aliminate most of the impact of the enviroment. The Standard
Person can be acclimatized to environment stresses as severe as those
encountered in zone .9 to1.0. Peyond this point, acclimatization as
usually defined probebly cannot be fully achieved.

LIMITED WATER (Fig. 19)

Lack of sufficient fluid intake to replece the water lost in the urine,
through the skin and lungs and by vomiting, diarrhea or bleeding will
eventually lead to a decreased ability to adapt to a hot environment.
Under most situstions, sweating will be the major avenues of excessive
water loss. In some metabolic and dermatological disorders the rate of
sweating may be augmented or sevorely reduced --eac.. of which may lead to
serious consequences. Gastrointsatinal disorders with vomiting or diar-
rhea cen result in rather large wnter losses. If & limited water intake
results in a body water deficit of more than 2.85-3.0 liters, rapid
deterjoration will ensue in a hot environment. This is depicted in the
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chart by the onxet of distress and fallure in the cnvironmental stress
zone .2, and rapid decuy of performance and tolerance under conditions
of zones .2-.5 and the complete inability for useful work at zone .5 and

beyond.

Only those mrtabolic Jdisordess are included here that will influence the
narmal responses to a hot environment mainly by lncreasing body hent
production, by altering the bodvy temperature regulating mechsnjism and by
altering peripheral vascular control; hypometabolic disordars were dis-
regavded, The net effect will Le to decrease the muximm envirommental
stress at which thermal equilibrium can be achieved. There in little
evidence (o suggest that the comfort and discomfort responses vill be
significantly altered. However. the distress and failure categories will
appear at lower envirormental strestes and performance and tolerance will
al3o be decrrased. Individuals with mild metabolic disorders will have
less deterioration in adaptation then those shown in the chart while
severe metabolic disorders will result in exaggerstsd changes,

DERMATOLOGICAL DISORDERS (Fig. 21)

Dermatological disorders will exert three effects on hest adaptability
mainly through alterstions in peripheral blood flow, through reduction
in sweat production and by being a primury source of pain and distress.
Cofort will be experienced in zone .1 and in part of zone .2 with dis-
comfort appearing as the inverse of the rateof disappearance of comfort.
Distress will occur at envirommental conditiona whichare not particularly
severe but failure may not occur unusually earl: except in individuals
with extensive sweating defects or slterations in peripheral blood flow
or peripheral vascular control. Again zxcept for the individuals with
rother extensive involvements, detericration of performance and tolerance
will not present a seriously limiting problem through zone .3 and .4.

CARDIOPULMONARY DISORTERS (Fig. 22)

Disorders of the cardiopulmonary syatem would not be expected to alter,
to sny marked extent, the envirormental limits which would be coneidered
comfortable and thu onset of discomfort. Besides the general dimimution
in reserve capacity associated with cardiopulmonary disorders, alterations
in peripheral blood flow will have a special significanco related to the
thermal exchange with the environment. Under conditions of a hot environ-
ment similsr to that represented by zones .4 to .5, inthe Standard Person

peripheral blood flow und cardiac output will be increased scveral times

over that required in cool environments, If this increased demand for
blood flrw cannot be met, then distreas and failure to maintgin thermal
balance vith all its consequences will ensuc, Performance and tolerance
will repidly deteriorate with incressing thermal loads and the individuals
will become quite ineffective as early as zone .3 or .4,
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SHELTER ENVIRONMENTS

GASTROINTESTINAL DISOEDERS (Fig. 23)

DBesides the overall distresa sssociated with gastrointestinal disorders,
when combined with a thermal load the consequences car be quite devasts-
ting. The comfort zrone and the onset of discomfort need not necessarily
be seriously altered. However, the dehydration likely to occur as a
result of vomiting and diarrhea can result in serious interference with
heat exchenge and the inevitable increase in body temperature, with
distress and failure at environmental heat loads which the Standard
Ferson will tind relatively unstressiul. Acceptabie ievein ol peilliun:
ance and tolerance cun be expected only mt the lower zones of equal
environmental stress (rones .1 and .2). In addition to the dehydration
that may be part of the dizorders, circulatory effects may also be a
complicating factor particularly in the presence of a thermal load.
Under such circumstances the ability to meet the insult of the thermal
load will be drastically reduced.

PSYCHOLOGICAL ABNORMALITIES (Fig. 24)

The alterations in responses that are likely to be exhibited by this
group of individuals may seem inordinately dramatic in vi~w of minor
changes in functions that may be present. The range of conditions to
which they csn adspt will be narrow so that small changes in the level of
stress will provoke abnormally large reactions. Comfort will be mostly
limited to zone .1 and conditions in zone .2 will evoke both discomfort
and distress reactions. On the other hand, failures may not occur as
teadily oy would Le capected from the cxprussions of discomfeore znd
distress. Performance and toierance wiii L« grossiy limited to & large
extent because of the characteristics of *he group to put up with a
situation that is net to their liking. Fur shelter management thie may
he une of the groups that will cause the grestest problems. The reac-
tions to any level znvironmental stress outside the comfort zone will be
exaggerated.
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SHELTVER ENVIRONMENTS

Thie renart arnse out of a need for a svatematic mathod of pradicting
the probable eftect of given shelter environments upon the various
types of prople who might have occoasion ta usc thom. By agreement, it
was restricted to the thermal aspects. Even within this limited scop~ a
considerable body of information is available. but eych attempts as have
previously been made to derive from it a systematic orediction scheme
have largely failed to include the action of certainimportant variables,
Si tu umliceie (he signmificance of conditions for populations other than
the ideally healthy.

The predictive scheme offered here it in four parts: (a) a chart for
determining the probable relative strain posed by any temperature-
humidity combination upon a (apecified) standard individual under
(sperifind) standard conditions: (b) a table for adjusting the clart to
other than the atandsrd values of activity and air movement: (c) an
evalunstion of the significance of each zone of relative strain for a
(specified) standard individual; and (d) evaluations of each zone of
relative strain for certain non-standard individuals.

This scheme is by no means the ultimate in predictive measures; it repre-
sents the bast judgment of the authors based on the limited available
evidence. As data accumslste, knowledge is extended, and understanding
of physiological mechenisms improve, greater precision will undoubtedly
be possible and better scliemes will be devised, They believe, however,
that the present acheme will enahle thnem racnaneible for sholler
management to anticipete reasonably well the consequences of any given
set of thermal conditions.

Certain items conlained in the original list of factors to be considered
(contigaity nutrition, individual varinbility, and exncerba’ion of pre-
existing conlitions) have not heen reported upon, by renson of the
difficulty in scquiring sdequate information in the available time. Of
the six major criteria of an adequote predictive scheme listed early in
the repott . the first three are fairly well met. The fourth, adjustment
of prediction tn non-standard individuals, has been covered in summary
fashion. It would be very desirable to expand this aspect of the scheme,
to provide scparste predictione, for example, for congestive cardiac
failure anginal affections, hypertensive states, and dysrhythmias: but
for only one of ruese cardiacdisorders nre anything appreaching adequate
data readily available. Under the term "metabolic disorders’. also. u
variety of quite different disturbances are lumped together, many of
shich deserve separate treaiment. For the sixth criterion - time effect
- we have asvumed an occupancy of more than 24 hours as characteristic
of shelter usc. For the fifth - limits of confidence - we simply do not
have sufficient datn



SHELTIR ENVIRONMENTS

The extensive bibliography should be of assiatance to those who wish
either to check the svidence on which the authors based their judgments,

or to seek f{urther for the information that is in many instances so
ity tecuiog,
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