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FRAMEWORK TO DEVELOP A
HEAT STRESS PREVENTION PROGRAM

Report for the International Union of Operating Engineers National Hazmat Program
James L. Weeks, ScD., CIH, Senior Scientist
Advanced Technologies and Laboratories, International
Germantown, MD
Winter 2002

This is a framework to develop a heat stress prevention program for hazardous
waste workers wearing chemical protective ensembles.” The foundation for this
framework consists of

e Part | is a discussion of current problems and practices concerning heat stress and
efforts to prevent heat stress associated with cleanup of hazardous waste,

e Part Il is a discussion of the physiology of temperature regulation and how it is
affected by protective ensembles.

e Part Il is a systematic review of the scientific literature and other knowledge
concerning how temperature regulation in the human body is affected by
protective ensembles and what can be done to compensate for these problems,

e Part IV contains recommendations for a heat stress prevention program and for
additional research and development.

This report is a response to a resolution passed by the Environmental Management
Advisory Board on April 14, 2000. This resolution states,

“Current approaches to management of the heat stress hazard results in increased
costs and reduced productivity. Further, the EM program is increasingly facing
this hazard as active D&D and remediation projects are getting underway. As
there have been no important advances in heat stress management over the past
two decades, EM should consider undertaking a heat stress management
development program.”

! Chemical protective “ensembles” consist of impermeable suits, gloves and boots (sometimes
doubled), a respirator, and perhaps other protective gear.



EXECUTIVE SUMMARY

Cleaning up hazardous waste is labor intensive and potentially exposes workers to
substantial chemical and physical hazards. To protect workers from these hazards, they
are outfitted with protective ensembles consisting of protective clothing, gloves, boots,
respirators, and headgear. While the protective ensemble prevents environmental hazards
from entering the workers’ living space, it also prevents workers’ normal body heat from
escaping to the environment. As a consequence, heat and sweat accumulate inside the
ensemble becoming, first, a source of discomfort, a distraction that could impair job
performance or result in injury, and eventually, a threat to workers’ health. A common
solution to this problem, a variation of the Threshold Limit VValue for heat, is limiting the
time that the worker can stay in the ensemble, the “stay time.” This solution, however,
also limits the time that the worker can stay on the job. This is a case of possibly
forgetting that when you’re up to your neck in alligators, your original plan was to drain
the swamp.

Finding an appropriate stay time is a significant practical problem. There are
many variables, some of which are difficult to estimate (such as the rate at which
metabolic heat is generated and many natural and idiosyncratic limitations on individual
workers’ ability to tolerate heat), some of which are difficult to accommodate (such as
temperature, humidity, and sunlight), and some of which are unknown. So rather than
expose workers to risk of heat stress, with all of its consequences, stay times are
conservative, frequently less than one hour. A substantial portion of this time is devoted
to donning and doffing the protective ensemble.

Therefore, to protect workers and to extend the time they can spend on the job, we
propose the following:

o The preferred method for preventing heat stress should be to outfit
workers with a protective ensemble that is artificially cooled. There are
many cooling technologies available. Some are simple, such as immersing
hands and feet into cold water during a break. Others, more complex, fall
into two classes: cooled by air or by water. Since the natural pathways,
and the pathways with the greatest capacity for cooling are mediated by
air, we propose that air cooling be the preferred cooling method.

o  Using stay-times and working without cooling technology would be
acceptable when some combination of the following conditions are met.
(1) The metabolic load generated by the work is low (e.g., < 200 kcal/hr).
(2) The task is short (e.g., < 1 hour). (3) The weather is mild (e.g.,
WBGT < 27 °C).

These suggestions are not sufficient by themselves and should be considered part
of a program to prevent heat stress described below.



Program to Prevent Heat Stress

A program is needed to prevent heat stress and its secondary effects. Secondary

effects include increased risk of traumatic injury and reductions in productivity caused by
reduced time on the job and many impediments to performing tasks. Such a program is
multifaceted. It is not sufficient only to develop a better ensemble or to improve methods
for determining and implementing stay times. A program would consist of the following
elements:

1.

Education and training of workers, supervisors, and others in the basics of
maintaining body temperature, the risks of becoming over-heated, the effects of
protective ensembles on body temperature, and strategies for prevention such as
improved physical fitness, managing diet and fluid consumption, acclimatization,
and managing use of drugs and medication.

Medical screening to identify workers who might be more vulnerable to heat and
to limit their exposure and medical surveillance (including real time monitoring of
workers) to monitor the effects of heat on exposed workers

Development of policies for managing heat stress that would provide workers and
supervisors guidance concerning actions to take to prevent heat stress given
common conditions on the job. Policies would include guidance on when to
employ cooling ensembles, calculating stay times, and preparing for work in a
heat stress environment.

Incorporating policies for managing heat stress into an integrated safety
management system.

Practical methods to measure metabolic heat generation in the field.

Research and development on methods to reduce work loads that generate
metabolic heat.

Research and development to develop artificially cooled ensembles that would
enable workers to stay on the job for at least half a normal work shift.

Research and development to measure and reduce exposure to solar and other
radiant heat sources.

Improve the quality and utility of incident reporting.




3.5 °C for cloth overall and 5 °C for double overalls. For impermeable clothing, several
investigators have recommended an adjustment of 10 to 12 °C. (ref)

Convective and evaporative heat transfer by the lungs is relatively unimpaired by
protective clothing. However, while other pathways are blocked, its portion of total heat
transfer increases. As discussed below, heat transfer via the lungs is increased by using a
liquid air self-contained breathing apparatus that supplies the wearer with cold dry air.*

A substantial portion of the scientific literature devoted to evaluating heat stress
and protective clothing is devoted to measuring the magnitude of the effect of protective
clothing on thermoregulation under different conditions. It is discussed in more detail but
results have been summarized in a convenient fashion in the following chart. (Cheung et
al., 2000)
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Figure 1: Tolerance 11me as a Function or IVietabolic Rate, | emperature, and Humidity.

The decreasing curvilinear relationships between tolerance time and metabolic rate established from

studies by McLellan et al. ?*#753%5 Also shown are discreet data points from other published
studies [32:545780-82]

* Since the principal heat transfer pathway for dogs is via the respiratory tract, it might be useful
to investigate thermoregulatory physiology among dogs to gain some insight into how this
pathway in humans could be better used to regulate temperature when other pathways are
blocked.



This chart brings together the three variables of greatest concern: metabolic load,
environmental conditions, and tolerance time or, in more common terms, work load,
weather, and stay-times. These are the principal source of heat, the principal limiting
factors to heat transfer, and the outcome of final interest. This time (referred to as
tolerance time in the scientific reports) was determined in most instances when any one
limiting factor was reached: a core body temperature of 39 °C, a heart rate that was 95%
of maximum or 180 bpm, the occurrence of symptoms such as dizziness or nausea,
voluntary quit by the experimental subject, or an endurance limit that was set for each
experiment. These criteria represent the many pathways by which heat stress may limit
workers’ ability to continue working and reduces them to a single measure: tolerance
time.

This chart was derived from controlled laboratory experiments with all the virtues
and limitations of experiments: variables were controlled and isolated and measured and
random error was kept to a minimum. In this way, one could better analyze the
complexities of thermoregulation. The subjects were selected from a homogeneous
population of young healthy male volunteers who had been evaluated medically and had
been informed of the risks they would encounter in experiments and had agreed to them.
The experiment was conducted according to a protocol that had been reviewed by an
institutional review board for the protection of human subjects in research. Medical
assistance was readily available.

These experiments also had the same limitations of laboratory experiments. The
experimental subjects were not like the workers in which we are interested. Hazardous
waste workers are older, less fit, have different and variable drinking and eating habits,
and are not “volunteers.” Two important variables measured in the laboratory, work load
and core body temperature, are usually not known at the job site and work load can vary
substantially in the course of performing a task. Moreover, the limiting factors that
determined tolerance time — core temperature of 39 °C, a heart rate 95% or maximum,
and the occurrence of symptoms — would not be acceptable on the job. These
discontinuities limit the inferences that can be made from laboratory findings to a
population of workers.

Nevertheless, these findings are useful because they shows the relationship of
variables to one another, even if we cannot extrapolate exact values. For instance, in the
region up to about 200 W/m?° tolerance time increases sharply (i.e., the slope of the line
is steep) with decreases in metabolic load and changes in environmental conditions
(temperature and humidity). This suggests that with small reduction in metabolic load or
environmental conditions, there is a significant increase in the stay time..

As a practical matter, it is difficult to estimate metabolic load accurately in field
settings, and consequently, it is difficult to use this chart to estimate a safe stay time, even

> This level is unique to the conditions that generated these data and should not be generalized.
200 W/m? is approximately equal to 340 kcal/hr. for a person with 2 m? surface area.
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when environmental conditions are well known. This particular threshold -- 200 W/m? —
is valid under the described experimental conditions but not for workers on the job.
(Discussed below, however, is that we do assume that the slope of the line would be the
same.) Furthermore, there is considerable intra-individual variability in response to heat
requiring one to estimate a conservative stay-time. Some variability is associated with
knowable parameters, such as age, obesity, bodily surface area, gender, and normal core
temperature and, if known, these factors could be used to increase precision. However,
major sources of variation remain so that adjusting for these factors would merely add
complexity without significant reduction of uncertainty. The net result is that estimating
tolerance time (or stay time) in this region involves more guess-work than meaningful
calculation.

In the region above 200 W/m?, the problems are different. Tolerance time is
significantly reduced, regardless of environmental conditions or level of metabolic
activity and the benefits of reducing work load are significantly less because the slope of
the line is nearly flat. For example, in the region from 300 to 400 W/m? (approximately
500 to 700 kcal/hr for a person with 2 m? surface area) tolerance time varies from about
30 to 40 minutes, with little variation associated with environmental conditions. At this
very strenuous level of activity, the lines associated with different environmental
conditions merge, indicating that these conditions are essentially irrelevant to the problem
of estimating a safe stay time.

In spite of limitations, this chart is useful. First, we know there is high degree of
uncertainty, even under experimental conditions, when estimating stay times at relatively
low work levels. This arises from a complex environment for which existing standards
and policies are not adequate. We are in the dark rather than blind. Another useful
feature is that if one were to reduce metabolic load, there can be a substantial increase in
endurance, even if one does not know the exact level. And, finally, a third useful feature
is to show that at high levels of work load, not only is tolerance time significantly
reduced, environmental conditions become irrelevant: all the lines essentially merge into
one at high work levels.

Based on this analysis, we have the following conclusions. First, because of
uncertainty at low levels of work and significant limitations at high levels, it is prudent to
use some form of cooling technology under nearly all circumstances. This transforms
protective clothing into a controllable working environment. The form of the cooling
technology remains to be discussed.

Second, under certain circumstances, it is acceptable to use protective clothing
and no cooling technology. These circumstances are the following. If the work load is
low, and if environmental conditions permit, it would be acceptable to use no cooling
device and for workers to stay on the job for longer than one hour. As a first
approximation, we suggest a work level < 200 kcal/hr. and WBGT < 27 °C). Making this
determination would require two measurements not now being made: work load and
WBGT.
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Measuring WBGT is, in principle, not complicated. One can do it manually, with
the appropriate thermometers, and calculate the results. This is inexpensive but tedious.
The alternative is to use any of several instruments designed specifically to measure
WBGT. Measuring work load is another matter. There are tables commonly used to
estimate work load and measurements have been made for common tasks in D&D work.
In addition, using the knowledge of the large benefit associated with small reduction in
work load, there are specific kinds of changes that should yield significant reductions.
These are discussed below.

Compensating for Heat Stress from Wearing Protective Ensembles

There are two generic ways to compensate for these problems. The first is to
reduce the generation of heat; the second is to increase heat transfer. We will discuss
both using the basics of the physiology of temperature regulation and the heat balance
equation.

Reducing Heat Generation

A fundamental principal guiding the practice of industrial hygiene is that the most
efficient and effective way to control a hazard is by re-engineering its
source. (1991;Herrick, R.F., 1998) (Burton, D.J., 1997; Bishop P., 1997) This can be
accomplished, for example when controlling chemical hazards, by using substitute
materials or methods. This principle is also applicable to controlling heat stress by first
identifying the principal source of heat — physical activity — and then to re-engineer this
source to reduce the amount of physical effort required to perform a task.

Estimating heat production in the field is difficult but it also is important. Itis
possible to estimate heat generation with measures of generic tasks and it is possible to
estimate the relative value of measures to reduce heat. Work load associated with generic
tasks have been estimated by many. Each of the estimates below assume a person of
about 70 kg (150 Ibs) and 2 m? surface area and not wearing protective clothing. One
should proportionately increase the estimates for heavier persons and add 10% for
wearing protective clothing.
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Estimates of metabolic activity for generic tasks, estimated by NIOSH are as follows,
taken from their criteria document (1986):

Table 4: Metabolic Activity for Generic Tasks

Estimated Level of Metabolic Activity

Activity (kcal/hr)*
Sitting 20
Standing 40
Walking 120-200

Walking on grade

add 300 per meter rise

Type of Work

hand work 25-75
one arm 40 - 150
both arms 60 — 210
whole body 150 - 540

* NIOSH reported levels in kcal/min

The ACGIH, in prior editions of the TLV book (1993-94) estimated work load as follows

Table 5: Work Level for Typical Work Activity

Estimated Level of

Work Metabolic Activity
Level Example Activity (kcal/hr)
Light sitting or standing to control machines; light hand or <200

arm work
moderate | walking about with moderate lifting and pushing 200 - 350
Heavy pick and shovel work 350 - 500
very shoveling wet sand > 500
heavy*

* ACGIH did not list a “very heavy” category in this TLV book.
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Another source is Bishop as listed in the text by diNardi (Bishop PA 1997) for
which we selected pertinent tasks.

Table 6: Metabolic Activity for Selected Tasks
Estimated Level of Metabolic Activity
Task (kcal/hr)
driving tractor 150
sheet metal work 198
carpet sweeping 200
general carpentry 210
Welding 210
Raking 222
electrical work 234
mopping floors 252
scraping and painting 260
Vacuuming 264
tapping & drilling 265
using a chain saw 305
walking (smooth level road) 325
Hoeing 372
walking (4 mph) 396
trimming trees 528
barn cleaning 552
rapid marching 582
digging trenches 594

One interesting and useful educational activity would be to take typical tasks for
D&D work, have individuals estimate the metabolic load and compare estimates with
those by others.
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The only measures of work load were conducted by McCabe and others (McCabe
B et al. 2000) based on measurements of oxygen consumption for workers performing
simulated clean-up tasks. These are as follows:

Table 7: Metabolic Load for Tasks in Hazardous Waste Operations
Metabolic Load
Task; Operator kcal/hr
Bulldozer 300
Backhoe 300
Climb/Rod Removal 330
Water Carry 420
Confined Space Crawl 420
Shovel/Wheelbarrow Push 510

Another useful tool is to use an empirically derived expression for estimating
work load given certain parameters. These parameters include, for the task of carrying a
weight, the individual’s weight, the weight of the load, how fast the person is walking,
the nature of the terrain, and the grade. These factors have been derived as follows
(Goldman 1994;Givoni B and Goldman RF 1971)

M = 15W +2(W + L)(L/W)? + n(W + L) (1.5V? + 0.35VG) or
= 1.5W + (2/W2)(WL2 + L3) + u (W + L) (1.5V2 + 0.35VG)

= metabolic heat (watts)

body weight (kg)

= Load (kg)

= terrain coefficient (unitless) (1 > u > 2; u =1 for flat hard surface, = 2 for soft
sand),

speed of walking (meters / sec)

= grade (%)

T rsg
I

O <
I

Thus M increases with the quality of the terrain and the square of walking speed.
It increases linearly, with the square, and with the cube of the load. (See the bold terms
in the second expression above.) Since the load includes the weight of protective
clothing, reducing this weight can have a clear positive benefit on reducing metabolic
heat. So can slowing the speed of walking and carrying a lighter load. M increases
linearly with body weight in three terms and inversely with the square once. Thus,
significant gains are possible by walking slower and carrying smaller loads. Walking up
stairs or ladders are especially demanding.
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The above estimates are useful for both estimating work load and finding ways to
reduce it. Reducing M can be achieved by mechanization, addition of workers to share
the burden of certain tasks, and redesigning tasks following principles of basic physics.
Power is the product of force and distance divided by time; if either force or distance are
decreased or the time during which work is done is increased, there will be an overall
reduction of power needed to perform a task and a commensurate reduction in the amount
of heat generated. Since there are innumerable tasks, it is not possible in this report to be
very specific about how physical effort (or power) can be reduced. It would be a useful
exercise to assemble workers and supervisors to estimate work-load and develop ways of
reducing it.

There are some generic methods for reducing the load on workers. These include

e reducing the work load by increasing crew size for strenuous work,

e substituting mechanical for human force,

e reducing the amount of time spent in protective clothing but not “working,”
e reducing the weight and burden of protective clothing,

e reducing the weight of SCBA,

e reducing the amount of clothing worn under a protective suit,

e reducing the resistance to breathing for air purifying respirators,

Promoting Heat Transfer

Protective clothing impairs all forms of heat transfer and adds to heat generation
and consequently, it generally is perceived as having a negative effect on the thermal
environment of the wearer. On the other hand, it is also an opportunity. Itis a
controllable micro-environment which could be used to create an environment for the
worker that is independent of ambient temperature, humidity, or wind velocity. To
achieve this, it would be necessary to create conditions inside the protective suit that
would promote heat transfer.

The principal pathway for heat transfer is the skin. As suggested above, transfer
by way of the skin can be promoted by increasing the surface area exposed. This
suggests wearing little or light clothing beneath any protective suit. Heat transfer via the
skin can also be promoted by increasing air motion over the surface area. This suggests
circulating air inside the suit.

Therefore, the conditions that would promote heat transfer are low partial pressure
of water vapor to promote evaporation, appropriate air temperature to maximize
conductive heat transfer and evaporative heat loss simultaneously, and sufficient air
motion to remove air humidified by sweat and warmed by conduction. Under these
conditions, a worker should be able to continue with a task for a longer time period.
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Measures that would promote heat transfer include

e increasing worker hydration prior to work and during work, if possible,

e decreasing consumption of diuretics such as alcohol and caffeine,

e promoting physical fitness

e scheduling work for cooler times such as at night or during cooler weather

Cooling Technologies promote heat transfer artificially. They include a variety of
devices that cool the body by conduction with the use of liquids (usually water, but also
propylene glycol, freon, and liquid air), ice, and by convection and promoting sweat
evaporation with the use of air (conditioned and ambient). Liquids typically are perfused
into vests or similar garments and they cool by conduction in direct contact with the skin.
But as they cool, they also constrict peripheral vasculature and inhibit sweat production
and in so doing, may impair heat transfer from the body core to the surface. When air is
used, it promotes the natural cooling process by sweat evaporation and conduction and is
not vasoconstrictive.

In laboratory settings, all of these cooling devices can improve heat transfer by
about 20 to 30 %, and more. Air and water as coolants have been compared often and, on
balance, they perform about the same, with air occasionally yielding better results. Their
acceptability to workers is mixed. In one investigation, (White et al. 1991) 8 out of 9
workers preferred wearing protective clothing with no cooling device to using either an
ice- or freon-based system.

Cooling technologies can be applied in two basic modes, continuously or
intermittently. Continuous cooling involves either use of a carried unit, circulating liquid
or air or a unit that is tethered to a remote pump. Continuous cooling by a tethered line
reduces the burden that the worker must carry but at the expense of restricting mobility
and creating additional safety concerns. Specifically, the tether or line might break or
become snagged or kinked or might be a tripping hazard. The carried liquid units can be
re-charged, usually without doffing the suit. The air unit requires the worker to wear a
belt-mounted fan that weighs about 3 kg. The advantage of continuous cooling units is
that they allow the worker to remain on the job for an extended time period but the
carried units are usually cumbersome and heavy.

Intermittent cooling is achieved by providing a plug-in (or other) device that
would circulate coolant through the suit during a work break. These devices allow
workers to be on the job unencumbered by either a worn unit or a tether but they usually
do not provide the same degree of cooling as the continuous cooling devices. One
intermittent cooling device is simple and inexpensive: immersion of hands or feet in cold
water during a work break. This does not require doffing of shoes or gloves but to reach
greater efficiency, special heat conducting socks or gloves are needed to promote heat
exchange.

17



The strengths and weaknesses are summarized in the following table:

Table 8: Principal Strengths & Weaknesses of Cooling Devices

Cooling Media Strengths & Weaknesses
air e recovers principal natural pathway:
o filtration, cooling, dehumidifying needed to increase efficiency,
provide safety
liquid (water, e efficient conductor of heat but

pr.glycol, freon))

is heavy, cumbersome, constricts peripheral circulation, inhibits
sweat production

ice e greater efficiency but
e same problems as with liquid
liquid air  exploits capacity of respiratory tract; compact
e requires cryogenic technology; may dry throat
Cooling Mode Strengths & Weaknesses
continuous

allows workers to stay on the job for longer periods; tether
allows secure monitoring of worker’s Tcore & HR.

if carried, is cumbersome & heavy; if tethered, restricts mobility,
requires monitoring, creates additional safety concerns

intermittent

allows workers to work without cumbersome and heavy
device;

intermittent cooling with liquids requires special vest & clothing;
reduced efficiency; breaks disrupt continuity of work

(intermittent) hand or
feet immersion

simple, inexpensive;

less efficient
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PART Ill. LITERATURE REVIEW

From 1990 to mid 2001, there were over 100 papers published in the peer-
reviewed bio-medical and engineering literature concerned with the problem of heat
stress and its prevention for workers who wear chemical protective clothing. These
include original research, reviews, discussions of theory, of exposure limits, and of
methods for preventing heat stress. In this review, | have concentrated on original
empirical findings and reviews of this research with passing reference to publications of
other types. | did not consider evaluations of flame-retardant ensembles nor did |
consider effects on military problems or athletic performance unique to either.

Investigations were supported primarily by agencies concerned with military
performance, hazardous waste disposal, fire-fighting, athletic performance, and industrial
applications. The Canadian Institute of Environmental Medicine in Toronto, Ontario, the
U.S. Army Institute of Environmental Medicine in Natick, Mass, the Human
Performance Laboratory at the University of Alabama, Tuscaloosa, and the University of
South Florida and others have been active in this field.

There are four parts to this review: First, | consider studies that examine several
aspects of the effects of chemical protective clothing on heat stress. Second, | compare
cooling devices and cooling strategies. The third part is a discussion of other topics, and
the fourth is a list of conclusions and recommendations. Recommendations are of two
types: policies for preventing heat stress while wearing protective clothing and
suggestions for additional research.

Effects of Chemical Protective Suits on Heat Stress

The insulation of material is measured using the units of “clo.” Introduced in
1941 and reflecting the office environment of its creator, 1 clo was proposed as the value
of a typical wool business suit. It is, basically, a measure of resistance to heat flow from
the body to the atmosphere and was later quantified to 1 clo = 5.55 (kcal / hr) / m?°C °
where °C represents the difference in temperature between the skin and the outer
environment. Impermeable butyl clothing has a clo value of about 2.05 and the value for,
say, long sleeve shirt and pants is about 1.41.(Goldman 1994)

The vapor permeability coefficient of clothing is a unitless ratio of the evaporative
cooling allowed by the clothing to the maximum evaporative cooling obtained by a
psychrometric wet bulb thermometer. It was first proposed by Woodcock and is
sometimes referred to as the Woodcock vapor permeability coefficient. It can range from

® This value was derived by calculating the desired constant body temperature while at rest at a
metabolic level of approximately 50 kcal / hr-m?. At a skin temperature of 33 °C and typical (in
1941) room temperature of 21 °C and allowing for 25% of metabolic heat to be transferred by
sweat evaporation, the desired heat flow is 38 kcal / m? hr. This left the conductance of the
business suit of 1941 = 0.18 °C m*/ (kcal / hr) and its reciprocal, 5.55 (kcal / hr) / m® °C, equal to
one clo.
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0 to 1; the value for everyday clothing is about 0.4 and for a butyl suit, about 0.09.
(Goldman 1994) One implication of these values is that one can improve heat transfer by
wearing more permeable clothing (or less clothing) under a protective suit.

These two measures are sometimes combined to give a single measure of the
resistance to evaporative cooling. Since the rate of diffusion of water vapor is inversely
related to the length it must travel (i.e., the thickness of the material) and since clo is a
reasonable measure of thickness, the permeability index ratio (i, / clo) is often used as a
measure of effective evaporative cooling that combines both insulation and permeability.
This ratio is about 0.25 for a long sleeve shirt and pants and about 0.04 for a butyl suit.
As permeability decreases and as clo increases, heat transfer is inhibited and the potential
for heat stress increases.(Goldman 1994)

The health effects of increased core body temperature are covered in occupational
medicine textbooks.(Levy and Wegman 2000;Waldron HA 1989;0gawa 1998) (Aoyagi
et al. 1995;0gawa 1998) It is sufficient for our purposes to note that the acceptable range
of body temperature is approximately 37 + 2 °C although there is considerable variability
between individuals. The ACGIH estimates a safe upper limit of 38.5 °C. If core body
temperature exceeds this range for a sustained time period, any of several heat illnesses
could occur. These are, with approximately increasing level of severity, fatigue, heat
rash, heat cramps, heat exhaustion, and heat stroke. Heat stroke can be fatal and can
result in permanent organ damage.

An early (1987) investigation of the effects of chemical protective clothing on
heat stress concluded that, based on a comparison of heart rates of volunteers exercising
with and without suits was equivalent to an increase of the WBGT index 6 to 11 °C.
(Paull and Rosenthal 1987; Griffith D. 1992). This was validated by comparing the
WBGT inside the suit to that outside and it implies a substantial increase in risk of heat
stress associated with wearing protective clothing. Others have reached similar
conclusions (Reneau et al. 1997).
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The following re-arranged display of the ACGIH TLV, which spans 10.5 °C (WBGT),
for heat stress helps to illustrate this point:

WBGT Work Level
°C Very
Light | Moderate | Heavy Heavy

22.0
22.5
23.0
23.5
24.0 100%
245

550 100% 50/50
255
26.0
26.5
217.0 75/25
27.5
28.0
28.5
29.0
29.5
30.0
30.5

100%

75/25 50/50

75125

Figure 2: ACGIH TLV for Heat Stress (Acclimatized
Workers)

This figure shows the percent of a work shift devoted to work and to rest to prevent heat
stress, i.e., 25/75 means 25% of time is for work and 75% of time to rest. “Continuous”
work is work without breaks for heat. Light work is up to 200 kcal/hr, moderate, 200-
350, heavy, 350 to 500, and very heavy, above 500 kcal/hr. This table encompasses a
span of 10.5 °C WBGT so that a shift of 10 °C in the WBGT requires major adjustment
in the work-rest regimen.
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This basic problem has been validated many times over. McLellan and co-
workers(McLellan et al. 1993a) at the Canadian Institute of Environmental Medicine in
Toronto, Ontario, Canada compared continuous work and a work-rest schedules under
light and heavy exercise under warm conditions (30 °C and 50% relative humidity) while
wearing combat clothing, combats with a semi-permeable nuclear, biological, and
chemical (NBC) overgarment and, in addition to the NBC, while wearing respirator,
gloves, and boots. Subjects’ endurance was measured under these conditions. The limit
of endurance was a rectal temperature of 39.3 °C, a heart rate 95% of maximum,
dizziness or nausea, or five hours’. When workers were resting, their metabolic rate was
assumed to be 4 liters / kg min., a rate that was used to calculate their average metabolic
rate.

This group then derived an empirical relationship between endurance time and
metabolic rate under different environmental conditions during uncompensable heat
stress. This relationship took a hyperbolic form and was derived by non-linear regression
methods with the following model:

T=ky/(VO; - ky)® °

in which k; and k; are empirically derived constants,
VO, is the rate of oxygen consumption (liters per kg per min), and
T is tolerance time (minutes)

Measuring metabolic activity by oxygen consumption is directly proportional to other
measures such as kcal / hr or watts.

McLellan published similar findings the same year (McLellan 1993)using the
same basic protocol. Nineteen unacclimatized young healthy male volunteers exercised
at four different levels in a hot environment (40 °C, 50% relative humidity) wearing three
different levels of protective clothing: combat clothing, combat clothing and a semi-
permeable biological-chemical (BC) overgarment, and combat clothing, BC overgarment,

"These are conventional limits used by this group and others to obtain a single measure of

performance affected by heat stress. Endurance is a useful measure but these specific limits,

while manageable in a laboratory environment, should not be translated directly into workplace

exposure limits.

8 This can be expressed as a hyperbolic function and subject to simple linear regression as
1/T=p0+p1 VO,

Bo and B, are regression parameters which would be equivalent to (k,/ k;) and 1/k;,
respectively.

° These data are also linear on a log-log scale.(Goldman 1994)
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boots, gloves, and respirator. Critical outcome variables included endurance, core
temperature, and heart rate. Endurance was determined if core temperature reached
39.3 °C, heart rate reached 95% of maximum, the subject experienced dizziness or
nausea, or 5 hours had elapsed.

Results were as expected. Endurance decreased and core temperature and heart
rate increased from low, medium, and high levels of clothing. Differences were more
pronounced at higher levels of activity. The hyperbolic relation between endurance and
level of metabolic activity, as noted above, was apparent in this investigation also. The
important additional information in this experiment is the effect of different
environmental conditions on this relationship. Up to about 15 mL/kg min. (roughly
equivalent 300 kcal/hr for a 70 kg person), there were clear and expected differences
between three different environmental conditions: 40 °C & 50% relative humidity; 40 °C
& 30% relative humidity, and 30 °C & 50% relative humidity. The hottest and most
humid environment moved the upper portion of this curve to the left and, for the same
level of metabolic activity, imposed significant limits on endurance. At higher levels,
above the 15 mL/kg min level, endurance was significantly reduced and was practically
independent of the environmental conditions.

These findings make determining a safe time to stay at work under these
conditions a very complex problem. They are adjusted for individual’s body surface area
and have accurate and precise measures of metabolic load, none of which is known with
confidence in field applications. And they are also based on healthy, young, and fit
individuals.

Humidity, measured in terms of the partial pressure of water vapor, affects
tolerance to heat while in protective clothing and this affect is primarily felt at relatively
high levels of humidity, above, for example, 4.5 kPa.'® These findings were reported by
McLellan and colleagues (McLellan and Yukitoshi A 1996)Noting that variations in
ambient water vapor pressure up to 3.7 kPa had little effect on heat tolerance at a
metabolic rate above 450 W (about 400 kcal / hr), this group designed an experiment to
determine whether these findings extended to more extreme values of vapor pressure.

Twelve male volunteers exercised at either light (350 W) or heavy (500 W) rate at
40 °C under dry (1.1 kPa) or wet (4.8 kPa). The principal outcome measure was
tolerance time. For both light and heavy exercise, an increase in water vapor pressure
limits tolerance time. synergy (?)

1% Relative Humidity is the ratio of the partial pressure of water vapor to the maximum possible
pressure at a specific temperature and expressed as a percent. The term kPa is the kilo-pascal, the
measure of pressure in the metric system. One pascal is equal to one Nt / m%.
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Tolerance time (average minutes + SD) as a function of exercise level and water vapor
pressure:

Level of Water Vapor Pressure

Exercise Level Dry (1.1 kPa) Humid (4.8 kPa)
Light (350 W) 120.3+19.3 548+7.3
Heavy (500 W) 63.5+6.9 36.8+3.1

This hyperbolic relationship between level of exercise and endurance has its most
complete description in a review by Cheung and others (Cheung et al. 2000) which brings
together their work and complementary work of others (Montain et al. 1994;Sawka et al.
2001;Sawka et al. 2001). There are two prominent features from these findings that are
important for managing heat stress in the real world environment while workers are
wearing protective clothing. First, at relatively low levels (< 200 kcal / hr), this
expression has a very steep slope so that even slight increases in metabolic activity result
in significant decreases in endurance.

Along with significant decrease, however, comes significant variability. One
source is associated with different environmental conditions with heat and humidity
significantly reducing tolerance time for the same level of metabolic activity. Another
source is implied in the measure of metabolic activity. The rate of oxygen consumption
is adjusted either for workers’ weight or surface area, which, in turn, varies significantly
from one worker to another. Tolerance also varies with workers’ age, health,
acclimatization, and physical fitness. Finally, in the field, it is difficult to obtain precise
estimates of metabolic activity. These factors — environmental conditions, significant
changes in endurance with small changes in metabolic activity, variability associated with
several attributes of workers, and the difficulty of estimating metabolic activity -- make
for a very uncertain environment for estimating, for example, a safe time limit (stay-time)
for workers to be in a specific environment. If one can reduce metabolic activity, it is
possible to increase endurance significantly but the exact value is difficult to estimate
with confidence.

Second, at high levels of metabolic activity, i.e., above about 350 kcal / hr.,
endurance is significantly shorter than at low levels, it changes little with changes in
metabolic activity, and it is relatively independent of environmental conditions. The
critical determination for the decision-maker, therefore, is to estimate the level of
metabolic activity. If it is above about 350 kcal / hr., workers with protective clothing
cannot work for more than about 20 minutes, regardless of environmental factors. Ifitis
below, there are significant benefits in tolerance time if it can be reduced further.
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This can be illustrated with the following calculations: ( k; =593.1; k,=4.7)

Work Level
(VOy). Decrease in tolerance time
liters / kg min with increase in Work
(minutes) Tolerance Time (minutes) Level (minutes)
7 220

10 112 108

20 38.8

23 32.4 6.4

Thus at low levels of activity, an increase from 7 to 10 liters / kg min results in a
reduction of endurance of over 100 minutes. At higher levels, an increase of the same
magnitude, from 20 to 23 liters / kg min., results in a decrease of endurance time of only
6.4 minutes. In some ways, this is not surprising; at very high levels of metabolic
activity, one reaches the limits of human endurance and marginal changes are small. But
this is in the range when most heat stress problems arise and it is important to know that
once in this range, (a) endurance is limited (b) it changes little with increases in work
load, and (c) it is essentially independent of environmental conditions.

A note of caution: These outcomes are based on experiments that tolerate d very
high levels of stress and it is therefore unclear to what extent specific findings (e.g., at
350 kcal/hr, endurance is 20 minutes) pertain to real workers in a real work environment.
However, it is the shape of these curves and the importance of environmental v.
metabolic factors at different levels of activity that are pertinent to the work environment
and to the practical problem of estimating safe exposure times.

The investigations of Montain and colleagues(Montain et al. 1994), noted above
had broader objectives. This group evaluated tolerance to uncompensable heat stress by
having seven young acclimatized men walking on a treadmill at 425 and 600 watts under
simulated climatic conditions (hot/dry [desert] and hot/humid [tropical]) and wearing full
(clo = 1.5) or partial (clo = 0.33) protective clothing. Temperature and relative humidity
for the desert environment were 43 °C and 20%, respectively and for the tropical
environment were 35 °C and 50%. Tolerance was determined when evaporative cooling
needed to maintain thermal balance exceeded maximum capacity or when there was an
uncontrolled rise in core temperature.

These experiments yielded several important results. Wearing full protective
clothing reduces tolerance to elevated core temperature so that persons fully encapsulated
experience heat strain at a lower core temperature than persons partially encapsulated.
Rectal temperatures at which exhaustion occurred for fully clothed persons ranged from
38.5 to 38.7 °C with no significant differences associated with work intensity or climate.
In comparison, the corresponding rectal temperature for persons partially clothed ranged
from 38.8 to 39.1 °C, the highest occurring during desert conditions at high level of
exercise. This suggests that if rectal temperature is monitored as a means of preventing
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heat stress, thresholds of acceptability found when workers were not wearing protective
clothing are not automatically applicable when they are wearing protective clothing.

The tolerance of persons in partial protective clothing is similar to that reported
for persons in ordinary work clothes. Raising the metabolic rate from 400 to 600 watts
(from 350 to 520 kcal / hr) does not alter physiologic tolerance for fully clothed persons.
Finally, tolerance is similar in desert or tropical climates having the same WBGT.

Another implication is that guidelines for establishing limits for workers in
ordinary work clothes overestimate the tolerance in core temperature of workers who are
encapsulated in protective clothing. This study also has the reassuring result that the
WBGT is a valid method for combining several measures of environmental heat.

Much of the research on the effects of chemical protective clothing has been done
by the military using military chemical protective clothing. For instance, Cadarette and
others (Cadarette et al. 2001) at the USArmy Research Institute of Environmental
Medicine, compared the response of volunteer wearing a prototype Joint Service
Lightweight Integrated Suit Technology (JSLIST) with protective clothing currently in
use. Volunteers (10 males, 2 females) exercised at about 400 W (350 kcal/hr) at 35 °C,
50% relative humidity. Subjects were asked to continue for 100 minutes but most were
unable to do so. Based on measurements of core temperature (T) at the conclusion of
the trial, there was minimal variability among five users of the JSLIST garment and on
average, were warmer than one control garment and cooler than the others.

In a similar experiment, (Sawka et al. 2001) also comparing the JSLIST garment
to US Army, Marine, and Navy garments. Conclusions were similar to those reported
above: the JSLIST garment was not different from existing garments already in use.

Does this research apply to industrial chemical protective clothing? Reneau and
colleagues (Reneau et al. 1997) compared sweat rates, heart rate, core temperature, mean
skin temperature, and stored heat for military protective clothing v. industrial vapor-
barrier clothing. Ten young males wore military then industrial suits under two
conditions: WBGT = 18 °C and 26 °C and worked under the same work-rest protocol.
There was no significant difference in the heart rate at WBGT = 18 °C or at WBGT = 26
°C. But when measurements taken under both conditions were pooled, there were
significant (p < 0.05) differences in sweat rate, rise in mean skin temperature, and heat
stored that was independent of conditions. There were similar differences -- of greater
magnitude for the warmer conditions -- when measurements were compared separately,
under both environmental conditions but were not significant statistically because of the
small number of observations. Under the warmer conditions, there were significant
differences in the rise of core temperature (0.52 v. 0.90 °C, military v. industrial).

The authors conclude that results on military suits can be applied to industrial
suits, but with caution, *. . particularly in regard to hot environments.” In my view, this
note of caution is insufficient and there are important differences between military and
industrial protective clothing. The industrial vapor barrier suits used in this experiment
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allowed less sweat, resulted in higher core and skin temperature, and greater heat storage
at both levels of WBGT. The consistency of these findings and the existence of an
exposure-response relationship lend more credibility than the lack of statistical
significance detract. The lack of statistical significance in these comparisons is largely a
consequence of the small number of observations. Thus, when the authors pooled
measurements from higher and lower temperatures, this increased the number of
observations (which would increase the chances of finding p < 0.05) but decreased the
differences between the two suits (which would decrease the chances of finding p < 0.05)
and achieved statistically significant differences largely by increasing the number of data
points and in spite of pooling data which tends to obscure differences.

Respiratory Protective Devices

Respiratory protective equipment is commonly used in combination with
protective clothing and just as commonly adds its own burden to the wearer at the same
time that it protects. Air purifying respirators increase resistance to both inhaling and
exhaling and increase physiologic dead space. Increased resistance increases the work of
breathing and minimally heats incoming air. Increasing physiologic dead space
essentially reduces the concentration of oxygen delivered to the alveoli. Both of these
phenomena are manifest in increased metabolic heat and may aggravate certain
psychological conditions (e.g., anxiety or claustrophobia).

Subjects wore some form of respirator in several of the experiments discussed
above and, in addition, strain associated with respirator use per se has also been
evaluated. For example, Hodous and others(Hodous et al. 1989) measured respiratory
frequency, tidal volume, minute ventilation, and heart rate for 20 volunteers who wore
either no respirator, air purifying respirator, or an air line respirator while they performed
simulated work. Wearing respirators under these conditions resulted in a significant
increase in all these measures. When controlled for heart rate, however, there were no
differences in the measures of lung function. Thus, use of either air purifying or air line
respirators independently affects cardio-pulmonary function in the absence of chemical
protective clothing.

Salazar and colleagues(Salazar et al. ) surveyed a group of hazardous waste
workers to identify the factors that were associated with their wearing or not wearing
either air purifying or supplied air respirators. The participation rate was 46.5%
(255/548) for both interview and written survey soliciting weighted views on 18 factors
affecting use of respirators positively or negatively. Factors with the most positive
influence were concern about exposure, fit testing, and training. Negative influences
were communication, comfort, effects on vision, structural environment, and fatigue.
Those that used respirators more frequently were more likely to view fit testing, health
effects, and effects on vision negatively compared to those who used them less
frequently. Laborers were more likely to use air-supplied respirators, to use them more
frequently, and to view vulnerability to disease more negatively than were other workers.
The authors suggest that health professionals should be more responsive to the specific
concerns of workers.
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Szeinuk and colleagues (Szeinuk et al.) reviewed medical evaluation for respirator
use and recommended evaluation not only of workers but of respirators per se. Workers’
fitness and general health plus the demands and risks of the work itself and the structure,
function, and limitations of respirators all need to be evaluated. Teamwork among
physicians, hygienists, employers, and workers is essential to provide the best protection
from respirators. In a complementary report reaching out to a different group of readers
by publishing in American Family Physician, Kraut (Kraut 1988) reviewed procedures
for certifying workers for respirator usage and offered similar but less work-oriented
recommendations.

Effects of Chemical Protective Clothing on Performance.

Protective clothing not only inhibits heat transfer, it also impairs performance.
McLellan et al., addressed the question of performance(McLellan et al. 1993b) with
experiments with 23 unacclimatized volunteers wearing combat clothing (light), combat
clothing plus the chemical protective suit (medium), or combats, protective suit, boots,
gloves, and respirator (heavy), exercising at a light or heavy metabolic rate, under cool or
warm environmental conditions. The principal outcome variable was tolerance time,
which was reached when a rectal temperature reached 39.3 °C, heart rate was 95% of
maximum, the occurrence of nausea or dizziness, or five hours. Summary results are
displayed in tabular form:

Work Tolerance Time (average minutes) by Exercise Level, Environmental Conditions,
and Type of Clothing

Environmental

Exercise Level Conditions Protective Clothing
light medium  heavy
Light cool * * *
warm * * 83
Heavy cool * 241 57
warm 173 66 34

*no impairment. WTT = 277.

This clearly shows the decrement in tolerance time associated with all three variables. It
also illustrates the effect of the weight of protective clothing on tolerance time; if one
could reduce weight without sacrificing protection from toxic or radiological hazards,
time on the job could be substantially increased.

Work tolerance time was also measured in relation to a new vapor protective
clothing that was worn under rather than over combat clothing. Using a similar protocol
as above, 23 volunteers exercised at light, medium, or heavy level wearing the current
chemical defense clothing (CD Current), the chemical defense clothing by itself (CD
Vapor), or the chemical defense clothing worn under combat clothing (CD Vapor
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Combat). All experiments were conducted at 40 °C and 30% relative humidity. Results
are tabulated below:

Work Tolerance Times (average minutes) by Exercise Level and Clothing Ensemble

Clothing Ensemble
Exercise Level CD Current CD Vapor Combat  CD Vapor

Low 116 208 289
Moderate 67 87 133
High 50 59 80

The authors conclude that this arrangement conferred a moderate advantage over
the current CD clothing but that this advantage is diminished at higher levels of exercise.
At “high” levels of exercise, CD Vapor Combat ensemble is not significantly different
from the current gear, 59 v. 50 minutes tolerance time. At low levels, however, tolerance
time under the CD Vapor Combat ensemble is nearly double that of the current CD.

More broadly conceived measures of performance were reviewed by Taylor and
Orlansky (Taylor and Orlansky 1993) who conducted a critical review of a large number
(115) of studies published from 1979 to 1991, sponsored primarily by the U.S. Army.
Because of this orientation, many of the tasks for which performance was measured were
related to combat and therefore of marginal relevance to hazardous waste workers. Some
of the degradation in performance was secondary to heat stress while some was
associated with the protective clothing itself. Degradation of performance associated
with heat stress were apparent within one hour of donning the suit.

Regardless of its military orientation, some findings are important for hazardous
waste workers. Communications were impaired as measured by an increase in both the
frequency and duration of radio communications among units. (Since the military values
parsimonious communications, the authors took repetition as an indicator of degraded
performance.) Hearing perception and speech intelligibility were impaired with
threshold shifts at low (500 Hz) and high (4,000 and 6,000 Hz) frequencies. Visual
perception was impaired. Tactile sensibility and manual dexterity were significantly
impaired for subjects wearing gloves. Adverse psychological effects included
degradation of mood and reduced reaction time. Problem-solving abilities were
degraded.

These authors suggested several strategies for alleviating these effects.
Endurance can be extended if ambient temperatures are not severe and workers are
adequately hydrated and rested. In simulated exercises, training of platoon leaders had a
positive effect on platoon performance even in the absence of training for platoon
members. Some suits had significantly more adverse effects than others and
consequently, performance can be improved by proper suit selection. These authors had
no comments to make on cooling devices and strategies.
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These strategies for compensating for degraded performance provide only limited
benefits. Based on this review, a more systematic approach to overcoming impediments
to performance is needed.

Ray and others (Ray PS et al. 1991) noted a decline in vigilance in some members
of an experimental group but not in others following strenuous exercise followed by 40
minutes rest. They suggest that workers could perform short vigilance tasks without
diminished performance but that there were differences among individuals.

Barker and colleagues (Barker et al. 1999)reviewed the published literature to
compare the thermal characteristics of 15 commercially available and 6 prototype (ca
1999) protective ensembles. This report tabulates (attached) total insulation and
evaporative resistance for these fabrics. This report also develops the theoretical basis for
evaluating heat stress but is of limited value for our purposes because it is based on
relatively old investigations (from 1955 to 1993). Similarly, Holmer (Holmer 1995)
developed the theoretical basis for evaluating clothing, based on evaporative resistance
and other measures, but did not discuss empirical findings.

Evaluation of Vapor Permeable Fabric.

Nigg and colleagues (Nigg et al. 1992)evaluated seven different protective
coveralls for their effects on heat stress and on penetration by pesticides. This group
recruited ten professional pesticide applicators to participate in this research in Florida in
the summer of 1988. These authors were concerned with the problem of tradeoffs
between vapor permeability that would alleviate heat stress but should prevent
penetration by mist and vapors of ethion, a pesticide applied to citrus trees.

Heat stress was evaluated by measuring the mean skin temperature, oral
temperature, and heart rate of the applicators. Neither core body temperature nor sweat
rate were measured. Wet and dry bulb temperature and globe temperature were measured
to calculate the WBGT index. Metabolic heat was estimated by evaluating the level of
exertion required, relative humidity was calculated, solar intensity and wind velocity
were measured. Participants performed basically the same job -- application by air blast
equipment -- each day of the experiment. Penetration by pesticides was measured by
placing pads inside the suits at several locations.

Three of the suits were 100% polypropylene, two were 50% polyester 50% wood
pulp, and two were 35/65 cotton/polyester. Differences among these suits were based on
differences in weave and fabric treatment (scotch-guard). Rated permeability ranged
from 0.03 to 0.27 cm®/sec? sec. Each fabric was used an average of 17 times.

There were no significant differences between the fabrics with respect to the heat
stress experiment but there were significant differences with respect to their permeability
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to the pesticide. These are shown in the table below, (rearranged from Table 6 in the
paper) from those with the most to the least penetration:

Median
Penetration (%)
(95% CI) Fabric
3.8 (1.9-6.8) SMS-U-1.8  100% polypropylene, 1.8 oz/yd?
3.6 (2.4-5.3) SON-U 50% polyester/50% wood pulp
3.0 (1.7-21.8) CPP 35/65 cotton polyester, twill, woven (94 x 48)
2.5(0.8-8.3) CPC 35/65 cotton polyester, twill, woven (96 x 48)

2.3 (0.8-5.3) SMS-T-1.8  100% polypropylene, 1.8 oz/yd?, treated
1.9 (0.6-7.3) SMS-T-2.3  100% polypropylene, 2.3 oz/yd?, treated
0.8 (0.3-2.0) SON-T 50% polyester/50% wood pulp, treated

Judging solely by the median penetration, the treated fabrics were less permeable
than the untreated fabrics and those with a more dense weave were less permeable than
those with the less dense weave, and that the SON fabric responded better to treatment
than did the SMS fabric. This is consistent with expectations. However, there is also
considerable range in permeability scores and, judging solely by these confidence
intervals and not considering the number of measurements, the only difference in which
there is no overlap in confidence intervals is between the SON-T and SON-U fabrics;
SON-T is also marginally lower than the SMS-U-1.8 fabric. A linear display of median
scores shows the SON-T fabric to be separated from the others which are evenly
distributed over a wide range.

-------- Xmmmmmmmmmme X mm e X X mme X mmm s K= K mm oo
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The authors did not compare the rank order of these fabrics by their rated air
permeability (Table 3; not shown) and by the percent penetration. These two measures
should be highly correlated but the Spearman rank-correlation statistic shows a
correlation of 0.18, a very low value, but entirely explained by SON-T ranking first in
permeability but last in percent penetration. With SON-T removed, the correlation is
0.89, significantly different from random at the p < 0.01 level..

This investigation suggests that, at least with these materials, increasing fabric
permeability is of limited value for reducing heat stress and, furthermore, that it permits
greater penetration of toxic chemicals, in this case, the pesticide ethion. This conclusion
is not very convincing, however, because of wide variability among fabrics and the
peculiar anomaly associated with the performance of the SON-T fabric noted above.

A somewhat more promising investigation of fabric permeability was conducted

by McLellan and colleagues (McLellan et al. 1992). This group compared a new (1992)
vapor protective clothing (that was more permeable to water vapor) to the nuclear-
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biological-chemical (NBC) suit in use at the time and worn with or without combat
clothing. Volunteers exercised at either low or high level in a hot (40 °C; 25% relative
humidity) environment. The new suit performed significantly better with respect to
subjects’ endurance, efficiency of sweat evaporation, and rate of rise in core temperature.
They also noted that endurance and rate of rise in core temperature was better when
volunteers wore long underwear compared to combat clothing. They did not evaluate
effects of radiant heat or fabric color nor did they evaluate this fabric’s permeability to
chemical vapors.

Kenney and colleagues (Kenney et al. 1993) compared characteristics of two suits
with others that had been evaluated previously. The suits in this investigation were
characterized as liquid-barrier, vapor-permeable.'* (Values of clo and i, were not
provided.). These fabrics were designed to permit diffusion of vapor but block
penetration by liquids. Both types of suit were made with Gore-Tex and one had been
treated with a coating technology. Two sets of six male volunteers were used to evaluate
these suits under controlled laboratory conditions.

Subjects walked on a treadmill or a bicycle ergometer in a chamber with
controlled temperature, humidity, and air motion. Air motion was minimal. Exercise
level was set about 350 watts (= 300 kcal / hr) Humidity was set at about 11 torr and was
raised 1 torr every five minutes; temperature was set at 28 °C then was raised 1 °C every
five minutes. The purpose of this experiment was to determine critical temperature and
critical water vapor pressure above which heat balance could not be maintained by the
subjects, i.e., the temperature at which there was a sustained rise in core (rectal)
temperature.’? These two measurements -- critical temperature and water vapor pressure
-- were eventually combined as the WBGT. The experiment was performed with both
suits and results were compared with similar experiments with other suits.

These investigators found that the critical WBGT for the liquid barrier clothing
was 11 °C lower than the ACGIH TLV for work at the same level under the same
conditions using ordinary work clothes and that the vapor barrier clothing was 19 °C
lower than the TLV. These results give us a measure of the burden of heat stress imposed
for these two types of suits. In comparison, coveralls required a 3 °C lowering of the
TLV and double coveralls, a 7 °C lowering.

Cooling Technologies

Williamson and colleagues (Williamson et al. 1999) compared two cooling
ensembles with a Trelleborg vapor protective suit representative of HAZMAT suits

1 This study was supported in part by the fabric maker (W.L. Gore & Assoc.) and the suit maker
(Steele, Inc.)

2 These investigators apparently only considered the rise in rectal temperature associated with the

increase in temperature in the chamber and did not consider it associated with the duration of
exercise.
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currently in use. The cooling apparatus was an Interspiro Spirolite breathing apparatus,
used with the Tborg suit, and with a prototype suit under development by NASA and that
also provided convective cooling. These were all considered level A suits. The test
subjects, unlike those in most other studies, were twelve local working firefighters and
members of a HAZMAT crew. They exercised on a treadmill in a climate-controlled
chamber at a constant temperature 28 °C, 40 to 45% relative humidity, and air exchange
of 3540 liters/min.

Subjects underwent a fixed routine of warm-up, walking on the treadmill, and
cool-down that was representative of HAZMAT work. The maximum, and longest,
speed on the treadmill was 3.2 km / hr. (Energy expended expressed in watts or kcal / hr
was not provided.) There were four rounds. In round 1, subjects exercised in T-shirts,
shorts, and running shoes to serve as their own control for evaluating later rounds. The
second, third, and fourth rounds were conducted™ using the three different suits: standard
Level A Thorg suit with a High Performance Breathing Apparatus (T), the same suit with
liquid air back-pack Y cryo), and the prototype NASA level A suit with the liquid air
back-pack and convective cooling (A cryo). These ensembles weighed, respectively, 19
kg (41.9#), 35.2 kg (77.6#), and 36.5 kg (80.5#).

The T cryo ensemble was significantly better at moderating increase in heart rate
and core body temperature and at receiving the best subjective assessment of exertion
compared to either the T or the A cryo ensembles. For example, the mean core body
temperature at the conclusion of exercise was 37.2 for the control trial, 37.9 for the T suit,
37.4 for the T cryo suit, and 37.7 for the A cryo suit. The mean heart rate at the
conclusion of the exercise was 96, 144, 100, and 121 for the C trial, T, T cryo, and A
cryo, respectively. These findings demonstrate that the cryogenic liquid breathing
apparatus provides a significant benefit at moderating rise in body temperature and heart
rate.

The A cryo suit performed better than the T but not as well as the T cryo.
However the A cryo suit received praise from the subjects for other design features and
the investigators speculated that the principle reason for its performance was its weight.
A newer prototype was reported under development that would weigh about the same as
the T cryo suit.

Xu and colleagues (Xu et al. 1999) compared the cooling effects of a multi- v.
single-loop liquid cooling system in which water was circulated either independently
around the torso, upper extremities, and lower extremities or to the torso and extremities
in a single loop and they evaluated automatic controls of inlet water temperature. Eight
subjects exercised at 70 or 110 W (60.1 or 95.6 kcal / hr) at 35 °C and 40% relative
humidity. These investigators found that multi-loop cooling system provided more
cooling than did single loop and that a skin temperature sensor could be used as an
automatic control device. They estimated that the multi loop system removed about

B3 Apparently without randomization.
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200 W (232 kcal / hr) from the legs at 70 W level of exercise and 300 W (350 kcal / hr) at
110 W exercise.

Cadarette and colleagues (Cadarette et al. 2001) compared the performance of two
developmental toxic agent protective systems with a standard system. Six men and two
women volunteers exercised following a fixed protocol while at 38 °C and 30% RH.
Subjects wore the Self-Contained Toxic Environment Protective Outfit with a re-breather
and a micro-climate cooling system (STEPO-R), the same suit with a tethered air line
(STEPO-T), or the standard Toxicological Agent Protective suit (TAP). The TAP suit
was the U.S. Army standard suit for work in environments that could be immediately
dangerous to life or health (IDLH) up until about 1988. The STEPO was developed to
replace it. It had its own self-contained breathing apparatus, replacing the filtered air
used in the TAP. Several generations were developed and the latest was the subject of
this study, using either the re-breather or tethered air line.

The STEPO in both configurations, -R and -T performed better at about 300 W
than the TAP with respect to heat storage, sweating rate, exposure time (approximately
100 minutes v. 46 for the TAP), and time to reach a core temperature of 30 °C.

The STEPO-R configuration contained a micro-climate vapor compression
cooling system with a rated capacity of 375 W at 35 °C. It circulates a 25% glycol/water
solution to a full body cooling undergarment. It can be battery operated or operated off a
motor vehicle. The complete outfit, the suit and the cooling system, weighs about 27 kg
(60 #). The STEPO-T suit with an emergency breathing apparatus weighs about 22 kg
(49 #). Airis delivered through a 300 ft hose at 125 psig.

McLellan (McLellan et al. 1992) performed nearly an identical experiment with
these suits published a year earlier and reached the same conclusion. McLellan and
Cheung’s results are displayed in the table below.

These experiments suggest that cooling during rest breaks is a feasible means of
preventing heat stress without having to wear self-contained cooling devices. Cooling
can be accomplished in this way without doffing the protective clothing.

Comparison of Self Contained
Toxic Environmental Protective Outfit (STEPO)
with rebreather (R) or tethered air-line (T)
with Toxicological Agent Protective Suit (TAP)

Heat Storage Exposure Time Estimated Time to

Suit (°C) (minutes) 39°C (minutes)
STEPO-R 37+8 83+22 226 £ 124
STEPO-T 3812 106 £ 39 244 + 170

TAP 37+15 46+ 1 69 + 20
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Approximate Exercise Level: 300 W (250 kcal / hr)
Conditions: 38 °C, 30% RH

Among cooling technologies, these clearly provide the greatest benefit, reducing
heat storage by half, doubling the exposure time and more than tripling the estimated
time to a core temperature of 39 °C, compared to the prior generation suit.

Hydration, Physical Fitness, Acclimatization

Hydration before work in a hot environment is as important as having potable
water available during work. This is especially useful for workers in chemical protective
clothing because of the difficulty of drinking water while wearing such clothing..

Hypohydration (i.e., state of below normal body water)** has a significant effect
on endurance under any circumstances and a greater effect while wearing chemical
protective clothing. Hypohydration of 2.5% body mass (i.e., 5 Ibs for a 200 Ib person), or
about a 2% loss of body water, while wearing chemical protective clothing and exercising
at 40 °C and 30% humidity resulted in significantly reduced endurance from 107 to 93
minutes (at HSI = 2.5) and from 60 to 53 minutes (at HSI = 3.5).(McLellan and Cheung
2000;McLellan et al. 1999a;Cheung and McLellan 1998b;Cheung and McLellan 1998a)

Physical fitness, as measured by lower heart rate and lower core temperature
seems to allow workers to tolerate greater extremes of heat. Workers with long-standing
aerobic fitness start with a lower core temperature and apparently can tolerate higher core
temperatures. Both of these features allow longer endurance during in hot work
environments.

Acclimatization is well documented as allowing workers to work in hot
environments for longer periods of time. But for workers wearing protective clothing, it
has limited utility. Acclimation requires a sustained increase in core temperature for at
least two hours per day on consecutive days for two weeks. (Wenger CB 1988). This
results in greater and more dilute sweat production, allowing evaporative cooling with
less loss of electrolytes. For the worker in chemical protective clothing, however, sweat
production is of limited benefit because of the limits on sweat evaporation.
Consequently, its value is limited.

In a series of studies designed to evaluate the effects of acclimation on endurance
during uncompensated heat stress, McLellan and colleagues (Aoyagi et al. 1994;Aoyagi
et al. 1995) (McLellan and Yukitoshi A 1996;Aoyagi et al. 1995) found little reduction in
heat strain following six days of acclimation to a hot-dry environment but there was a
benefit following twelve days of acclimation, provided acclimation was achieved while
wearing the protective clothing. Core temperature, heart rate, and sweat rates all
improved with a small increase in endurance. A third experiment was designed to

1 Dehydration, in contrast, is a dynamic process of losing body water.
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evaluate the benefit of twelve days of acclimation while wearing NBC clothing in both a
hot-dry (40 °C; 30% RH) and hot-wet environment. Benefits of acclimation in this way
were evident in reduced core temperature, skin temperature, and heart rate compared to
the group that had been acclimated in the hot-dry environment, without NBC clothing,
and a control group that was not acclimated. Under these circumstances, one could
expect an increase of endurance of about 25%. There are, however, obvious logistical
and cost problems with such an approach. Unacclimated workers would have to work
continuously in NBC clothing for two weeks before they could reap the benefits.

Work Breaks

Work-rest regimens are a standard part of strategies for managing heat stress in
the absence of protective clothing (American Conference of Governmental Industrial
Hygienists 2000). Its purpose is to reduce the overall work load and to provide workers
an opportunity to cool off. Is this an effective strategy with protective clothing? By
itself, it appears to provide little benefit but it is more effective if active cooling is
provided during a work break

Sawka and co-workers (Sawka et al. 2001)at the U.S. Army Research Institute of
Environmental Medicine had twelve volunteers exercise at low and high intensity levels
with and without taking work breaks. Although heat stress index values declined during
work breaks, the magnitude of decline was small, it remained excessive, and exhaustion
still occurred among all subjects at both levels of exercise. Thus this conventional
method for moderating heat stress appears to be ineffective for workers in chemical
protective clothing.

When active cooling is provided during the work break, however, there is some
benefit. Allsopp and co-workers (Allsopp and Poole 1991) had six volunteers wearing
protective clothing work for thirty minutes at a rate of 490 J/sec (= 1 Watt = 425 kcal /
hr) in an environment of 30 °C and then take work-breaks. During breaks, they immersed
their hands in water at either 25 °C or 10 °C. Compared to controls, this allowed them to
extend exercise time from 10 to 20 minutes.

Similar experiments were undertaken by Livingstone and co-workers
(Livingstone et al. 1989;L.ivingstone et al. 1995) in which volunteers immersed hands or
feet. Volunteers exercised at 283 or 455 Watts (245 or 400 kcal / hr) at 23 °C for twenty
minutes. At a rest break, subjects immersed their hands in water, varying in temperature
from 10 to 30 °C. Depending on the temperature difference between hands and water, up
to 150 Watts of heat were transferred in this way and workers were able to extend their
work time. They also had exercising subjects immerse their feet, at varying temperatures
from 10 to 30 °C. One group sat for 120 minutes at 35 °C and another group, wearing
chemical protective clothing and special water-cooled socks, exercised on a treadmill for
90 minutes at 35 °C. When core temperatures rose to 37.5 °C, cooling by immersing the
feet significantly reduced the increase in body temperature.
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Constable and co-workers (Constable et al. 1994) investigated the use of cooling
devices during work breaks with impressive results. Volunteers exercised at 31 °C
(WBGT) as a control group with normal work clothes, with chemical protective clothing,
and with chemical protective clothing with an intermittent cooling vest. After 30 minutes
exercise at about 475 Watts (400 kcal / hr), workers rested for 30 minutes. Those with
the cooling vest had chilled liquid circulated through the vest surrounding the torso.
Work capacity was approximately doubled with a positive subjective assessment of body
temperature.

Gender-Related Differences

McLellan (McLellan 1998) compared the responsiveness of 13 men and 17
women who performed light intermittent exercise for fifteen minute intervals at 40 °C
and 30% relative humidity while wearing chemical and biological protective ensembles
used by Canadian armed forces. The insulation value of this clothing is 1.88 clo and the
vapor permeability coefficient was 0.22 i,. Under these conditions, the average heart
rate (166.7 v. 145.1 beats per minute), rise in rectal temperature (1.52 °C v. 1.37 °C) and
average skin temperature of the women were significantly higher than that for men at 105
minutes. Moreover, sweat rates and rates of evaporation were lower and tolerance time
of women was shorter than for men (119.3 v. 142.9 minutes. Sweat per unit of total mass
was lower for women than for men 7.76 v. 9.45 kJ / kg. When matched for body fatness,
however, tolerance times and sweat rates were not different. McLellan concluded that
women were at a disadvantage when wearing protective ensembles in a hot environment
but attributed the difference to differences in body fatness between men and women. The
data in this paper, however, suggests it is body fatness that is the more important factor
affecting risk of heat stress rather than gender per se. Although half of the women used
oral contraceptives, he did not report on differences in tolerance time associated with use
of oral contraceptives.

In a second paper published a year later, McLellan and colleagues (Tenaglia et al.
1999)investigated the association between use of oral contraceptive and menstrual cycle
and tolerance to heat stress. They recruited 18 women who differed only with respect to
their use of oral contraceptives to perform light intermittent exercise at 40 oC and 30%
relative humidity while wearing chemical protective ensembles. Their responses were
compared during the early follicular and mid luteal phases of the menstrual cycle. They
assumed that use of oral contraceptives resulted in a quasi early follicular and quasi mid
luteal phase. During the mid-luteal phase, rectal temperature was elevated during mid-
luteal v. early follicular phases among those who did not use oral contraceptives.
Correspondingly, tolerance times were significantly longer during the early follicular
compared to the mid-luteal phase (128 v. 108 minutes) for the non-users of oral
contraceptives. For those that used oral contraceptives, tolerance times were the same
during each phase (113 v. 116 minutes). Thus, women who worked in a hot environment
with chemical protective ensembles and do not take oral contraceptives have reduced
tolerance during the mid-luteal phase of their menstrual cycle.
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Effects of Melatonin

Consumption of melatonin has resulted in a decline of core temperature by 0.2 to
0.3 °C. (McLellan et al. 2000;McLellan et al. 1999b) (McLellan et al. 1999b).
Consequently, it seemed reasonable to investigate whether melatonin might help reduce
core temperature during uncompensable heat stress. In their first experiment, nine men
were recruited to perform four randomly ordered trials in the morning and afternoon at
40 °C. Melatonin or a placebo was administered in a double blind protocol. Two 1 mg
capsules of melatonin resulted in plasma concentration of melatonin at 1,000 ng/ml one
hour after consumption. Rectal temperature was unchanged in both groups before or
during the heat stress experiment. Similarly, there were no differences between the
placebo and melatonin groups for other measures of heat stress -- heart rate, tolerance
time, and heat storage. They concluded that melatonin had no improvement of one’s
tolerance to heat.

This same group conducted a similar experiment with a larger (5 mg) dose of
melatonin and found an acute but short lived reduction in rectal temperature. This larger
dose resulted in a rectal temperature 0.2 °C lower that its initial value and before
exposure to heat stress. This lower temperature remained lower than the placebo group
for the first 50 minutes of exercise and remained lower by 0.1 °C at the end of the trial.
However, it increased during a 90 minute rest period, from 36.9 to 37.3 °C. Total heat
storage did not differ between the placebo and melatonin groups. These authors
concluded that the decrease in core temperature following consumption of melatonin was
not associated with an increase in tolerance time.
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PART IV. CONCLUSIONS/RECOMMENDATIONS
Preventing Heat Stress

There are two general approaches to preventing heat stress among workers in
chemical protective clothing. The first is to improve management of heat stress by
implementing adaptive based on empirical findings and principles of thermoregulation.
Taken separately, these provide marginal improvements in workers’ ability to reduce the
risk of heat stress while continuing to work but taken together, they may yield greater
improvements while avoiding the expense of cooling technologies. The second approach
is to implement cooling technologies which, while expensive, provide substantial benefit
and significantly extend workers’ ability to work and avoid heat stress. We discuss each
in turn below.

Conventional strategies for managing heat strain consist of the following:

e reduce the work load by taking breaks and other means,
e re-schedule work to a cooler part of the day,

e screen workers for certain health problems,

e reduce or eliminate consumption of caffeine and alcohol,
e provide potable water before and during work,

e improve workers’ physical fitness,

e wear lighter clothing, and

e acclimatize workers.

As suggested above, given the uncertainties concerning suitable stay-times at low
work levels and significant constraints at high levels, the preferred method of preventing
heat stress while wearing protecting clothing ensembles is to use cooling technologies.
Air systems appear to be more effective and have greater acceptance among workers.
Under certain circumstances, these may not be necessary. Those circumstances are when
work load is low or environmental conditions are mild. As a first approximation, a “low”
work level is < 300 kcal/hr and mild environmental conditions are WBGT = 25 °C.

Under either circumstance, other measures should be in place. These are outlined
in the appendix and discussed in some more detail here.

The two most important ways in which workers can prepare themselves to work
better in a heat stress environment are adequate hydration immediately before work and
improving aerobic physical fitness. It is also important to adjust one’s diet, use of
caffeine, and of alcohol. All these adaptive changes depend on training and education for
both workers and supervisors and on appropriate supervision on the job. The
improvements in platoon performance associated solely with leadership training noted by
Taylor and Orlansky (Taylor and Orlansky 1993)suggests that training supervisors at
work sites would have beneficial effects perhaps even in the absence of worker training.
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Medical screening of workers is important in any environment with the potential
for heat stress and is more important when the risk is as high as it is when working with
protective ensembles. Its purpose is to identify individuals that are more vulnerable than
others and to develop adaptive strategies for those individuals. The simplest but not the
only adaptation is not to work at all while wearing protective ensembles. (Evaluation of
specific medical conditions is beyond the scope of this report so that we will not discuss
it further.)

Since generation of heat is a direct consequence of physical activity, one way to
prevent heat stress is to reduce physical activity. Strategies for reducing physical
demands of work include substituting mechanical for physical labor, use of more than
one person to share strenuous tasks, use of appropriate tools, etc. Reducing physical
activity applies also to other activity such as obtaining tools or instruments, walking or
climbing to the workplace, etc. To reduce demands for physical activity that is ancillary
to work requires planning to reduce unnecessary movement such as use of a mechanical
lift instead of a ladder, organizing work to minimize walking to the work site, etc.

Taking work breaks is the conventional way of compensating for increased core
temperature but it depends on sweat evaporation as the principal means of heat transfer.
With protective ensembles, this means is blocked. Thus, we suggest using active cooling
devices during breaks.

The adaptation of work breaks in the absence of active cooling is the use of “stay
times,” i.e., an absolute limit on the amount of time workers are on the job. Rather than
take a temporary break, work is ended. Based on a review of incidents in the ORPS data
base, two related problems with stay times are (a) calculating the appropriate stay time
and (b) implementing it. Given the many sources of variability, calculating an
appropriate value is difficult, as discussed above. Considering the understandable lack of
confidence in stay times, it is not surprising (at least to this author) that they are not
conscientiously implemented. Thus, both problems need to be solved together, an issue
discussed above.

The main obstacle to adequate heat transfer is the protective suit itself and
consequently, one way to reduce the risk of heat stress is to change the suit. This can be
done, as suggested below, with suits that have lower insulation, greater permeability, and
less weight. But it is also possible to reduce obstacles by selection from among existing
suits. To guide selection, it is useful to conduct site-specific risk assessment that would
allow one to protect workers from toxic and radiological and heat stress at the same time.

Additional Research
1. Representing Real-Work Environment. Research is needed on populations

that are more representative of workers and in environments that are more representative
of real work environments. Such research could be quasi-experimental, with workers as
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subjects simulating the work they normally do, or it could be epidemiological, studying
the effects of protective ensembles on workers at work.

There have been many incidents of heat exhaustion (usually and we assume
incorrectly identified as instances of “heat stroke”) among workers at DoE facilities and
at hazardous waste operations. These incidents should be studied, first as a case series,
then as a case-control study, if feasible. This should generate information that would be
useful to people doing hazardous waste work that is based on real world experiences
rather than the experimental data that is the subject of this review.

Longitudinal studies of cohorts of workers who wear protective ensembles while
working on hazardous waste sites would be valuable in order to evaluate heat stress, the
risk of traumatic injury, radiation exposure, and psychological stress. However, given the
relatively small numbers of workers, their location in areas distant from each other, and
significant variability in workers and working environments, such studies may be neither
feasible nor cost-effective.

2. Using Radiant Heat Settings. There has been little research in either
experimental or other settings on the effects of radiant heat from, most often, the sun.
This would have direct bearing on the effects of conducting work with protective
ensembles in the sun or exposed to other hot objects.

3. Refining Insulation Technologies. Engineering research and development is
needed for the purpose of developing ensembles that are lighter, less cumbersome, have
lower insulation value and greater permeability to water vapor, without sacrificing
protection from airborne hazards.

4. Developing New Cooling Technologies. Engineering research is also needed
to develop lightweight cooling technologies that are convenient to use and that workers
will wear. Such devices will allow them to extend their time and increase productivity in
hazardous environments. Modifications of currently available devices, particularly in
reducing their weight, are probably sufficient.

5. Conducting Efficient Risk Assessments. Methods are needed to conduct
site-specific risk assessment in a timely and efficient manner to facilitate protection from
toxic and radiological hazards, to facilitate selection of suits, and to plan work, all
designed to minimize the risk of heat stress without sacrificing protection from other
hazards.

7. Evaluating Hazards in Using Chemical Protective Devices. Research is
needed to evaluate the risk of traumatic injury and of psychological stress associated with
the use of chemical protective ensembles.

8. Creating Mathematical Models for Predicting Tolerances. It appears

feasible and would be useful to develop a mathematical model that would simultaneously
evaluate the effects of metabolic load, ambient temperature, and ambient humidity on
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tolerance time or endurance. Such a model could be used to predict a stay time that
would simultaneously consider these parameters and would give us a means of weighing
the relative importance of each in determining tolerance time. We suggest a least squares
multi-variate linear model of the form

1/T =Bo+ P M+ BT+ B3H
T =tolerance time,

M = metabolic heat,
T =ambient temperature,
H = ambient relative humidity or partial pressure of water vapor,*
and
Bo, P1, P2, and B3 = parameters to be estimated by regression.

9. Formulating Innovative Methods for Heat Transfer via Respiration. It
would be useful (but may not be feasible) to find a way to promote heat transfer via the
respiratory tract. This path has potential because (a) it is relatively unimpaired, (b) the
surface area exposed to the environment is very large, and (c) it is thoroughly saturated.
Approaches might be to reduce the temperature of inhaled air or increase tidal volume.
As noted above, an investigation of thermoregulation among dogs might yield some clues
on improving heat transfer via the respiratory tract among humans.

5 Partial pressure of water vapor might be the better parameter since relative humidity is
dependent on temperature.
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ORPS Cause Codes

2A
3A
3B
3C
3D
4A

S5A
sD

6A
6B

A

Procedure Problem
Personnel Error
Personnel Error
Personnel Error
Personnel Error
Design Problem

Training Deficiency
Training Deficiency

Management Problem
Management Problem

External Phenomenon

APPENDIX

Defective or inadequate procedure
Inattention to detail

Procedure not used or used incorrectly
Communication problem

Other human error

Inadequate work environment

No training provided
Insufficient refresher training

Inadequate administrative control
Work organization / Planning deficiency

Weather or ambient condition
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Equivalents & Confersion Factors

Temperature

°C °F

30 86.0

31 87.8

32 89.6

33 914

34 93.2

35 95.0

36 96.8

37 98.6

38 100.4

39 102.2

40 104.0

Measures of Power

kcal/hr Watts VO, (liters/min)*
200 232 0.65
250 291 0.81
300 349 0.98
350 407 1.14
400 465 1.30
450 523 1.46
500 581 1.63

*(assuming 70 kg or 2 m?)

Conversion Factors

To convert temperature in the Farenheidt scale to Celcius,
Tc=5/9 (Te- 32)

Specific heat of human body = 0.852

Heat of vaporization, i.e., amount of heat needed to convert one gram of water from
liquid to vapor =540 calories.

1 cal =4.184 Joule

lwatt=11J/sec

1keal / hr=4.184 x 10®J / hr

1 kcal / hr = (4.184 x 10®J / hr ) x (1 hr / 3600 secs) = 1.162 J / sec = 1.162 watts
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Heat-related disorders.

Heat-related disorders all result from a common source: sustained elevated core
body temperature. The principal causes of elevated temperature are some combination of
physical activity that generates heat combined with environmental conditions that either
inhibit normal physiological processes that regulate temperature or contribute to elevated
temperature. Heat stress that arises from physical activity is typically referred to as
exertional heat stress and is more common among workers who perform manual labor,
athletes, or military personnel. Heat stress that arises more from environmental
conditions is environmental heat stress and typically occurs among people that are unable
to escape from a hot environment. This can be a parked car in direct sunlight, a closed
railroad boxcar, a closed apartment on a hot day, or the middle of a desert or tropical
jungle.

Heat fatigue, heat exhaustion, and heat stroke represent increasingly severe
manifestations of elevated core body temperature. Early manifestations of the effects of
heat are tiredness and fatigue. This can progress to dizziness, nausea, and disorientation,
typical of heat exhaustion. In this case, the person may have a flushed appearance, may
sweat profusely, and, in advanced cases, may be semi- or unconscious. For these
conditions, affected persons should be removed to a cool place to rest, should have
excessive clothing removed, and should be given water to drink slowly.

Heat stroke occurs when thermoregulatory mechanisms are totally overwhelmed.
The person has stopped sweating altogether, has a cold and clammy appearance, and is
often unconscious. Heat stroke is a life-threatening condition and a medical emergency.
It requires immediate medical attention and aggressive efforts to reduce body
temperature. Persons in heat stroke should be given fluids by mouth only if they are
conscious; they should not receive salted water. (In the CAIRS data base, heat disorders
are routinely referred to as “heat stroke.” This is likely not a precise designation.)

Heat rash results from unrelieved wetting of the skin that results in a localized
rash or blistering. It is often irritating, causing one to itch, a condition referred to as
prickly heat. The principal treatment is to remove the person from the hot environment,
removing wet clothing, and allowing the skin to dry.

Heat cramps or heat syncope are consequences of electrolyte imbalance
associated with dehydration or less commonly, hyperhydration. With dehydration, there
is occasionally loss of electrolyte at the same time. Hyperhydration results from
excessive fluid consumption which can dilute electrolytes, specifically sodium. Either
loss of electrolytes or excessive consumption of water can result in a condition known as
hyponatremia or depressed levels of sodium. Affected persons should be removed to a
cool area and given fluids, usually lightly salted. Electrolyte imbalance can also mean
excessively high concentration of electrolytes in which case, one should give unsalted
water.
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Wet Bulb Globe Temperature (WBGT)

The “Wet Bulb Globe Temperature” or WBGT, is a measure of environmental
heat stress. It combines the three most important parameters of environmental heat -- (1)
air temperature, (2) humidity, and (3) exposure to the sun (or other forms of radiation
such as a furnace or hot engine) — into a single measure or “index” in either the
Farenheidt or Centigrade scales. It was first developed to measure heat stress among
military trainees. (Yaglou CP and Minard 1957;Minard 1967)and extended to industrial
settings (Minard et al. 1971;Minard and Goldsmith 1971). The association between
WBGT and performance, independent of other parameters affecting heat stress, has been
documented for the relatively high WBGT values from 30 — 33 °C for persons working at
low levels of metabolic activity. (Ramsey 1995). As a measure of heat stress, it must be
considered with other factors such as level of work, physical fitness, age, obesity, gender,
and other factors. (Parsons 1995;Yousef et al. 1986;Minard et al. 1971) Though there is
no universally accepted measure of environmental heat, the WBGT index is the most
commonly used measure in the U.S.

There are two formulas; one for situations when there is exposure to sunlight and
one when there is none. When there is no sunlight, or other form of radiant heat,

WBGT =0.3Ty+0.7 Ty

When there is sunlight,

WBGT = 0.1Tqg+0.7Tw+ 0.2 Ty
in which

T4 = temperature from an ordinary dry bulb thermometer

Tw = temperature from a wet bulb thermometer. The bulb of this thermometer is
maintained wet in order to measure relative humidity.

T, = temperature from a globe thermometer. The bulb of this thermometer is mounted
inside a ball with a flat black color that absorbs sunlight and other forms of radiant heat.

One can set up an apparatus equipped with these thermometers and calculate the
WBGT or there are instruments available that measure, calculate, and display the results
automatically. The first method is tedious and labor intensive but does not require
expensive equipment.

When evaluating heat stress for workers wearing protective clothing, the WBGT
is not as useful as it is in other settings because the worker is exposed to the micro-
environment created by the protective suit and is cut off from the ambient environment.
That is in fact the purpose of the suit. Once in the suit and working, temperature and
humidity inside the suit rapidly approach skin temperature of about 35 °C and 100%
relative humidity and, in the absence of cooling technology, this is the relatively stable
environment to which the worker in protective clothing is exposed.
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