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4. Design and Evaluation of
Clothing for Protection from Heat

Stress: An QOverview DT' C

Sarah A. Nunneley

1. Introduction

The human body compensates well for moderate ciimatie heat stress,
but arufical environments often block or overwheim phyaolowal
detence mechamsms Examples trom mdustry include combunations of
high air temperature and extreme radiant load i smclters, toundries
and glassworks: clevated wet bulb temperatures which cause problemsn
very deep mimes, shp engime compartiments and rexnle drvine rooms
Workers cannot tolerate such environments idetinrely without some
reliet from thermal stress,

Another source of heat stress 1s clothing worn for protection trom
nonthermal hazards. Examples are the sealed. pressurnized suits or other
highly specialized protective ensembles winch are required to preserve
lite 1 hosule environments such as toxic. radicactive. or hyvpoxie
atmospheres, at alutude and for extravehicular actuvity i space. In
these cases the cothmg tends to trap metabolic heat. and thermal
balance is possible only 1 the coolest environments.

Thermoprotecuve «lnthmx, s detined as a weonible svaem that
amcliorates unaceeptable heat stress. Since such svstems carry st

cant ergononiic and cconomic penalties, a “brute fored” Jpprmch I
rarcly feasible. Tt is theretore necessary to consader the many tactors
which determime the nature of the heat stress and o tador desien and
testing to the speatic problem at hand. Steps m the process indlude
setting appropriate thermal goals. analysing the heat stress problem,
selecting protective measures and testing candidate systems.

2. Setting thermal goals

Although we would like to-keep workers continuously comtortable,
that is not always possible or even necessary. Theretore, an important
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step in svstem design is to determine the degree of thermal stress which
15 acceptable for a given situation. Four portential goals can be
distinguished.

Comtorr. A comtortable microchmate 1s desirable where the worker
Is expected to pertorm eritical mental tasks. In some cases it nayv be
desirable not only to prevent sweating but also to minimize cutancous
vasodilation with tts attendant shitt in cardiac output.

Long-term health maintenance. The goal here is prevention of cumula-
tive fatigue and morbidity which would adversely attect productiviey.
This goal is primarily of concern where a prolonged, stresstul exposure
must be repeated on a datlv basis. An upper limit ot 38°C core tempera-
ture 1s otten used inindustry for this purpose.

Ceore temperanire tolerance. Excessive heat storage raises core tempera-
ture to levels likely o produce physical collapse. An upper limit of
39:5°C rectal temperature 1s often used for acute heat exposures in the
laboratory.

Skin temperature conrrol. Radiant heating can rapidly raise skin tem-
perature to the paimn threshold, about 45°C.

3. The heat stress triad

Heat stress problems generally require analyvsis in terims of three poss-
ible contributing tactors: work rate. environment and clothing. Unac-
ceptable heat stress may be produced by one ot these factors or by two
or three of them in combination, as illustrated in Figure 4.1,

Frgure 4000 The hear stress triad, consisting of work, environment and cothing.
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Frgnre 4.3, Tolerance tme limits for men wearing impermeable suits and working ar i, =
LEmin™" at varions environmental temperatures. After Shvartz and Benor (1971).

involve evaporation of sweat trom the skin followed by condensation
on the cool inner surface of the suit (Crockford, 1968). Limits on
human tolerance time for moderate work in impermeable suits are
indicated in Figure 4.3,

4. Possivle solutions

Thermoprotective clothing can be divided into two major categorics,
passive and active, the latter having moving parts and requiring attach-
ment to an cnergy source.

Passive systems

Conventional clothing offers some protection from external heat loads.
For instance, the desert dweller's burnoose reduces solar heat load
without blocking air low. Extreme radiant heating may be counter-
acted by reflective materials lined with heavy insulaton; a good
example is the firetigheer’s *bunker’, a garment made ot aluminized
asbestos (now Kevlar) and used for work near high-temperature fires.

Phase change of water or another substance can be used for passive
cooling. An exawmple is the ice vest, a garment which contains pockets
of frozen water. The ice vest cools the microclimate through melting
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Table 4.1 Potential heat sinks for the air-ventilated suit
(AUS)and for the liquid-conditioned garment (LCG).

Heat sink AVS LCG
Ambient air X

Compressed air ( “tex) X

Evaporation (wate. other) X

Super-cold hiquid (air, other) X

Vapour cycle refrigration X X
Thermocelectrie device X X
fee (water, CQO,) X

interrupted. Thus, the cooling garment should be included in measure-
ments of insulation and permeability for the entire clothing ensemble.

Air-ventilated suit 1AL'S)

The AVS is supplied with a flow of gas which is distributed over the
body by a system of ducts or by a spacer garment; in cither case, the air
paths must be structured to maintain patency. For permeable suits,
air may exit the clothing through the fabric and at openings such as
neck, wrist and ankles. Impermeable suits generally have onc-way
valves to dump air to the environment.

Air cools the body by convection and/or evaporation. Since these
cooling mechanisms are under physiological control. adequate air con-
ditioning of the microclimate should allow the bady to tine tune heat
exchange in the normal manner.

Factors which determine AVS pertormance include the temperature
and humidity ot the air supply. mass How and the effective surface arca
available for heat exchange. Convective cooling is a relatively weak
mechanism because the specific heat of air is low. Theoretically, cool-
ing could be improved by supplying extremely cold air, but in practice
inlet temperature must remain above treezing to prevent discomtort
from local chill near air vents and also to avoid condensation and
freczing of water in piping and valves. Evaporation is a strong cooling
mechanism, removing (:58 kcal g 7! of water evaporated. but the per-
son must first become hot enough to sweat, and theretore experiences
continuous discomtort and cventual dehydration. In any case, air How
through the suit is limited by problems with noise, wind and a ten-
dency for the suit to develop positive pressure and inflate to awkward
bulkiness.

The AVS may be combined with either permeable or impermeable
clothing and may cover the entire body or only part of it, as in a
ventilated jacker or hood. Air cooling has been used with some success
tor flier. wearing anti-exposure suits and recently for army tank crews
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operating in hot weather, both of which involve limited physical werk,
The AVS is also used in industry for hot rrades.

Ventilation was inadequate as a cooling mechanism tor suited astro-
nauts pertorming extra-vehicular work. but a special factor was the low
barometric pressure m the suit which signiticantly reduces convective
thermal exchange at the same ume that 1t enhaneces evaporative
capacity,

Where an extremely hot environmont allows wear of permeable
clothing, Crocktord er al. (1974 showed that there are advantages to
using radial air How through the maternil to provide ‘dynamic nsula-
tion” which removes impinging heat before 1 reaches the body (Figure
4.5). This work indicates that this is a more cfficient use of the
conditioned air than is the conventional axial How pattern.
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Figrre 4.5 Diagram of veniidariveg arr flow i axial and vadial patterns Vlie watter can be used
ondy wuh air-permeable materials.

Selection of an air source is an important aspect of AVS design.
Porable \cnnhtmn systems exist, but they weigh 6-8 kg, provide only
about 301 min~! of air at ambicnt conditions. and the work of carrying
the cquipment negates a signiticant portion of the cooling provided. A
portable, cooled system based on liquid air has also been demonstrated
(Gleeson and Pisani. 1967). Nevertheless. tethering s the usual means
of supplying air despite the inevitable limitations on movement. Piping
for chilled air must be insulated and kept short to minimize environ-
mental heat pick-up. Longer lines can be used to connect compressed
air to a cooling device co-located with the subject. The most common
device for this application is the vortex tube, which uses the energy of
expansion to divide the air low into separate streams of cold and hot air
(Brown, 1965; Van Patten and Gaudio, 196Y).
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Liguid-conditioned garment (LCG)

The LCG 1s worn next to the skin or over thin underwear and contains
small-diameter tubing or heat-scaled vinyl patches through which
liquid circulates to provide convective cooling. Several ieview articles
on LCGs have appeared (Harrison and Belyavin, 1978; Midwest
Research Institute, 1975; Nunneley, 1970).

The superior cooling capacity of water means that a liquid-based
system requires much lower mass flow and less pumping energy than
does a system using air, and thercfore has a lower overall weight.
Unlike the AVS, LCG cooling is relatively independent of fluid flow
but is highly sensitive to inlet temperature (Harrison and Belyavin,
1978). Experiments have demonstrated that a full-coverage tubing suit
connected to an unhimited heat sink can keep 2 ubject comtortable
regardless ot environment (Shvartz and Bener, 1971) or work load
(Webb and Annis, 1968). The design question then becomes one of
railoring the garment and the heat sink to the particular application.

Disadvantages of the LCG include the need tor a reasonably close it
on the subject and possible ill-eftects should the liquid loop spring a
leak. Humid environments will produce condensation on the LCG,
thus contributing to dampness of the clothing and stealing some ot the
cooling capacity of the system. The patch type of LCG torms a vapour
barrier which could cause problems it cooling were cut oft.

Again, heat sinks may be cither portable or fixed. Current US space
suits incorporate a back-mounted heat sink which sublimates ice to
vacuum. Earthbound portable systems use melting ice as the external
heat sink, but the weight of the system, the need for trequent replace-
ment of ice, and the logistic consequences of this all conspire to
limit applicability. Miniature vapour-cycle refrigerators powered by
batteries or gasoline engines are currently under development and
would improve the logistics ot the system.

Tethering the LCG to a heat sink 1s best adapted to scated operators
or those doing physically circumscribed work. An alternative appli-
cation is intermittent cooling, under study in our laboratory, in which
the worker wears the LCG continuously bur is attached to the heat sink
only during rest breaks. Attempts to use this technique with air cooling
have met with little success because core temperature simply remains
elevated during the break, but the stronger cooling offered by an LCG
ofters some promise for enhanced thermal recovery.

The great cooling power of LCGs means that it may not be necessary
to cool the entire body, particularly it work rate is low. In that case the
arca covered by the garment and the size of the external heat sink must
be adapted to the particular heat stress condition.

The powertul cooling ottered by the LCG brings with it the potential
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problem of overcooling, with associated discomfort and/or paradoxical
heat storage. While subjects can learn to control inlet temperature in an
appropria‘¢ amanner, automatic systems have been demonstrated in
which inlet temperature is controlled with reference to some combina-
tion of garment temperacure, skin temperature or heart rate (Kuznetz,
1930).

5. Some special consideraiions

Regional cooling

Various body regions differ in rheir capacity for delivering heat to a
cooled garment. Relevant characteristics include peak conductance,
vasoconstriction threshold, preferred temperature and subjective com-
tort weighting (Crawshaw eral., 1975). The tace, hands and feet show a
strong vasoconstrictive response to cooling, combined with subjective
awareness of discomfort; these areas are therefore not only incon-
venient but physiologically unsuitable for systemic cooling. In con-
trast, the head and neck do not vasoconstrict until very cold and are
well suited to cooling (Nunncley et al., 1971). Various body arcas can
thus be ranked according to the efficiency of cooling those sites
(Shvartz, 1972).

Skin temperature normally varies over the body, and comfort is
associated with a temperature gradient of several degrees from the
cooler extremities to the warmer torso and head. This pattern can be
accommodated by delivering a cooling medium (air or water) to the
extremities and collecting 1t centraily, a pattern which should be
reversed n garments used for heating,

Effects of physical fitness

A high level of acrobic fimess may provide improved tolerance for
work-neat stress and may also enhance the effectiveness of artificial
cooling. For the fit individual, a given task uses a lower fracion of
work capacity and therefore produces a lower equilibrium rectal tem-
perature (T'.), a greater heart rate reserve and less cumulative tatigue.
The activities which induce and maintain a high level of fitness also
mvolve partial acclimation to heat stress, with accompanying chainges
m sweat production, lowering of sweat. electrolyte content, and
increased plasma volume. All of these may assist thermoregulation in
ventifated systems.

We find that LCGs also appear to be more effective in very fit
individuals. Although their leanness could be a factor, skinfold thick-
ness should not greatly alter heat dissipation. Nor should improved
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sweating play a major role it heavily clothed persons. We speculate that
in it individuals work-induced hyperthermia produces a more active
cardiovascular response including enhanced blood flow to the skin,
thus improving heat transport trom core to LCG.

Paradoxical effects

Early work on aruticial cooling produced a strong debate on whether
head cooling might *fool the h\'potlml.lmus INCO INAPPrOPriIte SUPPres-
ston of sweating (McCattrey, 1973). The tact that head cooling lowers
TYMPANIC temperature was cited carly on as evidence for a direct effect
on brain temperature, but it is now known that the ear canal receives
part of its blood supply from the tace and is therefore atfected by
external temperatures (McCattrey, 1975; Nunneley er al., 1971). Other
experiments andicate that the body somchow regulates sweating
according to net heat load, even in the presence ot strong regional
temperature  ditterences (Nunnceley  er ol 1971 Williams  and
Chambers, 1971, Willlams and Shitzer, 1974). Head cochng does
strongly influence comtort and might therefore impair a subject’s
judgement regarding the severity of heat stress and the extent of
physiological reserves.

Heat stress and mask intolerance

Some workers must wear respivators during heat stress, for example,
firctighters and mine rescue personnel. Several studies show that work
in heat causes a high incidence of dvspnoca and mask intolerance even
among highly trained personnel. This phenomenon may reflect hyper-
vennlation, which normally develops as core temperature rises above
38°C, or may involve some other mechanism(s) (Petersen and Vejby-
Christensen, 1973).

6. Evaluation of thennal protection

Thermoprotective systems can be evaluated in a number of ways,
including the guarded hot plate, heated manikins, computer models,
chamber simuiations and tield trials. Each has its own limitations and
advantages, and it 1s necessary to sclect the appropriate step or series of
steps to producc the desired informatien at the lowest possible cost in
time, money and risk to human subjects. Often there is compiex,

iterative mteraction among one or more of these techniques. In some
cases, alternate systems can be compared, as in an RAF study of air and
water ceoling techniques for pilots (Allan et al., 1971).
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Final selection of thermoprotective systems requires consideration of
several aspects of their performance.

1. Effectiveness. Whether the proposed solution produces the desired
thermal result, reliably reaching the goal seleeted carlier.

2. Efficiency. Assurance that the tinal system s the best thermal
answer in physical and physiological terms.

3. Compatibility. Whether the system will fit into the workplace
without adverscly attecung productvity.

4. Pracucality. Assurance that the solution ~vill work, including
considerations ot legistics, ruggedness and repairability.

3. Cost. Consideration of cconomic consequences including both
mitial investment and upkeep.

In conclusion. the design and evaluation of thermoprotective sysreins
clearly invelve a mixture of skiils and expertise ranging troms physics
and computer programming through ergonomics and physiology to
engineering and cost analysis. Technoloyical improvement is sull poss-
thle in many arcas.
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