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ABSTRACT

ﬁHYSiOLOGICAL.EVALUAﬂON OF CLOTHING AND EQUIPMENT

FCR USE IN HOSTILE WORKING ENVIRONMENTS

The thesis is associated with the evaluation and development of micro ¢limates
to enable satisfactory work tasks to be undertaken in environments heostile to
man's normal ph?siological reguiation. The areas of elevated temperature and
-high voltage electric fields,with particular reference to Iinspection and work
tasks in pressure vedsels assoclated with ﬁuclear power reactors and 'live
line' maintenance on electricity transmission lines,being the main objectives,
based on the economic problems caused by the outage of modern electrical .

generating .and transmission plant.

'éarameters of typically hostile environments with particular reference to heat
stress, energy expenditure, atmospheric contaminants, nolse, nuclear radiation.
and contamination and electrical energy are reviewed together with a brief

outline of the ~problems associated with man access under contreolled conditions

into pressure vessels of nuclear power reactor systems.

‘Development of a tﬁermally comfortable pressure suit and aésociated equipment
using the vortex cooiing effect for use during access penetration into‘the
Advanced Gés Cooled Nuclear‘Reactor System is de;cribed,together with methods
of assessment of clothing materials and, in particular, the progressive
developments of textile/metallic blended-fabrics for use..as écndu;tive/

screening suits is covered in the context of specification and standards of

performance presentation.

'Compleméntary work is also reported cn-the development of a physiclogical data
- acquisition, analysis and presentation system for monitoring heart rates of

ambulatory subjects working in abnommal or hostile environments.

The results of the investigations are viewed on the development basis of a
system design of 'a Heat Balance ﬁquation using the Ranque Hilsch cooling effect
produ;ed by a vortex tube used in conjunction with a ventile clothing assembly
and the setting up of the system to achieve adequate protection for persons

- working in an abnormal environment up to 60°C,
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QUOTATIONS

Claude Bernard (1878) in his concept of the 'milieu interior!' stated '"that
all the vital mechanisms varied as they are contribute to the perservation
of stability of internal bodily organisations; with an effective thermo-
regulatory system to control his 'milieu interiort' man is better equipped
than the poikilotherm to live and work in a wide range of environmental
conditions, a range which he has been able to extend by the invention and
use of protective clothing or of air conditioning'.

L & L Heat Stress Heat Disorders P.6

"The ocbject of my invention is a method of automatically obtaining from a
compressible fluid (gas or vapour) under pressure a current. of hot fluid
and a current of cold fluid that transformation of the initial fluid into
two currents of different temperatures taking place without the help of
any moveable mechanical organ merely through the work: of the molecules of
fluid upon one another".

George Joseph Rangue (1931)
French Patent No.646020

"While Ranques tube is finding a few isolated uses we have seen that it
cannot serve in installations of size where power consumption is a con-
sideration. For refrigeration in minute quantities or for very occasicnal
use where stored compressed air is avallable, it is suitable. It remains
one of the most remarkable inventions of the century".

C P Fulton (1950)
Journal of the ASRE
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CHAPTER 1
PHYSTOLOGICAL EFFECTS OF THE ABNCRMAL ENVIRONMENT

AND BACKGROUND TO THE PROBLEM

1.1 Introduction. The ability of the human being to carry out

physical work under abnormal conditions or in an environment hostile to his
normal physioclogical functions has been the subject of much investigation.
There cannot be much doubt tﬁaﬁ'thé ability to adapt enhances individual
survival but there is ﬁSually a price to pay, the cost of adaptioh or
prevention can be high, and accurate assessments are essential. Much is
known about the iﬁmediate effects of exposure to hostile conditions, a fair
amoﬁnt about the subsequent physiological changes that develop more slowly.
The long term effects in certain industrial processes resulting in
asbestosis, pneumoconiosis and fatgl carcinoma are currently the cause of
great concern. New statutory legislation in the Health and Safety at Work
~etc Act 1974, require an even greater understanding and control of
industrial processes.

When human beings are required to perform ph?éical work in hostile
environments there are a number-of alternatives open to ameliorate the
.situation.- Firstly, attempts may be made. to reduce the ristho.them by
(a) acceptable engineering control methods, (b) reducing the work load, or
(¢) by achieving some compromise between these two possibilities. Secondly
a work system may be devised whereby exposure durations are limited to those
in which the risk is kept to a relative minimum. However, there will be
circumstahces_in which for one reason or another these attempts ﬁill be
uheconomical, impracticable or inadequate, or an emergency condition may
arise due to a plant or process failure overriding the engineering centrol.

The necessity to work in these conditions is the origin of

this research project on the study of protective clothing and devices based
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on the Ranque Hilsch cooling effect to enable inspéction and work tasks to
be carried out in pressure vessels assoclated with nuclear power reactors
and other conditions associated with the generation and transmission of
electricity.

Ruffel Smith (1966) suggests the normal physical environmental
conditions would approximate:-

Temperature 23°C Relative humidity of 45%
Air at 1 bar uncontaminated and dust free
Acceleration 1lg steady

Neise less than 80 dBA

Daylight

Carcadian rhythm in phase with local time

The first three of these Ean be halved or doubled before man
could not acclimate. Perforﬁanée in terms of mental and physical skills
-will usually start to fall off when conditions are varied by much smzaller
amounts.

An example of an abnormal working environment can be shown by
that to be expected under a controlled condition for planned human access
into ﬁhe‘préssure vessel of'aﬁ”Advanced'Gas Cocled Nuclear Reactor (AGR) which is
specified as follows:—

Temperature 60°C (metal contact temperature 70 - 80°¢ may be encountered).
Alr - contaminated requiring respirable air to be subplied.

. Noise - 132 dBA maximum,

Darkneés for initial entry, limited artificial lighting to be installed
for inspections to be carried out.

Difficult aécess and egress and cramped conditions generally.

It has been noted that a multiplicity of physiological
parameters have been studied before, after, and more recently - due to
technical innovation — during expésure to abnormal conditions when under—

taking physical work. These parameters have been correlated with the work

performanéé attalned to demonstrate the quantitative relationship between



the performance (and one or more of the parameters) or to assess the
limitations of human capability.

1.2 Physical Effects of the Abnormal Environment. Since the
publication of the classical volumes, The Physiology of Heat Regulation

and The Science of Clothing, Newburgh (1949);Man in a Cold Environment
Burton and Edholm (1955); Adaption to the Environment, Dill (1964)and the
Physiology of Survival, Edholm and Bacharach (1965}, further investigations
have added considerably to basic physiolegical knowledge of work and
survival in hostile environments. The effects of abnormal ph§sical
conditions at work was the subject of an Ergonomics Research Society
symposium, Davies C et al (1967), and the Physiological Society monograph No 29
Kerslake (1972) deals particularly with the stress of hot environments.

Whether hot or cold man's ability to survive and work depends
not only on his physioclogical mechanism for temperature regulation but
also on his behaﬁioral response, to his ingenuity in controlling the micro-
climate surrounding his bedy. The relative importance of these two
factors in the maintenance of homoeothermy differs at the two climate
extremes ; ingenuity the major role in cold élimates and ingenuity and
physioclogy in hot climates. Physical laws determine this difference.

Heat is continuously generated inside the human body; for homoeothermy
there must always be a net flow of heat from the body to the environment
in both hot and cold climates. Tn cold climates the rate of loss can be
modulated easily by interposing more or less insulation to impede heat
flow, whereas in hot climates the heat must be extracted against the
natural gfadient‘by some form of heat pumps; "It is easier both to design
and to wear an overcoat than a refrigerator" Fox (1965).

When work tasks are performed under adverse environmental
conditions physiological adjustments take place to counteract the effects
of the environment. In work at elevated temperature for example, for a
certain amount of energy ?equirement by physical work, an increased

physiological effort is needed to maintain the body temperature as close

-

o

14
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as possible to its normal level. Where this is not accomplished efficiently
the physical work cannot be maintained for an appreciable length of time..
Adverse conditions of the environment can transform an easy task into a

hard one. Consequéntly it is essential to know the exact effects of the
environment, physiﬁal and chemical, on the physiological functions of the

man involved.

Temperature, humidity, air movement and atmospheric
contaminants are the most commén and important environmehtal factors which
can influence the worker's physioclogical behaviour. The physiological
response to changes in temperature depends on a number of factors; water
and salt content of the body, individual characteristics, state of healfh
.and nutrition, degree of physical fitness and of heat acclimatisation and
work load. Water balance is of primary importancé, if withheld during
Qork in heat, body temperature and pulse réte rise and rate of sweating
declines. Physical fitness is usually correlated with tolerance to heat
because of more efficient cardiovascular and vasamoter systems in the fit
subjects.

Individual characteristics cause varying responses £o heat
exposu#e.‘The ability to adapt to heat lessens with age. Sometimes body
gize is crucial in determining a subjecfs ability to werk under elevated
temperature conditions. Brouha t1967) noted that it is commonly supposed
that‘women are less heat tolerant than men and that it was a fact that
generally under similar conditions they produce less sweat and may therefore
be physiologically less efficient in their evaporative‘cooling mechanism.
In fact very few studies have been made in which like exposures and
activities prevailed for acclimatised and non acclimatised subjects of
both sexes. However Hertig and Sargent (1963) have reported on the
acclimatisation of women during work in hot environments being poorer than

that of men.
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Acclimatisation to heat can change the individual physiological
reactions to high temperature. It was emphasised some two hundred years ago -
by Lind (1768) that habituation to hot climates reduced the danger to health.
Liet head and Lind (1964) acknowledged that the process of acclimatisation
to hegt was one of the most dramatic examples of physiological adaption to
a chénged environment.

.. The heat balance of the body is regulated mainly by changes in
heat loss. They are essentially accomplished by two methods, the ph?sical
and the physiclogical. The former includes conduction, convection,
radiation and evaporatioﬁ. buring work in hot environments, particulérly
when the humidity is high, sweating and heat conduction may not be sufficient
to dissipate the heat load produced by the work task required. Under these
conditions the body temperature rises and the cardiovascular'responsés such
as heart rate and cardiac ocutput continue to increase even though the work
rate level and oxygen consumption remain constant. The ability to reach a high
level of cxygen intake and maintain satisfactory thermal equilibrium are the
two essential requirements for working efficiently in a warm environment.’

The heat exchanges_be£ween the body and its environment can
be simply represented by the heat balance equationi-

MIcIrR-E=ZIs
Where M is the heat of metabolism
C &R represent the heat gained or lost by the body, by Convection
and Radiation respectively‘.
E is the amount of heat lost from the bedy by the Evaporaéion of
sﬁeat
S is the amount of heat gainéd or lost by the tissues of the‘body

To this equation may be added - when necessary,values for

heat exchanges for solid and liquid intake and loss - heat exchanges across the

lung, andthe heat gained or lost by conduction.
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If these factors can be assessed quantitatively with reasonable
accuracy simple addition or subtraction will show whether existing
envircnmental conditions will allow heat balance to be maintained. If
this is_not the case, it is then usually possible to decide from the values
of the components of the equation in what way the conditions can be most
effectively modified to reduce the total heat locad Qn the bédy, or to use
some physical means to adjust these.

This method of assessihg the amount of heat exchanged through
the various channels of heat loss and heat gain is known as 'partitiocnal
calorimetry' and was first examined on a systematic basis by Winslow et al
(1936)Vsubsequent-experiments baséd on the same principle were carried out
bf Nelscn et al (1947) and by Clifford et al (1959).

The amount of heat generated in the body as a result of
metabolic activity may vary greatly. Passmore and Durnin (1955} suggested
70 - 80 wat£s (basal metabolic rate) up to the maximum rate of energy
expenditure which could only be sustained for a few minutes of well over
1163 watts. In normal working situations neither of these extremes will
be.encountered and the range of energy expenditure will be from about 90
to 140 watﬁs for sedentary work up to 580 - 700 watts for fhe heaviest
_ tasks. Table 1.1 from Passmore and Durnin (1955) show typical
energy expenditures for a variety of industrial tasks.

It should be noted that merely moderate rates of energy
expenditure involve the body in the continuocus dissipation.of large
quantities of heat. Even at rest the body produces enough heat to raise
the tempefature of all its tissues by approximately 1OC/hr and if this
heat were not dissipated an average energy expenditure of 350 watts would
in the event of the failure of the body to dissipate any heat - raise body
. temperature by about 5°C/hr. Leithead and Lind (1964) gave this as an

eloquent .comment on the efficiency of man's thermoregulatory system.



DEFINITION OF DIFFERENT GRADES OF WORK (CHRISTENSEN 1953)

MISCELLANEOUS LIGHT INDUSTRIES - CONTD

Light work 174 to 349 watts Occupation Wattis Occupation Watts
Moderate work 349 to 523 ¢
Heavy work 523 to 698 " Plastio moulding 230 Radlo mechanics 180
Very heavy work 698 to 872 " Machining (engineering) 216 Printing 154
Unduly heavy work. over 872 " Sheet metal working 209 "Hand compoaiting 154
Shoe manufacturing 209 Electrical armature winding 154
Agriculture Watts Building Watts Sewing machine work 195 Drilling ' 126
Shoe repalring 180 Light assembly work 126
Setting up stocks 461 Mixing cement 328 Medium assembly work 180 Draughtsman 126
Ploughing ' 440 Plastering Walls 287 Watch repairing 112
Loading stocks on cart 391 Building wall 279 Typing 98
Mow with horse-drawn reaper 301 Shaping stones with hammer 265
Hoeing 288 Carrying bricks or cement 251 STEEL AND IRON INDUSTRIES
Carpentry Watts Mining Watts Open hearth Watts Wire roll mill Watts
Planing {hardwood) 635 Loading 516 Slag removal 809 Wire bundling n19
Hand sawing (hardwood) 523 Hewing 495 Dolomite shovelling 761 Roughing 572
Chiselling 398 ~ Packing 475 Tipping the moulds 419
Joining floorboarda 307 Timhering 447 ;
Measuring wood 167 Drilling 391 Heavy mill Watts 14-inch merchant wmill Watts
Machine sawing 167 Tending heating furnaces 712 Merchant mill rolling 656
Hand rolling 621 Forging 454
MISCELLANEQUS LIGHT INDUSTRIES Fettling 354
Occupation Vatts Occupation. Watta SUNDRY ACTIVITIES
Loading chemicals into mixer Pressing metal household
(ba.t:fry manufacture) 419 stensile 265 Occupation Watts Occupation Watts
Cil:ting lead balls in mounds Turning 258 Shovelling 8 kg load
attery manufacture) 335 Joinery 254 :
Machine fitting 293 Moulding ebonite 251 (1) aistance 1 (2) distance 2u
Tool room workers 279 Filing (large file) 244 (a) 1-20 1ift ) (a) 1-2n 1if%
Pressing (ironing) 272 Tool setting 237 12 times/min 663 12 times/min 733
Light machine work (b) less than lm 1if% (v) less than 1lm 1ift
(engineering) 237 12 times/min 523 12 times/min 593
Tree felling with saw 747 Digging trenches 593
Trimming felled trees 712 Pushing wheelbarrow (100 kg
load) 349

Table 1,1+ Energy Expenditure in Different Occupations

(from Christensen {1953) and Passmore & Durnin (1955))

{Converted to watts conversion factor 1,163 Keal/hr)
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The'interrelatibnéhip-of heat exchangers is
complex and is apparently also influenced by the humidity and clothing worn
and the rate of work. Adam et al (1955). |

Clothing and various kinds of protective equipment can
sometimes increase the stress of work to a considerable degree by hampering
heat dissipation, as well as because of its weight and interference with

freedom of movement. Any c¢lothing assembly that interferes with the

evaporation cooling process will put an additional load on the heart. Brouha

(1967) showed that there was a close relationship between the effect of
clothing, the work lcad, and the temperature of the environment.

Effects were also observed when wearing impervicus élothing
used for protection against chemicals. Thié design of garment interfered
maximally with the dissipation of body heat. During work, the layer of
air trapped inside the clothing assembly warmed up rapidly to body
“temperature and quickly became saturated with moisture. Under such
lconditions, no bedy cooling by evaporation tock place and as a result the
physiological load increased steadily toward a state of complete exhaustion
with high heart rates and high body temperatures. Such reactions were
present even when the temperature of the environment was favourable and
the work load light.

Additicnal physiological loads of varying degree occur when
respiratory protective devices are wornDavies J(1973) and these together
‘with clothing assemblies must be taken into consideration in evaiuating the
physiological requirements of work in industrial operations.

Experiments of Fordyce reported by Blagden (1775a) and (1775b)
were amongst the earliest deliberate hot room experiments for observing
the effects of heat on man;'there was at that time no wet bulb thermometer,
"no simple and accurate method of measuring air speed, and no measure of

radiation. It was noted that when room temperatures were oﬁly 43° to 49°C,

19
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but the alr almost saturated, body temperature and pulse rate rose rapidly,
there was profuse sweating and great increase in peripheral blood flow.

When the air was dry the subjects could withstand much higher
temperatures of up to 127°¢ for appreciable periods; many of thelr
contemporaries doubted whether this was possible, but later work, Blockley
and Taylor (1949), fully confirmed the observation; there have alsoc been |
reports, Fox (1965) of éxposure to much higher air temperatures for shorter
periods. |

The controlliﬁg factor is the rise in skin temperature for at
about 49°C it takes only a matter of seconds for the irreversible damage
of a burn to develop. Blagden & Fordyce only partly appreciated the
importance of the evaporation of sweat in temperature regulation.

During the early part of the nineteenth centufy much work on
anima) physiology contributed to the understanding of temperature reguiation,
but relatively_little on human physiology. The experiments of Aaron (1911)
and Shaklee (1917) proved that ill effects from insulation in the tropics
was due to failure of temperature regulation. Progress during the twentieth
century has répidly gained momentum. The volume of new work pubiished each
year is now so large that it has been found extremely difficult for research
workers to remain up to date in their knowledge of the'whole'field'of
temperature regulation and the acclimatisation to heat. In the following
section an attempt is made to put the relevant indices of heat stress into
the context of this thesis.

1.2.1 Indices of Heat Stress and Physiological Effects. The

practical'importance of finding some index or formula that would integrate ali -
the factors contributing to the heat load info a single index expressing the
heat stress, or the physiological effects of elevated temperature, was

qﬁickly appreciated. Unfortunately this has not proved easy, because of

“ two fundamental difficulties (i) Inter comparison and (ii) in finding a
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satisfactory yardstick for measuring the effects on the human being, and -

as a result - many indices have been devized and promoted.

This is a source of considerable confusion in environmental
physiclogy, because it is often difficult to compare the work of tweo groups
who have expressed their results in terms of different indices. One of the
diffilculties arises from the need to make such an index suitable for the
most diverse applications. A high degree of accuracy in prediction and
universality of application is desirablef it is necessary to take account
of as many as possible of the variables contributing to the situation.‘ Such
an index has appeared exceedingly complicated to formulate and cumbersome
in use. Reducing the number of variables to the two that are usually the
most important ie dry bulb and wet bulb temperatures, is not satisfactory
where other variables such as radiation level, wind speed, and metabolic
rate élso become important, and may be the very factors desired to be
evaluated.

The n%ture of these problems becomes apparent if one views -the
historical devélopment of the indices. Attempts were made early to develop
instruments which could, in éome degree, simulate the effects of the
environmental variables in the human body. Heberden (1826) produced a
heated thermometer designed to give a combined measure of the effects of
air temperature and velocity. The Katathermometer. Hill et al (1913),
when the bulb of the instrument was covered with a wet silk finger stall
ﬁas used for measuring the physiological effects of the enviromment, it
also took some account of the cooling effect of the environment in hot
conditions.

One of the most elaborate instruments developed was the eupatheoscbpe,
Duftin (1929) (41932) (1936). This consisted of é black cylinder 55cm high
19cm diameter containing a heater énd a thefmoétat set at 25.5°C. The

surface of the cylinder. therefore varied in temperature



depending on the environmental conditions of dry bulb temperature, radiation,
and air velocity and simulated to some degree fhe effects of the heat loss
from the clothed body. The amount of current consumed by the heater waé
used to express the reading on a scale of Eqﬁivalent Temperature. This ET
index is used mainly by ventilating enginéefs and Bedford (1936) derived a

nomogram based on the formula ET = 0.522ta + 047tw + 0.0474v {100-ta)

Where: ta = alr temperature o¢
tw = mean radiant temperature °c
v = alr velocity ft/min were known

The thermal relationship between man and his environment
appeared to be far too complicated to be reduced to a simple physical model.
The alternative approach appears to have been to approach the problem using
man as the measuring instrument and to construct formulae or nomograms
reiating to his pﬁysioldqical response to different combinations of variable
environmental conditions.

In this empirical approach to formulating such an index it is
necessary to undertake large numbers of éxperiments and to test different
combinations of several climate variables. The problem of what |
physiological effect to measure also has to be decided. The easily measured
effects that occur-when man is subjected to elevated temperaturesinclude,
change in pulse rate, skin and deep body temperature, and in body
weight through sweat loss,and subjective sensations of-warmth and discomfort.

The Effective Temperature scale was the first of the empirical
type. Houghton and Yaglou (1923) (1924)‘Yaglou and Miller (1925)
who deéefmined climates having widely differing combinations of air
temperature, alr speed, and humidity but having equivalent comfort as
judged by the subjecﬁive impressions of groups of inéividuals. Two scéles
are used individuals (a) stripped to the waist (b) normally clad. -

No allowance was made In the earlier scales for radiation cone of the

reasens for this omission being the.lack of -a suitable measuring device in
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common usage. Aitken (1887) had proposed the use of a hollow metal sphere
blackened oﬁ the outside with a thermometer at itg centre. Vernon (1930)
(1932) reintroduced the blackened globe and Vernon énd Warner (1934)
demonstrated how td use it to measure mean radiant temperature. Bedford
(i946) presented amended scales to include an allowance for radiation célled
Corrected Effective Temperature.Smith (1955) proposed a further modification
to include an allowance for the level of energy expenditure, suggesting
that ﬁhe rate at which a man works can be taken into account in connection
with effective temperature either by the use of a simple supplementary
nomogram or of a series of graphs.

The Effective Temperature scales have great merit in the study
of heating and ventilating.

The Wet-bulb Glcbe Temperature index. WBGT was derived from
the Effective Temperafure scales and represents a simplified form of
them. It is favoured for its simplicity and as originally used by Yaglou
énd Minard (1957) ‘combined the effects of dry-bulb (ta°F) wet bulb (tw'F)
and globe thermometer temperatures(tg“F) in the simple formula.
WBGT = 0.7tw + O.lta + O.2tg

The Wet bulb - dry bulb index is similar to WBGT except that
in calculating-it- no allowance.is made. for radiation and there is.a
sméll difference in the relative weightings of wet-bulb and dry-bulb temp-
Ieraﬁures.Zm:wasdeveloped by Lind et a1l (1957) and Lind (1563 a) (1963 b)
to’relate tolerance times in saturated and non—séturafed climates for
ﬁine rescue personnel.

<The index is derived from the formula WD = 0.15d + 0.85w
where d and w represent dry and wet bulb temperatures in °F respectively.

In 1942 the Royal Naval Personnel Committee (RNPRC) was
set up and the following reperts have been.publisﬁed of their research.
Benson et al (1945),Dunham et al (1946),McArdle et al (1947),Weiner (1948),

Adam et al (1951) (1952 (1953) (1955),Ellis (1953) and Bell et al (1963) (1967).



The Predicted 4 hour sweat rate, PSR nomogram of McArdle et al
(1947); is based on the assumption thét the level of the environmental heat
stress can be expressed as a function of the amount of sweat produced by
the individual exposed. It was originally defined as the amount of sweat
which would be preduced in four hours in the environment in qﬁestion by
healthy acclimatised young men . dressed in the spgcified amount of
clothing and performing the prescribed amount of work. It is then cbviously
limited to those circumstances in which sweating will cccur. It was
evolved for a specific purpose, as a result of the concern of the |
Adﬁiralty for men in ships in tropical waters. 'The existing Effective
Temperature scales were tested and found to be unsatisfactory in certain
respects. A direct correspondence between P4SR index and a group of
individuals can be found when certain conditions are fulfilled (i) The
individuals must be fully acclimatised to heat (ii) the exposure must last
4 hours (iii) the conditions must be such that a P4SR above about 5.0 will
net be indicated. Above this level the observed sweat rate falls below the
predicted value because the maximum sweating capacity of the subjects has
been'e#ceeded. The index takes account of various factors confributing-to
the stress of a heat exposure, dry-bulb wet-buldb and globe thermometer
temperatures, air speed, metabolic rate and two levels of clothing.

The PSR index was testéd by Macpherson (1960) and the
reliability of the index was in general fully confirmed.

The Operative temperature index was aimed to analyse the thermal
exchanges between thé human body and its environment and to base the
assessment of the heat stress on the magnitude of heat flow. Winslow et al
(1936) (1937) (1938) and Winslow (1941) used the technique of partitional
calofimetry to analyse the magnitude of heat flow through each of thg
avenues of thermal ;xchange and to derive constants for the coefficients

of convection, radiation and evaporation.
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The index is somewhat similar to Equivalent Temperature and
is derived from the formula

Operative Temperature = Xv{tw} + Kc(ta)
Kv + Ke

where tw, ta are the radiant wall and air temperatures °c respectively
Kv , Kc are constants for radiation and convection respectively

The index is applicable to lightly clothed or nude individuals.
At operative temperatures below 29° - 21% body temperature can be controlled
by vasomoter regulation but above 31 °c evaporative cooling occurs.

Haines and Hatch (1952) further developed the basic concepts
of Winslow et al (1937) by showing how the principle of thermal exchange
could be applied to the evalﬁation;and control of industrial heat
exposures; this was later amplified by Belding and Hatch (1955) into the
Belding and Hatch index (BHY) which expresses the thermal stress of a hot
climate as the ratic of the gmount of sweat that must be evaporatea to
maintain the body in thermal equilibrium to the maximum evaporative
capacity of the climate. The index requires a number of assﬁmptions and
approximation;,individuals are (i) of average build (ii) dressed in shorts (iii)
have skin temperature 95°F and (iv) have body surface uniformly wetted with
sweat it is furthef assumed that the thermal exchanges by condﬁction and
respiration can be ignored. |
The equation for basic heat balance for, Evaporative capacity required becomes »
E(req) = M+CZIR

The maximum Evaporative capacity E (max) can be calculated

ahd the BHI = E{reg)x 100
E (max}
E = Evaporation-
M = Metabolic Heat
C = Convective Heat exchange
-R = Radiant Heat exchange
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The BHI has the virtues of simplicity and directness in that
it expresses the heat stress quantitatively in terms of the stressing agent
equated to simple physical measurements. The approximations and assumptions
introduced for the sake of simplicity reduces its accuracy; in treating man
as a physical model cne is to some extent ignoring his physiology.
Fox (1965) states a more important cri£icism; that the
index does not bear any simple relationship to physiological strain and that
the equivalent 1e§e1§ on the index produced by different combinations of
levels of the climate variables do not produce the same degree of
physiological strain. This is easily demonstrated by choosing two
climates with the same Heat Stress index,one a relatively cool but almost
saturated climate the other a much hotter and drier.
The hotter drier climate is in fact much more stéessful.
All the indices described have defects and weaknesses, but
each also has its advantages for a particular application. Kerslake (1972)
makes‘three classifications.
1 Indices based on.Subjective Preference
(a) Effective Temperature ET
(») Bquivalences'ep Sejour (Missenard (1948)) ES,
2 Indices based on Analysis. of Heat: Exchange-
(a) Heat Stress Index of Belding and Hatch HST
(b) Index of Thermal Stress (éivoni (1963)) ITS.
3 Indices based on Physiological Observation
(a) Predicted 4 hour Sweat Rate PSR
(b) Wet Bulb Globe Temperature WBGT.
Of these, the three most important are the 'Effective Temperature ET',
the ! Heat Stress Index HSI:and the }4SR index: Effective Temperature
remains the best way of comparing and describing conditions at mild levels

of heat stress and in the comfort zone. ES appears to be that preferred
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for steady state. Heat stress index is valuable at higher levels of heat
because it enables the situation to be analysed so that the most appropriate
remedy can be chosen. P4SR index affords the most accurate way of relating
heat stress and physiological strain. It 1s comparable with ITS which is
more flexible.and sometimes preferred.

The simplicity of WBGT index also fills a useful place but
whenever possible an index giving a more accurate and complete description
should be used. There seems no good reason for attempting to introduce
variants on the WBGT index for general use,eg the wet-bulb - dry-bulb index.
Any beneflts from increased accuracy seem likely to be more than offset by the
confusion due to the multiplicity of indices.

The ideal index for assessing the heat load imposed on human
beings in a hot situation and for predicting the resultant physislogical
strain still appears to be required.

In the field of Heat Acclimatisation the evolution of ideas
began in the early years of this century.These ideas and hypotheses appear
to depend largely on ill-documented or anecdotal material. The confusion
between the effects of heat and tropical diseases were great barriers
to clear thinking and to progress. Bazett (1927) discarded the confused state
of knowledge - "The whole subject is unfortunately lamentably complicated
and little understood; indeed we have advanced little beyond the views
expressed by Bernard (1876)%.

Acclimatisation to heat should facilitate homoeothermy but
attempts to demonstrate such an effect were far from sucecessful, so that
~ Sundstroom (1927) wrote "If it be true that the physiological response to
. a tropical climate is primarily due to the cooling power factor, the
; acclimatisation process to such a climate should in the first hand consist
© of means to adjust the heat requlating mechanism to the highest attainable
degree of efficiency in order to preserve a normal body temperature. It is
a curious fact that, in spite of the numercus attempts to assess this heat -
regulating efficiency by body temperature measurements, this simple point
should still remain one of the most contested in the whole field of
tropical physiology”.

Investigators had reported a rise in the resting body

temperature when individuals went from temperatevinto tropical climates,
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Davy (1850) and Neuhass (1893) and that the increase was more marked
during the first weeks in tropics,Rathay (1870) and Jousset (1884). It was
further shown that the rise in body temperature after muscular work was
frequently much greater also Young (1915) and Young et al (1919). However,
there were also meny reports of no demonstrable influence of tropical liwving
‘on body temperature, Boileau (1878), Furnell (1878), Thornley (1878) and
Wick (1910) and of little if any difference between the bedy temperatures of
the indigenous race and white residents in the tropics, Jousset (1884).

In the 1920's it had become clear that further progress in the study
" of man's response to heat deﬁanded a much closer control of‘the climate
variables contributing to the heat stress than could be readily obtained by
observations made in the field. An apparent solution was to simulate
climates by climatic chambers where variables could be accurately controlled.

Investigations under these controlled conditions have usually
followed a fairly well-defined pattern. Subjects are exposed to carefully
controlled climatic conditions for a number of hours daily, during which
they perform a known amount of physical work and their physioclogical
responses are measured in terms of heart rate, body temperature and sweat
loss., After this initial teeé the subjects continue to be exposed to hot
conditions for a number of days at the end of which the physiological
responses are again measured and compared with-the first test. The
difference in response between the first and final test shows the cumulative
effect of acclimatisation induced by the intervening exposure. The chelce
of a criterion of safe exposure will be determined by many considerations
outside the cbmpetence of ergonomists. Economic and social factors within
particular industrial contexts may contribute to a decision at what level
workers' exposure should take place. -

Ellis et al (1953) were left with the firm conviction that none of the



methods available at that tiﬁe for predicting probability of survival under
extremely warm conditions were satisfactory.

Weiner (1971) in a discussion of the prevention of heat stroke
suggested that in selecting subjects factors to take account, include
of course the medical history so as to eliminate those with cardiovascular
diseases, poor working capacity and obesity. More sophisticated selection
requires a trial exposure of individuals to standardised heaf tests for
elimination of those that are heat intolerant.

The cnly way to determine with confidence how men will react
is to expose them to the conditions expected and see what happens.

| From the many studies and investigations made using climatic

chambers,Bean & Eichna (1943),Taylor et al (1943 a) and (1943 b),Robinson

et al (1943),Eichna (1945),Horvath & Shelly (1946),Eichna et al (1950),

Ladell (1951),Bass et al (1955),Hellon et al (1956),Macpherson (1960) {(1962)and

Bell et al (1963) (1967) and (1971} the classical picture of acclimatisation
has emerged. The main features are a less marked increase in heart rate
while working, lower skin and deep body ftemperatures,a greater production
of sweat and subjecti#ely a lessened sense of discomfort.

Physiologicaily the brunt of work in the heat falls on the
cardiovascular system, therefore those who have to live and work in the

heat need a stout heart literally and figuratively, Macpherson (1973).

1.3 Energy Expenditure. Most of the factors involved in
'physiological adap;ion havé been studied using laboratory techniques.
Research on human beings in industrial situations is limited by the

methods that .can be used: without impairing the subjects health and
performance. This consideration restricts the number of direct measurements
during work activities. To this must also be added the workers'co-operation

to partipate in investigations and managements'sympathy that the

investigation will prove useful to the performance and profitability of
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the work. Numerous factors must be considered in achieving a complete
evaluation, the most important being that the worker must be able to carry
the basic work load.

The terms light, mederate, heavy and very heavy have been used by
many investigators to describe the severity of muscular work. Considerable
data has been published on the range of energy expenditure by workers in the
fields BMA (1950} used additional or nett values, Christensen (1953) gross
values and Passmore & Durnin (1955) gives a complete review of human energy
expenditure in varioué activities and industrial occupations. Brown and
Crowden (1956) and Welis et al (1957), attempted to substantiate the work
of Christensen (1953) and classified physical work by work capacity tests:
they also review the literature and summarise the data using the term
"optimal work" as representing a high level of physical activity that is
approximately 50% of the limitation in human work capacity. Work intensities.._
have béen claésified according. to oxygen consumption, energy expenditure and
heart rate; Table 1.2 summarises some of the investigations made and the
physiological parameters used.

Evaluating the work leoad by measuring oxygen consumpticn has
profed reasonably accurate. The method does however present certain
problems in practical industrial applications because of the size ofrthe
sampling equipment, the restrictions imposed on the subject's freédom of
movement, and the use for instance of a sampling mouth piece, which may
cause him to work in an unnatural way. The dependence of physical work
capacity on maximal oxygen uptake is however supported by many researchers
as one of the.most significant functional characteristics and as an index
of work capacity. Hill and Lupton (1923), Fufsusawa et al (1924), Hill (1926),
Dill et al (1930) (1932) (1933), Robinson (1938), Astrand P (1952),
Christensen (1960), Astrand P and Saltin (1961), and Astrand P and Rhyming

: (1954) propose a simple method of estimating oxygen consumption from



ERGOMETRY .
. FIELD

INVESTIGATOR . _2 = STUDY HR V02 Temp Lac Ur
Dill et al (1930) * * . )
Hickman (1948) * * *
Wahlund (1948) * *
Muller (1951) * . *
Christensen (1953) * . *
Astrand et al (1954) co . *
Taylor (1955) * *
Le Blanc {(1957) , . *
Wyndham et al (1959) - * . *
Balke (1960)
Williams et al (1962) . *
Malhotra et al (1963) * *
Maxfield {1964) . *
Sharkey et al (1966) * .
Brouha (1967) * * * * .
Wilmore (1968} . * *
Astrand et al (1973) . * » * * *
Vogt et al (1973) . T *
1 Cycle Table 1.2 Some Physiologlcal Parameters Used to Assess
2 Treadmill the Physical Work Capacity of Healthy Human's
3 Step
+ all women subjects
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heart rate at a single sub-maximal réte of work. ILe Blanc (1957) presents
data on human beings showing that pulse rate during exercise ana recovery
pericds can be used as a measure of fatigue for measuring work performance
based on the linear correlation befween oxygen consumption and the pulse
rate at the beginning of a work period. The linear relationship between
heart rate increase and work load is in the opinion of many researchers a
comparative one. Astrand P and Rhyming (1954), Wells et al (1959), Astrand
I et al (1960), Rowell et al (1964), Astrand I et al (1964), Margaria et

al (1965), Tabakin et al (1964), Cerretelli (1967), and Brouha (1967).

Astrand and Rhyming (1954} use it as the basis for estimating
maximal values from submaximal data, eliminating the necessity to carry
out maximél work capacity‘evaluations which may be detrimmntal, particularly’
with subjects not used'to physioclogical investigations.

From the review of the literature available it has been shown
repeatedly that heart rate changes, quite~accurate1y reflect the
physiclogical state of a human being during muscular activity. Heart rate
however responds to many influences.' Monod (1967} listed in addition to
miscular exercise, digestion, posture, altitude, climate noise and
psycho sensory activity. Two other elements, drugs and emotion should
also be considered. In view that heart rate is the fina; common effector of
such a diversity of responses all poésible sources of its variation must‘
be considered before assigning observed changes to spontaneous heart rate
variability. Reciprocally, heart rate should be used as an index of a
particula; physiological factor only if the simultaneous influences of
the other factors is properly taken into account.

In the industrial work situation the measurement of continuous
heart rate, if made without too much inconvenience would be a useful
adjunct to the-analysis of the factors influencing fatigue and the

measurement of work performance. Details on the development of a compact
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ambulatory monitoring system for the acquisition of physioclogical data
are given in Chapter 2. .

As stated previously heart rate can be affected by the emotionai
state of the subject, causing deviations from the expected response.

Bowen (1903) noted that a rapid quickening or‘anticipatory response of the
heart rate occurs at the onset of exercise, "the Bo;en effect". Hickman
(1948) reports that induced anxiety increased the cardiac output by
measuring the heart rate. Beatty (1973) recorded heart beats of 177 and
180 per minute on two 14 year old girls at a pop concert, Figs 1.1, 1.2
and 1.3 attributed to the reiease of adrenalin due to excitement stimulation.

Varicus mathematical expressions have beeﬁ proposed: a single
exponéntial function of time, Davies C (1968} and Suggs (1968)3 . an
exponéntial function followed by a linear function of time, Mayer and Vogt
(1970)3 a sum of two or more exponentials Schilpp (1951), Shephard (1970)
and Wiggertz (i970); and a more complex function, Cardus & Zeigler (1%68).
Mathematical functions have also been proposed to describe the time course
of hea&t rate after stoppage of work at a constant work load: a single
" exponential, Suggs (1968); a sum of two exponentials, Millahn and Helke
(1968), Meyer and Vogt (1970) and Wiggertz (1970); and a more complex
function Cardus and Zeigler (1968).

During muscular exercise a steady state level of heart rate is
obtained only if the work rate is submaximal performed in the thermal
comfort zone. For higher work rates the true steady state pattern is
replaced by a slowly increasing heart rate, Christensen (1931), Le Blanc
(1957) . According to Karrasch and Muller (1951) the lack of a steady state
ocquré'only when the work rate exceeds the "endurance 1limit" (Dauerleist-
ungsgrepze) defined as the maximal energy expenditure covered exclusively
by aerobic metabolic processes amounting to approximately 4 Kcal/min.

This metabolic rate, much lower than maximal aerobic work capacity
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corresponds to £he rate of muscular exercise at which the level of
-anaerobic metabolites in the blood begin to increase significantly,
Karpovich (1953).

A slowly increasing pattern is also obtained even from
submaximal levels of work rate if performed in a h;t environment, Le Blanc
(1957), Brouha (1967). The rate of heart rate increase then depends upon
the magnitude of the environmental heat stress, Vogt and Meyer (1968).

Baruch and Goldman (1973) present formulae for the
prediction of the heart rate response to work, environment and clothing.
These formulae,derived from rectal temperature responses, predict the
dynamic response pattern of heart rate with time of exposure, not dnly
for a constant activity and environment but also with varying activity,
environment and clothing during an exposure. Christensen (1953) reported
increase in heart rate out of proportion to oxygen consumption changes
‘when heat stress occurred in an industrial task and Falls and Welbers
(1965) demonstrated a drop in exercise heart rate levels when work was
preceded by celd shower immersion.

However because of its close relationship to o#ygen
consumption within the range of many industrial activities it is considered
that the.heart rate -can be utilised to measure the.stress imposed by
muscular'activity where continuous recording can take place to give the
overall picture of the activity with the minimal interference in the
subject's freédom of movement and performance ability. Use of a data
acquisition system is reported by the European Coal and Steel Community (1973)
to measure thermal stress and metabolic strain; in this particular instance
the term "industrial situation” implies fhat

i  The measurement must be made without interfering with the worker or
making him change his working habits

ii The measurements must be taken under the exact conditions to which
the worker is normally exposed
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The whole measuring system is designeﬁ to give simultaneous
transmission on a single carrier transmitted wave of the ECG,the rectal
temperature and the respiratory frequency.

Other dependent variables are available to assess physiological
responses, namely core temperature (usually represented by rectal or cral
temperatures), skin temperature and sweat loss. Core temperature being
usually measured in the mouth or in the rectum, oral temperatures are fully
satisfactory only when the conditions are suitably controlled; there
may be at times a disinclination on the part of some individuals to submit
to rectal thermometry. Fox et al (1962) reported on a small transmitting
device which subjects swallowed., Skin temperature is the most frequently
favoured by subjects and the application of thermocouples or thermistors to
selected areas of the skin is generally acceptable. Kerslake (1955) comments
that the relaﬁion cf sweat rate Eo skin and deep body temperature was
difficult to reconcile with the hypothesgis of ccntrélled sweat rates depending
on these two factors. On the basis of previous work, Kerslake and Cooper
(1954), he put forward the hypothesis that the sweat rate depends on the
temperature of receptors situated at some depth in the skin and that subjects
exercising in a hot dry environment gave rgsults consistent with the hypothesis
vhether or not the steady state was reached. The cbserved relationship was not
affected by ralsing the humidity to a moderately high level. The same
subjec£s at rest in a warm and very humid environment showed the same
relationship between sweat rates and-calculated deep skin temperature, -"Hatch
(1963) commenced the use of sweat loss but this requires accurate measurements
to allow calculation of sweat-rates to the nearest 100 g/hr at least. Fig
1.4 shows the relationship between sweat rate and body temperature increases
for one particular subject: no further increase in sweat rate occurred at a
body temperature 37.4°C, the sweating mechanism reached its limit at about

37.4 - 37.5°C and evaporation heat loss was not increased to compensate for
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further elevation of body temperature. From the faéts outiined in the
preceding secticon it is suggested that by measuring heart rate and changes in
body temperatures it is possible to evaluate the changes that take place due
to work undertaken in abnormal or hostlle environments.

1.4 Atmospherie Contaminants. The purpose of this section is to

outline a classification of respiratory hazards and to highlight the toxic
effect—of two possibie industrial gasecus hazards, namely, carbon dioxide and
carbon monoxide.

Toxic mgterials can enter the body in three ways, through the
gastro-intestinal tract; through the skin or through the lungs. Of these
three modes of entry; the human respiratory system presents the quickest
and most direct avenue of entry because of its intimate association with
the-circulatory éystem and the constant need to oxygenate tissue cells.

There are two basic respiratory hazards:-

(i) Oxygen deficient air
(i1} Airrladen with centaminants
The normal constitution of alr at sea level and normal

barometric pressure of 760mm mercury is shown in Table 1.3.

Gas %
Nitrogen 78.08
Oxygen . 20.95 °
Argon ' 0.93
Carbon dioxide 0.035 (variable)

'Neon 0.00182
Helium 0.000Sé
Krypton 0.00011
Hydrogen : 0.0001
Nitrous oxide 0.00005
Xenon : 0.000009
Ozone 0 - 0.000005

Table 1.2 Normal Constitution of Air at Sea Level




Oxygen concentrations below 16% will not support combustion
and are considered unsafe for human exposure because of harmful effects
on bodily functions, mental processes and co-ordination. At low oxygen
conditions collaﬁse can be immediate and death can ensue within minutes.
While 16% oxygen at sea level is generally considered the lower limit for
safe human exposure, the partial pressure of oxygen within the lﬁngs is the
important factor. O©f the work which has been done on oxygen toxiclty
Paul Bert (1578) observed convulsive seizures in animals exposed to high
oxygen pressure and reported that the higher the pressure the shorter was
the time recuired to produce convulsions. The first report of man
suffering an oxygen convulsion was made by Thompson (1935) who described
the experience of two divers breathing pure oxygen at a pressure of 3040mm
Hg (4 atmospherés). ‘Haldane t1941) experienced a sudden and violent
convulsion with little warning when breathing oxygen at 5320mm Hg (7
atmospheres) for 5 minutes.

- Bean {(1948) studied all the available reports, summed up the
evidence both in man and animals and presented a full account of the
probiem. Donald (1947) as a result of a large series of experiments on
man was able to give a clear picture §f the clinical aspects of oxygen
péisoning, the predisposing féctors and the variability of reaction, this
report also esﬁablished limits of tolerance which are now generally
acéepted in diving practice.

Alr contaminants include particulate maktter in the form 6f
discrete particles of solids or liquids, and aerosol material in the form
of a true-gaS'or vapour or a combination of both gasecus and particulate
matter.

Particulate contaminants can be c¢lassified according to
their physical and chemical characteristics and their biological effect

cn the body.
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A useful classification of their physical characteristics is
as follows:—
Dust - mechaniéally generated‘solié particulate matter (found in the harmful
size range of from 0.5 to 10 microns).

Mist and Fog — liquid mechanically produced particulate matter (with sizes

generally in the visible or microscopic range).

Fumes - solid cgndensation particles of fine diameter commonly generated
from molten metal as metal fumes, (size range from 0.l to 1.0 microns).
Smoke - a system which includes the ﬁroducts of incomplete combustion of
organic substances in the form of solid and liquid particles (size from
0.01 to 0.3) and gaseous preoducts in air. It is usually of sufficient
concenfration to perceptibly obscure visién.

Living Organisms ~ airborn bacteria and viruses (usually found in the size

range from 0.001 to 15 microns).

The particle size in microns is of utmost importance.
Particles below 10 microns have a greater opportunitf to enter the
respiratory system and particles belo& 5 microns are apt to be retained
in alveolar spaces.  In a healthy individual particleé from 5 to 10 mierons -
can generally be removed from the respiratory system by the cleansing
action of the ciliated epithelium in the.upper-respiratory'tracf. The
efficiency of the cleansing action is markedly reducéd in diseased systems
or it may be overwhelmed by excessive exposure.

The fate of particles which reach the deep lung or alvecolar
' spaces depends upon their solubility, particle size, chemical characteristics,
and metabolic consequences in the human body.

The biological effects can be classified as follows:—

Inert Aerosols - those which only produce minor irritation or discomfort

although in sufficient qﬁantity can overwhelm the protective mechanism of

the upper respiratory tract.
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Rllerqy Producers - those which cause severe sensitivity reactions with

some indlviduals.

Chemical Irritants - those which damage the sensitive mucous membrane or
lung tissue by chemical action.

Fibrosis Producers ~ those which cause the development of scar tissue in

the lung such as silicosis from mine dust exposure and asbestosis from
exposure to asbestos.

Carcinoma Producers - such as asbestos, chromates and radicactive

particulates which produce cancer in some individuals after "latent"

perieds of 20 - 40 years.

Systemic Poisons - such as lead cadmium arsenic, which can damage certain
critical organs and systems.

Febrile Reaction Producers - such as the fumes containing zinc and copper

which produce chills follewed by fever.

Gaseous contaminants or vapours from organic liquids can
likewlse be classified according to their chemical characterisgties and
‘biological effect on the body as follows:-—

Inert Gases — such as nitrogen, helium, argon, and neon which do not
metabolise in the body but as a dilutant may produce an oxygen deficiency
by displacement of air. ‘

Acidic Gases - such as carbon dioxide, sulphur dioxide, hydrogen sulphide,

hydrogen chloride, which are acids or produce acids by reaction with
water. They taste sour and many are corrosive to tissue.

Alkaline Gagses - such as ammonia, phosphine arsine which are alkalis or

produce alkalis by reaction with water. They taste bitter and many are
corrosive to tissue.

Orqénic Compound - are compounds of carbon which can exist as true gases

or vapours from organic liquids, for example saturated hydrocarbons
(methane, ethane, butane} unsaturated hydrocarbons (ethylene and

acetylene) alcohols, ketones, isocyanates, epoxy resins and aromatics.



Organometallic Compounds - comprising metals attached to organic groups

such as tetraethyl lead and corganic phosphates.
Gaseous contaminants c¢an also be classified according to their

bioclogical effects as follows:~

Simple Asphyxiants - physiologically inert substances such as nitrogen,
methane and argon which interfere with the uptake, transport or utilsation

- of oxygen in the body by creating an oxygen deficiency by air displacement.

Chemical Asphyxiants - such as carbon monoxide which in low concentrations
interfere with the uptake and transport‘of oxygen by the haemoglobin of the
red blood cells or hydrogen cyanide which oxidises the cell tissue.

Cheamical Irritants - those acid or alkall gases which irritate the

respiratory system and cause the development of pulmonary oedema or fluid

in the lung.

Anaesthetics - cause loss of feeling and sensation with unconciousness and

?ossible death, for example nitrous oxide hydrocarbons arid ethers. Some
anaesthetics;injure body organs, for example carbon tetrachloride (liver
and kidneys), chloroform (liver and heart), benzene (bone marrdw) énd
carbon disulphide (nervous system).

Systeﬁic Poisons - thoses which can damage.criticai organs and‘systems of

the body, such as metallic mercury vapour, hydrogen sulphide, and arsine.
The degree of effect of both gaseous and particulate

contaminants depends largely upon the airborne concentration and the degree

of expébure., The Departmént of Employment (DEP) publish annually a listing

of Threshold Limit Values (TLVs) as a guide for exposure concentration

N ~4 P - . - .
~which a healthy individual normally can tolerate for an 8 hour day 5 days
a week without harmful effects. Airborne particulate concentrations are

generally listed as milligrams per cubic metre of air (mg/ma) and gaseous

concentrations are listed as parts per million (ppm) by volume.

44
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1.4.1 Carbon Dioxide. Normal atmospheric air contains 0.035% carbon

dioxide. The concentration of carbon dioxide in alveolar air is approximately
5 -~ 7%. This increase in alveolar air as compared to that of normal
atmosphere alr 1s due to gaseous diffusion of carbon dioxide from the
pulmonary capillary bed.

If the concentration of carbon dioxide in the inspired air
increases,the ratio of alveolar to capillary carbon dioxide decreases and
becomes progressively more unfavourable for normal diffusion of carbon
dioxide from the.blood. lThe body will compensate for this alteraticn in
diffusion rate by an increase in respiratory depth and rate with an
accompanying increase in cardiac output. If the carbon dioxide in the
breathing atmosphere continues to increase, the increase in cardiac and
respiratory ratio cannot effectively compensate, and carbon dioxide will
accumulate in the blood and other body tissues.

The followiﬁg Table 1.4 gives a guide to the relationship between

percentage- carbon dioxide in air, the depth and rate of ventilation and effect.

Depth of
# €0 |Ventilation | Freduency/ \ Effect
in Air min
‘ ml
0.04 673 14
0.79 739 14
2.02 864 15 Headache and dyspnea on mild
exertion
3.07 1,216 15 Headache, severe diffused
sweating, dyspﬁ?a at rest
5.14 1,771 19 Mental depression
6.02 2,104 27 Visual disturbances and tremors
develop

Table 1.4 Effect of increase CO, concentration

2o .
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Since the raté of production of carbon diéxide by man is
apprOximately 88 to 90% of his rate of utilisation of oxygen, the air will
attain a concentration of 3% carbon dioxide at about the same time that
the level of oxygen has been reduced to 17%.

It is clear therefore that the carbon dioxide content of the
inspired air should not be allowed to reach values that have a significant
effect on'the minute volume. A reasonzble criterion based on such
pertinent data as is available is that a concentration.of carbon dioxide
equivalent to 1% should be regaraed as the maximum allowable, this
concentration will increase the minute volume by 6% to 7% although the
completely quiescent person — for Instance a patient in hospital will best be
served by a higher (5%) level.
| In the industrial environment the maxinum permissible
concentration in the atmosphere to which persons may #e exposed for a
working day of 8 hours is set at a Threshold Limit Value(TLV) of 5,000 ppm DEP
(1975) ie (0.5%). |

l.4.2 Carbon monoxide., It is not normally present in the atmosphere

but results genérally from the incomplete combustion of carbonaceous
materials. It is frequently found in the industrial environment produced
from a wide variety of processes and conditions, and has been a toxic
hazard to man throughout his history.

It is colourless and odourless and it is therefofe most
insidious in its action. Table 1.5 based on the work of Shulte (1964)
gives a guideAin summarised form to the symptoms folléwing an exposure to
various concéntrations of carbon monoxide and also the correlation between
% of carbon monoxide in air concentration and blood levels. It must be
.emphasised that these figures are approximate only and would not be
reliable if the individuals were breathing a mixture with a reduced
oxygen content or containing cther contaminants. It alsc applies to sea

2.



level atmosphere and not to atmospheres at reduced or increased pressure.
There is also some individual variation in susceptibility to carbon monoxide
and therefore the statements in tables such as this cannot be precise, but

mist be used as a general guide.

CO in Air CCHb '
{ppm) (%) Symptoms
100 10 - 20 Tightness across the forehead, possibly slight
headache, dilation of the cutaneous bloed vessels.
200 20 - 30 Headache and throbbing in the temples.
300 30 -~ 40 Severe headache, weakness, dizziness, dimness of
vision, nausea, vomiting, and collapse.
500 40 - 50 . Same as above, a greater possibility of collapse,
syncope and increased pulse and respiratory rates.
750 50 - 60 Syncope, increased respiratory and pulse rates,
coma, Intermittent convulsicns, and Cheyne-Stokes
respiration.
1,000 60 -~ 70 'Coma, intermittent convulsions, depressed heart
action and respiratory rate and possible death.
1,500 70 - 80 | Wesk pulse, slow respirations, respiratory
failure, and death within a few hours.
2,000 80 - 90 Death in less than an hour.
4,000 S0 + Death within a few minutes.

Table 1.5 CO in Air % CO Hb and resultinag symptoms

Carbon monoxide has an affinitylfor the haemoglobin of the
blood, Haldane (1895) attributed the harmful and often fatal effects of
this gas to its greater affinity for haemoglobin compared to oxygen, forming
the stable cSmpcund carboxyhaemoglobin in the red blood corpuscles. The %
of this in the blood reﬁresents a direct measurement of the reduced oxygen
carrying capacity. Douglas et al (1912) reported that the .additional
carboxyhaémoglobin altered the disassociation curve of the remaining
oxyﬁaemoglobin impeding oxygen release to the tissue, this was the first

indication that carbon monoxide was not an inert gas.
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Due to a greater respiratory exchange of air contaminated with
carbon monoxide the haeméglobin of an individual performing physical work
attains its equilibrium concentration of carbon monoxide in a shorter time
than that of a resting individual and symptoms appear f;ster. As exercises also
involve an increased demand for oxygen by the active tissues any Heprivation
of oxygen carrying capacity is also felt more severely than when at rest.

The maximum permissible concentration in the atmosphere to
which persons may be exposed for a working day of 8 hours is set at a

Threshold Limit Value of 50 ppm DEP (1975).

1.4.3 Carbon monoxide/Carbon dioxide mixtures. Carbon dloxide at

low concentration (1 = 2%) acts as a stimulant to both rate and depth of
resbiration. The effect of increasing the carbon éioxide concentration of
the ambient air is to increase the alveolar concentration of carbon dioxide
and the body reacts by attempting to wash out this excess carbon dioxide by
increasing the depth and rate of réspiration.

More carbon monoxide will therefore be absorbed in unit time
if the air breathed contains a mixture of carbon monoxide and carbon dioxide
than if air containing only carbon monoxide is inhaled becauée of the
increased volume of ailr passing through the Iungs. It would appear there—
fore that there is no justification in reducing the TLV fog carbon monoxide
in alr in the presence of carbon dioxide. DEP Technical Data Qote 2/75
states that special conﬁidérations should be given also to the application
of the TLVs in assessing the health hazards which may be‘associated with
exposures of two or more substances. A brief discussion is also included
of basic considerations involved in developing TLVs for mixtures, and

methods for their development is amplified by specific examples.

l.4.4 Summary of the Respiratory Hazards. Proper and adequate
assessment of the hazard is the first important step to protection in

assessing the overall hazard potential, consideration should be given to
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possible emergency conditions which can arise in order to ensure that
proper emergency control equipment and procedures are both available to and
thoroughly understood by potentially affected personnel. Davies (1973).

| The following Table 1.6 gives the number of cases of Carbon

monoxide, and carbon dioxide poisoning reported by the Factory Inspectorate

for the period 1961 - 75.

GASES

carbon monoxide carbon dioxide

Fatal -~ Total Patal . Total
1961 8. 73 3 8
1962 12 102 0 2
1963 3 75 0 1
1964 5 76 0 4
1965 4 68 0- 2
1966 1 72 0 4
1967 10 66 0 2
1968 3 77 1 4
1969 3 59 0 5
1970 6 63 . -
1971 4 5 . .
1972 4 48 . .
1973 | -2 21 . .
1974 6 27 . .
1975 3 20 . .

* Data not available.’

Table 1.6 Gassing accidents analysed by nature of gas

1961 — 1975
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1.5 - Noise Industrial technology has created many envirormental
pollutants of which nolse has bheen an identifiable example. Burns (1968)
has written a concise summary of what noise does to man. Beranek (1960)
gives a good description of sound and its measurement; other sources are
Kinsler and Fey (1962) and there is an advanced comprehensive text on
acoustics and vibration phjsics by Stephens and Bate (1966).
| British Standard Institute (1969) in BS 661 defines sound in two
ways, first as a - “mechanical disturbance propaga£ed in an elastic medium
of such character as to be capable of exciting the sensation of hearing”.
An alternativarsubjective definition is also given - "sound is the
sensation of hearing excited by mechnical disturbances". The common
subjective attributes of sound - its pitch, its loudness and its quality -
must have their counterpartg in the physical nature of the sounds.
.Reéearﬁh in hearing conservation has concentrated on many aspects
of the ﬁroblem of noise over the years. |
Resgearchers have for many years been interested:in the effects
of noise on work performance. Bartlett (1934) published a review of the
position and discgssed experiments in which various sounds such as speech,
music or bells were used, the sounds were meaningful rather than loud
continuous background noises., A classical early investigation of a real
work sltuation was Weston and Adams (1932) (1935), in the textile
industry; the work involved vigilance and attention to keep equipment
working satisfactorily Burns et al (1964) and Taylor et al (1965)
investigated the weéring of ear plugs. These were not liked and
significantlf the wearers did ﬁot believe that their use would improve
their work. The results of the experiment showed a significant improvement
in the.efficiency‘of work by the criteria employed. Broadbent and Little

(1960) studied the effects of noise level on the operators of film



perforating machines by treating rooms acoustically. A reduction in level
of about 10 dB produced an increase rates of working. Comparative studies
in an untreated room also at the time showed an increase in work rate -
presumably due to the welfare interest being shown, but a highly significant
fact does however emerge, - the :&ate of machine stoppage attributable to
faults of the operators was five times as great in the untreated‘ as in the
treated rooms.

Effects on efficiency have also been demonstrated with broad

‘band noises of more than 90 dB SPL overall by Broadbent (1957a). Sudden
bursts of noise have been studied by Sanders (1961). Sudden alterations
up or down in noise level produce momentary disturbances of work and the
degree of disturbance is determined by the extent of the change in level,
Telchner et al (1963).

A distinction must be made between the rate of working and
the accuracy of work. In general noise appearé not to reduce the speed of
éccomplishment but accuracy appears to diminish, Broadbent (1957 b). Where
signals in a vigilance task are at lengthy intervals the deterioration is an
increased delay in making the approprilate response, or in failure to see the
signal at all, Broadbent.(1954), Broadbent and Gregory (1963). Failures to
notice unexpected events are another feature, Carpenfer (1959).

When noise is assoclated with cother factors, some interesting
and confusing results have emérged. A curious effecf has been shown by
Corcoran (1962) and by Wilkinson.(1963) when lack of sleep and exposure té
noise oécur_together. In these circumstances a person who has not slept the
previous night shows less ill effect from noiée and in fact performance may
even be better than in quiet surroundings. Carpenter (1959) speculates on the
appérently opposite effects of these two factors, lack of sleep and ncise,
and invokes the condept of arousal, w?ich if diminished by loss of sleep,

might be elevated to near normal levels by noise, so restoring the performance.
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Dean and McGlothlen (1965) reported on the éffects of combiﬁed heat and noise
to demoﬁstraté that synergism may occur but fhe‘data from this study failed to
reveal any evidence that noise alleviates the discomfort of heat. The data
suggested that at 43.3% the subjects were more comfortable under 100 dB noise
than under 70 dB, but this could be attributed to chance because the

noise temperature interaction on comfort was not statistically significant.
Moreover no evidence was found to indicate that noise had any tendency to
disrupt thermal equilibrium because rectal temperature remained essentially

constant.

Noise impairing the perception of other sounds is an impo;tant
and clear effect quite separate from annoyance and disturbance although
it maybe associated with them. Wegel and Lane (1924), Fletcher (1940) and
French and Steinberg (1947) studied the way in which the threshold of the
masked sound is raised in the presence of a masking sound. The quantitative
aspects of the masking of pure tones are complex, but certain fundamentals
can be noted. Fletcher (1940) reported that when a tone is juét audible
against a néise background its intensity is the same as that in the critical
band. Hawkins and Stevens (1950) state that this applies precisely for a
wide range of intensities. ?p avoid masking of the tone, the intensity per
critical band of the nolse should be about 10 dB less than that of the tone.
Some differences in the appérent widths of critical bands were found by
Zwicker et al (1957) according to the method employed and it appears that
for the éummation of'loudnéss the critical band may be some 24 times as wide.
as previously found.

. The masking of speech by noise is a particularyimportant case
whether speech is intelligible in a given noise may be discovered by a
practical trial or by calculation, given certain facts about the acoustic

properties of the gspeech and of the noise, and the degree of interference with
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the perception of speech which.it is possiblé fo accept.

The significant factors are many, there is an exfensive
literature on communication by Speech, see in particular, Morgan et al
k1963). Fletcher f1953) gives a revision of historic earlier writings and
Licklider t19515 surveys mich material relevant to speech communication.

In asséssing the effectiveness of speech communication in a
given environment a direct practical test with a proper experimental
plan and an adequate number of subjects is the most effective method. It
‘is however, usual to calculéte-the effects of a given noise from direct
measurement of the environmental condition and to classify the work
accordingly.

The intelligibility of speech will also depend on the type
of spoken material used; special speech procedures and vocabularies will
assist in the attainment of satisfactory communication.

The entry of sound into the ear_canal can be reduced by
wearing some form of plug in the canal or external cups, usually referred
to as ear muffs. Thiesson (1962) has studied extensively the theoretical
basis of these devices. Tﬁe performance of ear plugs has been analysed
by von Gierke f1956) and fluid-seal ear muffs for high‘attenuation by
Shaw and Thiesson f19585. An interesting observation on wearing
hearing protectors is that as external sounds seem quieter while the
wearer's volce seems to him different and louder they consequently have a
tendency to talk more quietly, although the conversation should of course
be louder. Kryter (19465 reported that in high noise environments
wearing ear protection can improve intelligibility. The noise level at which
it becémes beneficial to intelligibility to wear ear protection will vary
with the degree of attenuation of the device used. The ear plugs used by
Kryter (1946) improved intelligibility above a combined (noise plus épeechi SPL

of about 95 &B, the reason being that the ear muffs prévided about 10 dB more



attenuation in the frequency region which is important for communication.

expressed in decibels attenuation (dB) at various test frequencies Hertz (Hz)

The acoustic attenuation of hearing protectors is usually

and is usually shown ingraphical form or as Table 1.7 following.

Their prime function is to reduce the noise level at the

wearer's earsto within safe limits and information on this aspect requires

careful study when considering the most suitable type for a particular

environmental noise.

8000

Test Frequency Hz 125 | 250 {500 | 1000 | 2000 |4000

Dry Cotten wool plugs: 2 3 4 8 12 12 9
SD: (2) } (2) {(3) (3) (6) (4) (5)

Waxed cotton wool plugs: 6 10| 12 16 27 32 26
: , SD: (73] (9) [ (D) (8) | (11) (9) ()

Glass down plugs: 71 114§ 13 17 29 35 31
SD: (4) ] (5) | (4) (7| (8) | (7) | (8)

Personalised earmould plugs: 15] 15| 16 17 30 41 28
SD: (7)) (8) | (5) (5) 1 (5) ! (58 | (7)

V-51R type plugs: 21 21| 22 27 32 32 33
SD: (7)) (9) | (9) (7) (5} (8} (9)

Foam-seal muffs: Bl 14} 24 34 36 43 31
SD: (e)] (5) | (6) (8) (7). (8) (8}

Fluid-seal muffs: 131 20| 33 35 38 47 41
SD: (6)l (6) ] (&) (6) (7) (8) (8)

Plying-helmet: 14f 17| 29 32 48 59.|. 54
SD: (4)1 (5] (4) (5) (7} (2} {(9)

Table 1.7 Typical Mean Attenuation Characteristics in éB of

different types of hearing protection

I

SD Standard Deviation after Peisse (1957)

The Department of Eﬁployment (1972) published a 'Code of

Practiee for reducing the exposure of employed persons to noise; this is

advisory in nature and follows previcus publications 'Noise and the Worker?

Ministry of Labour (1963), republished (1268) and revised (1971).

- 39 .




The Code applies to éll persons employed in ihdustry who are:
exposed to noise and sets limits of 8 hours at 90 dB(A) if exposure is
continuous. If the non-continuous noise cannet be adequately measured and
controlled,any exposure at a sound level of 90 dB(A) or more is considered
as exceeding the acceptable limit and hearing protection must be used.

An unprotected ear should not be exposed to a sound pressure
level measured with an instrument set to the 'fast' response exceeding 135 dB
or in the case of impulse noise an instantaneous pressﬁre exceeding 150 dB.

Other parts of the bodylshould not be‘exposed to a sound
pressure level measured with an instrument set to 'fast' response exceeding
150 dBy t\\l\t %o cw‘ﬂur\j ohc\ nerve %Jfﬂc\b;, c'uwmja.

1.6 External nuclear radiation and contamination are also hazards

that will be encountered in modern‘industrial processes. Their known
effects on man are of a pathological nature and consequently it is considered
that they do not belong in this physiological review of physical effects of
the abnormal envircnment. The following notes have however been included to
outline the association with that particular problem in this research topic.
Radiocactive substanceé emit ionising radiations of three types
namely alpha, 5eta and gamma rays. Alpha and beta rays are of a corpuscular
type and have relatively low penetrating power. whilst gamma rays are
electromagnetic in nature and of considerable penetrating power. |
Because of their adverse effects on bioclogical cells, undue
exﬁosure to these radiations may be harmful to the individual (the 'somatic®
effect) oﬁ to his offspring (the 'genetic' effect).
| it may be noted bere that the human has 4lways been exposed
to a small baékground level of radiation and radiocactivity intake, for which
'natural? sources;ie cosmic radiation and radiocactivity in the materials of
the earthfécrust are responsible. In addition, since atomic weapon tests

began there is a man-made contribution to everyday radiation exposure and
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radio—acfivity intake, by "fall-out" debris from such tests. Medical uses of
radiation and radioactive materials alsc eontribute to our long term
radiation exposure.

For radiological protection purposes we distinguish between
exposure to external radiation and to contamination respectively. External
exposure results from any scurce of radiation (sealed or otherwise) outside
the body.. The existence of radicactive contamination however may alsé result
in the intake of radicactivity to the body by the inhalation of contaminated
alr, the ingestion of food or water ﬁhich_contains radioactivity or by
penetration through damaged skin.

Thus the handling of a sealed radiocactive source would: represent
an exposure to external radiation only, whereas in the handling of uncontained
radiocactive material both radiation and contamiﬁation aspects must be
considered.

Radiological Protection is achieved against radiation or
conﬁamination by one or more of the following meané:—

(a) Shielding, as in nuclear power stations where considerable
thicknesses of concrete and steel are used to reduce the radiations
from the reactors to acceptable levels.

(b) Maintaining maximum distance between personnel and the source of
radiation.

(c) Limiting the time spent in the field of radiation.

Protection agéinst contamination is achieved Qy:-

(a} Good housekeeping, including the reduction of accessible contamination

zones to a minimum, adequate ventilation rates and restrictions on
eating or smoking in contamination zones. !

(b) Use of protective clothing, by changes of clothing, including shoes,

on entering contamination areas. Where work is done in highly

contaminated areas a protective plastic or PVC suit may be worn which
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seals the worker from the environment entirely. In such cases air
supply is by means'of a portable bottle or a supply line from socurces
of respirable air.

(c) Limiting the time spent in the contaminated area.

The safety of any process inveolving radiocactive materials is
agsessed by relating the levels of actiﬁity which are presenﬁ to "Maximum
Permissible Levels" (mpl's)and "Derived Working Limits" (dwl's). These mpl's
and dwl's take account of the nature of the work being dene and the type and
form in which the radicactivity is present.

By comparing actual levels with the maximum permissible levels
the extent of any precauticns to be observed can then be recommended.

The recommendations of the Internatiocnal Commissicn on
Radiological Protection (ICRP) provide a basis for radiological protection.
The ICRP distinguishes between "persons occupationally exposed" to radiatioh
and "members of the population at large". The former group includes certain
persons employed in muclear power stations. For individuals in this group,l

the ICRP have recommended Maximum Permissible Levels {(mpl's) of radiation

dose on both short term (quarterly) and long term (annual and workihg
lifetime) bases. )

For individual members of the public, including children,
annual radiation Dose Limits are recommended. Broadly speaking these dese
limits are equivalent in meaning to the mpl's for the first group, but the
annual dose limits are one tenth of the mpl's for occupationally exposed
people. |

‘The ICRP has also recommended mpl's (for numerous individual
radionuclides and groups of radionuclides) for the contamination of both air
and water, These levels are _ . such that if they exist throughout

the working lifetime (assumed 50 years) of an individual, the radiation dose

which he would receive as a result of his intake of radicactivity would not



exceed the recommended mpl's of radiation dose. Again, the contamination
mpi‘s for individual members of the population at large are one tenth of
those appropriate to occupationally exposed people.

The term "maximum permissible level"™ is used nowadays only
for a levél recommended by ICRP. However, direct reference to such levels
is often not possible or appropriate when considering some aspects of a
process.Thus in the safety assessment for oil disposal by combustion from
the point of view of safety of the general public, the discharge of the
combustion products to atmosphere is the most important consideration. In
this case it is the extent to which miik may be contaminated due to
deposition of activity on grass grazed by dairy cattle, rather than the
contamination levels in air or water. Since the ICRP has not published
mpl's which are directly applicable for either case,limits have been

arrived at by calculation‘and by reference to cother sources. Such

limits are known as "Derived Working Limits" (dwl's). They are usually

appropriate only to the speéial circumstances for which they have been
derived (in contrast with the general applicabllity of the ICRP
recommendations) and usually incbrporate considerable additional factors
of safety, by virtue of pessimistic assumptions made in deriving them.
For examplé, whilst.tﬁe dwlts in the above instance take account of the
effect of nearby buildings in reducing the effecfive stack height, no
correction has been made for alleviating effects of the temperature and
release velocity of gases.

Since dwl's can be calculated for almost any stage of a
process they'provide useful reference levels for comparison with
monitoring results. In any process involving radioactive material it is

necessary to ensure that radiation and contamination levels are

acceptably low by reference to the appropriate Maximum Permissible Levels,

and Derived Working Limits.

58



.59

1.6.1 Electrical Energy Of particular physiological interest is the

effect of exposure to fields which can by virtue of transfer of energy to
the living organism potentially alter that system's future course.

Cosmic and artificiélly produced radiations have been
extensively studied. The effects of magnetic fields are widely studied ia
&né:Q#ieasi&z&y::eéeaenceﬂrFederal ?roceedings (1962). The influence
of electricai fields and curreﬁts is not nearly as well represented in
the liEeratufe, there appears to be scant work done on the exposure of
man tﬁ‘stroﬁg eleﬁtrical fields. |

L

Man is very sensitive to ele#tric energy because of his highly
devéloped nervous system and an almost limitless number of thresholds of
sensation could be defined.dependingiupon the locations selected.
Physioiogical perception,due to elec%rical stimulation depends to a very
considérable:extent upon the contacté whethér they are firm and involve
appreciable ;reas,or 4if they are pdint contacts. Currents almost too
small £o mea;ure produce piercing pain‘wheﬁ the flow is in or through an

open cut or wound. The impedance ofithe human body is preddminately

resistive atllow frequencies. waevér capacitive effects bécome important
at theihighe% frequencies. Whitaker;(1939) sfatés that the ;esiséance of
thoroughly d;y skin on the hands may?have a range of h0,000-tp 50,000 ohms
per sqrcm. in contrast the skin mayjdrop to as low as 1,000 ohms per sq _'
cm whe# the #ands are wet. In praCtiéé the suface moisture conditions of
the hands may vary widelyQ_

Theéthreshold of pefceptionjcurrents was reported by Daiziel
(1954).reiative to home applianceé, électrical operated hand‘toois_and
other portable devices and concludedtthét it was essential that the

public be protected against perception currents by proper design, adequate
materials and careful assembly. During the measurement on perception of
electrical currents, Iooms (1969) showed that at 50Hz, a current of 1 mA ~
was perceptible between electrodes each of 25cm“ grea on the palms of his
hends.- When one electrode -was replaced by-a- wire probe it-was found that’
a current less than O.lmh was perceived as a stinging sensation when the
probe was placed on the skin over a vein in the side of -the thumb. The
potential difference to produce this current was 20V rms. -
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Similar values of resistance, about 10-30 kilchms, were measured between
pairs of electrodes, each 25cm? in area, on the palms, forehead and foot,
forehead and abdomen. These values are consistent with the known fact
that the flesh and blood are relatively good electrical conductors and
that most of the observed resistance resides in the skin and fat.

Body Resistance

Resistances were measures between 25 cm2 electrodes of pure tin, applied
to wet skin (DC measurements with Avometer).

Current Path . Resistance, kilchms
Forchead to sole of foot 20
Abdomen to sole of foot 34
Palm I to palm R 20
Palm R to back of hand R 24

{Results are clearly independent of path-length)

Perceptible Currents

Alternating (50Hz) currents were passed between electrodes applied wet
as above.

Between 25 cm2 electrodes on palms L and R current was just perceptible
at 1mA (17V rms). Tingling in the hands was noticed at 2 mA (30V rms).

Between 6 cm2 electrodes on palms L and R current was just perceptible
at 0.8 mA (40V rms). Pain was experienced at 2 mA (30V rms).

Between a 25 cm2 electrodes on R palm and a wire probe on the R thumb
over a vein a sharp local sting was felt at 20V rms. The current was
about 100 microamps.

It is worth note that currents as high as 10 mA are in general not.
dangerous but only painful.

One.of the.problems arising, is.the effect of. the exposure. of
humans to the characteristics of AC intense electrical fields and the
measurement of these fields, when assoclated with live line working is
reported by Miller (1966) and body currents to be encountered by Kouwenhoven
et al (1965). . A detailed medical evaluation of man working in AC
Electrical fields by Kouwenhoven et al (1966} developed the following facts:-

1 No X-Ray radiation is produced on a properly designed and constructed
HV transmission line.

2 Electric currents are induced in a conducting body when in an AC
electric field.

3 The currents that are induced in a lineman's body, when working
barehanded, may reach high values if the lineman is not shielded.

4 The currents that are induced in a man's body when exposed to an
AC plectric field are essentially sinusoidal.

5 Rubber gloves and similar protective equipment offer no shleldlng
from electric fields.
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6 Properly designed metallic Faraday screens will protect a lineman
working barehanded on an energised line and will reduce the induced
current in his body to a negligible value.

7 Faraday screens can be constructed for aerial buckets, cages, etc.
Proper conductive clothing will provide an effective Faraday shield.

8 At low field intensities the uﬁper shielding may be omitted. However,
in order to effectively shield the lineman from the waist down the
bucket shielding (screening) should be complete.

9  Medical Findings: Considering the period of observation (2} years)
and the method of study, it can be reported that the health of the
eleven observed linemen was unchanged by their exposure to high
voltage lines. Also, no evidence of malignancy was found. There-
was a decresse in the sperm count of one of the eleven subjects at
the last examination. However a recheck test was performed in
November 1965 which showed@ a higher value, though still under what
might be considered normal. The significance of this is not clear
and warrants further study; but no correlation has been found between
exposure to high voltage lines and any. effect on the health of
individuals in this investigation.

Among the eleven men tested, there were four who hsd had many
hours of barehanded work during the period of this investigation. Not a
single one of these men showed any change in their physical, mental or
emotional characteristics. Their laboratory studies remained entirely
normal. We found no evidence that an adequately shielded lineman is
endangered in any way by working barehanded in a high voltage alternating
current electric field, within the limits of our study.

The physiological effécts of working in the vicinity of LOOKV
and 500kV-ou%doqr installations was reported by Sazanova (1967) as follows:-

Bearing in mind that fatigue of the organism is associated with
the development of retardation in the higher parts of the central nervous
system it can be concluded that prolonged sction of electric field causes
retardation in the cortex of the brain and promotes the development of
fatigue. ' '

The medical studies-on-the-staff revealed certain directional
changes in the central nervous system. These changes took the form of
vegetative malfunctioning (increased variability of the pulse, and arterial
blood pressure, primarily bradycardia and hypotension) and the neurasthenic
syndrome. No symptoms of organic disturbances in the organism were
observed as a result 'of the action of electric field when working in outdoor
installations at 400 and 500kV.:

The results of the physiological studies are in agreement with
and supplement the results of the medical studies. The physiological
studies revealed vagotonic changes in the cardiovascular system, weaken-
ing of temperature control processes, reduction in resistance to the action
of electric current and functional mobility of the neuro-muscular apparatus
a weakening of neurodynamic processes in the cortex of the brain. These
functional changes in the organism occurred in maintenance staff (who'
worked in an electric field .for at least 5 h during the shift) and they did
not occur or were more weakly expressed in operational staff (who worked in
an electric field for not more than 2 h per shift). Hence it can be
concluded that the depth of functional changes in the organism is directly
related to the working time under exposure to electric field, i.e. the:
changes caused by the’ field are cumulative. A similar relationship has been
observed in tests on animals when studying the action of a 50 Hz electric
field on the performsnce of the motor apparatus.
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Bearing in mind that most of the staff did not have long service
5 years or less) on outdoor installations of 400 and 500kV the functional
hanges that were observed in the organism must be considered as the start
f unfavourable effects of the field.

. In this comnection it is necessary firstly to take 8ll possible
leasures to protect the staff of 400 - 500kV outdoor installations from
rrolonged exposure to electric fields and secondly to continue research
;0 establish the limiting permissible electric field strength at power
‘reguency.

in the vicinity of any energised power line there is an
slectrical field in the space surrousding each conductor. Whenever a
Linemas is werking on an energised t}ansmission line he is immersed in
shis eiectrical field; Faraday (1837) showed that there is no electrical
field 1n51de a cage made of conductlng materlal regardless of the electrical
*harges that_may ex;st on the exterior surfaces of the cage. While a man
inside a totel shield would be completely isolated from the electrical
field such as arrangement is obviousiy impracticai in the use of live line
naintenance.; ‘

The nearest approach to éosplete shielding has been the use of
:onducéive c?othing Bj lineman to prevent displacement current from
reachiﬁg him: The berformanca requi;ements associated with such clothing
is fursher discussed in Section 1.9-%. The electrostatic discharge
axperienced‘;y-lineman during live line-work do not-constitute any hazard;

! |
at least notjin a direct way. They ere annoying, however, they decreased
sork eéficieﬁcy and if they occur unexpectedly, they may lead to accidents
‘ [
»f a secondafy nature. Properly de51gned screening should’ reduce the

Lnduced current to a negligible value. Gingras et al (1976) gives
neasurements-of the current induced in a2 linemsn and his conductlve'
:lothing wheﬁ installed on & 735kV transmission tower and the results of

ned1ca1 surveillance of a malntenance team is to be reported on by Ontario

Hydro durlng 1977.

i




1.7 Nuclear Reactor Systems and Man Access. The first commerciél

nuclear power stations were commissioned in the United Kingdom in 1962.
The'designs were based on the United Kingdom Atomic Energy Authority
(UKAEA) Calder Hall reactor commissioned in 1956. These reactors are of
the Magnox typey the heat being produced by natural uranium fuel elements
in magnox cans placed in a graphite moderated reactor core.

The heat generated is carried in a pressurised CO, atmosphere from the
reactor vessel through gas ducts to heat exchangers, where it passes over
a large number -of boiler tubes. The steam generated in the pipes is
passed at pressure to turbo alternators,see Fig 1.5.

In 1967 the first prestréssed concrete pressure vessel was
commissioned and in this case it was possible to enclose the heat exchangers
in the pfessure vessel thereby eliminating the separate gas ducting,
isolating valves and heat exchanger shells.

In 1976 the first two Advanced Gas Cooled Reactors (AGR) were
commissioned, Rippon (1976) and eight are under construction. This reactor
system is based cn the UKAEA Windscale prototype, Electrical Review
(1961) and the pressure vessel is of.the prestressed concrete type enclosing
the heat exchangers. The reactor uses enriched uranium fuel with stainless
steel cans} it operates at a much higher temperature than the magnox systems
and the CO2 gas coolant is a; a higher pressure. Consequently it has a high
neutron flux and a corresgondingly high thermal capacity;

Carruthers (1965) showed that the location of heat exchangers
relative to the reactor core is governed by a number of major considerations,
such as the ﬁeed for satisfactory gas distribution over the core, the need
for adequate shielding between core and heat exchanger, capital economy,
ease and time of construction, and a requiremenf to have a good natural
circulation. The early designs were situated high up at some distance from

the core, connected to the main steel pressure vessel by ducts weaving
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through the concrete shield. They range from 8 heat exchangers per reactor
widely spaced almost evenly around the reactor perimeter to 6 per reactor
with 3 placed either side as close as possible to one another to facilitate
erection. In later designs the number was reduced to four per feacﬁor.
With the adoption of prestressed concrete in place of the steel
pressure vessel 1t was possible to enclose the heat exchangers in the
pressure vessel and these vary from four to twelve per reactor.

- As the heat exchangers are technically steam boilers they are
subject to statutory inspection under the Factories Acts {(1961) and it is

a legal necessity to carry out regular inspection of the parts subject to
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pressure such as boiler tubes; welds and mountings etc. For this purpose access

routes are part of the overall design. Human access to the heat exchangers
of nuclear reactors have posed a number of challenging problems in
attempting to protect people entering environments influenced by

radiocactive contamination fields, CO, contaminated atmospheres, heat and

noise and where movements are confined, conditions are cramped and visibility

is poor. A major feature of safe environmental control is based on "In
House Safety Rules" and complian;e with these ensure compliance with the
Factories Act. A main requirement being to ensure that personnel entering
an abnormal environment are adequately protected from any possible hazard.
Of course no entries are made to the heat exchangers or
p;essure vessel until the reactor is shut down, the areas purged with air
and cooled to an agreed level to permit access. lA disadvantage of the
prestressedsconcreté pressure vessels of the AGR design is that it i; a
slow cooling-process compared to the magnox systems with external steel

heat exchangers which can be easily isolated for cooling purposes.

The design of a typical steel" Heat Exchanger is shown in Fig l.6.

This is cylindrical, about 6.4m in dlameter and 26m‘ta11.: The boiler tubes

are welded together with 'U' bends to form nests and these nests are bullt
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nto boller tube banks, and attached to the main header pipes. The heat
ixchanger contains a number of banks situated zbove each other and close
:ogether supported by the boller tube mountings. A major factor of
.mportance is the heat transfer from the clrculating CO, éo the sfeam
1ecessitating a large number of close packed boiler tubes fo'achieve this.

y catch pén grid at the base of the heat exchanger prevents any debris in
che ga$ circuit falling into the gas circulator. With an economic incentive
-0 keep the heat exchanger shell as small as possible provision of space for
uman acegess is inherently difficult.

Human access facilities are required both external to the gas
zircuit and internal to the heat exchanger. Man-holes situated around the
jas circuit provide access to features within the gas circﬁit such as
isclating valves, duct bellows and bﬁiler tubes. External ladders, stairs
and walkways are provided close to the man-holes in heat exchangers,
although in many cases s?ace on the access platforms is limited. Careful
consideration has been given to access facilities within the heat exchangers,
although by the very nature of the boliler tube banks and mountings, space is
limited. Access is made through a series of installed vertical 450mm wide
sectional ladders.and horizontal 500mm square trap doors set into the floor
of each cell.

During normal operation the CO, coolant flows round the éas
circuit at a preésure of about 20 bar and a temperature approaching 350%
and can carry smell particles of dust which become activated when exposed
to the high'ngutron flux, some of these being deposited in the heat exchanger.
The steam in the boiler is approximately 300°%C. Prior to access the reactor
is shut down, possible sources of hazard are isolated and an acceptable
environment cbtained based on ruling safety regulations.

The heat exchangers on steel vessels are positioned ocutside the

biological shield and the duct runs are so arranged that heat exchangers are
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net in the path of any direct or scattered radiation flux. Thus no
activation is induced in the steelwork and no direct radiation levels result.
No criteria can be set for radicactive contamination levels but all possible
efforts are made to ensure the cleanliness of the reactor during construction,
whilst during operation.'filtration; equipment is run to remove the free
circuit particle activity - the filters having a high efficiency down to 5
microns. In addition great care is taken in the choicé of materials in

the design and erection of the reactor to limit corrosion products and to
prevent the release of fission products into the circuits. When the

reactor cofe remains under a 502 atmospheré the heat exchanger is physically
isolated. |

Wright (1966) suggested the following for limits for entry to

CO, atmospheres:—

3]

(a) co, levels should not generally exceed 0.1% if entry is required

without air supplied breathing apparatus.
(b) CO2 concentrations ghall be reduced to 3% CO2 in air before short
time entry 1s permissible without breathing apparatus.
(c) It is appreciated that isolated.pockets within the heat exchangers
' 2.1evels in excess of B%ICO2 in air.

levels in excess of 3% is acceptable with suitable

could contain CQ
(d) Entry into co,,

breathing apparatus, so long as the wearer is not faf from the

access point.

The method of heat exchanger isolation, cooliﬁg and pﬁrging
differs slightly from reactor to reactor, but the following procedure is
typical. '

With the reactor shut-down, and the circulators running
slowly, cold water is passed through the boiler tubes, for perhaps 2 days,

during which time the graphite and fuel-can temperaﬁures fall to acceptable

levels and the reactor gas is blown down to a pressure slightly above

"
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stmospheric preséure. The gas circulafor is shut-down on the selected
xircult and the gas inlet and ocutlet duct wvalves are shut. Ewvacuation

umps are connected to the top duct and a partial suction is created in the
:ircuit, then air ig admitted to purge the clircuit and reduce the co,
roncentration. This is repeated a number of times, perhaps as many as

2ight, until the general 002 level in the heat exchanger is less than 3%. At
this point a manhole is opened at the bottom of the heat exchanger and air is
sucked in and discharged via the vacuum system to the main stack. Cold
vater-continues to pass through the boiler tubes and this continues until

the internal temperature levels are acceptable. The whole process may take

3 days from reactor shut-down.

Once an acceptable environment has been established a sub-change
room is erected around the point of access, and every precaution is taken to
prevent the spread of contamination from the man-hcle = this can be aséisted
byikeeping a slight su;tion on the heat exchanger, or by erecting a portable
tent which acts as an air and clean entry lock. A health physics survey can
then proceed. Fig 1.7.

Anyone working inside the heat exchanger does not just

require protection from radiation or contamination or CO, or heat, but needs

2
protection from them all at once in varying degrees. Protection supplied-
for one hazard may not be suitable for ancther and where there are
conflicting interests some compromise has been necessary in order to provide
the worker with the most comfortable and safe environment. The general |
scale of protection consists of an impervious hooded coverall, rubber gloves,
rubber béotgiand full face canister respirator, augmented in some cases by
ailr cooled vests or heocods or full face air fed respirators to replace the
canister respi;ator. The developmeht of this type of protective assembly

has been described in detail by CEGB (1964), UKAEA"(1965), Rowlands (1962)

(1966a) (1966b), Stevens & Ritchie (1966), Suter (1967) and Gregory (1970).



L77ZI81d3sS

CONTAMINATION CLOTHING ASSEMBLY

AND
AIR LOCK ARRANGEMENTS FOR STEEL HEAT EXCHANGER ENTRY

fl Ol 4

04



le7.1 Design of the Magnox Prestressed Concrete pressure vessel. The

design of this reactor system is based on the 'integral' concept where the
reactor.core and the boilers are contained within a single pressure vessel.
Reactor elevations in Fig 1.8 and 1.9 show the general arrangement. The
pressure vessel is constructed of prestressed concrete lined with a thin
steel gas-tight membrane. Four boilers are symmetrically disposed in an
annulus around-the ccre but separated from it by a boiler shield wall. It
is to this annulus that human access is required under reactor éhut'down
conditions, in order to inspect and carry cut maintenance work on the heat
exchangers and gas circulators.

The potential hazards are the externa} radiation, toxic nature
of the environmeﬁt, temperature and contamination of the atmosphere and
material surfaces.

The provision 6f human access facilities to Magnox concrete 7
pressure vessels was expensive for a number of reasons. Chiefly, since the
heat exchangers are inside the concrete pressure vessel, close to the core,
a special 'boller shield wall is provided to prevent activation of the
steelwork - thls ensures that radiation levels are acceptable for access.
For reasons of design strength and economics, pressure vessel penetrations
aré small and limited in number and it may be necessary to gain access to
all heat exchangers from cne access point. This point may be some distance
from the héat exchanger to be examined and entries are more problematic,
although the provisicns of control of the access facility cutside the
pressure vessel is ;implified.

Two magnox reactors with prestressed concrete pressure vessels

are in cperation. Certain design features are common to both reactors — such

as ladders and gangways being, where possible, 700mm but ,at least 450mm wide -

manholes being at least 450mm sqguare and trap doors being provided for access
on to the boiler tube banks. The heat exchangers form 4 quadrants of a

narrow cylindrical toroid around the core. On one reactor design, one
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eries of banks is omitted and this space i1s used as an access duct - see
ig 1.10. Access in this system is made with the heat exchanger isolated
nd the pressure vessel full of C02, sealing being effected by long *halloons!
nd cover plates in the sealing ducts.

| During construction the boller nests were lowered into the
essel through a boiler slot in the centre of the concrete above each heat
xchanger. Human access is made by removing a smaller plug from this beiler
ilot plug, to act as an access port. See Fig 1.11. There is then a
varticularly difficult operation in a confined space to'remove the gas
‘elief pipe - to make accessible the heat exchanger slot penetration. A
rertical ladder then extends to the base of the heat exchanger, passing in
sections through the cells in the accéss casing. Access 1s made to the
:ops of the boilers banks through vertical doors 600 x 750mm in the access
:asing. A ventilation duct system ié built into the access casing and
:omnects to a quadrant ventilation duct at the base of each quadrant. These
nadrants are separated vertically by permanent end pieces, therefore access.
»oints are provided for each heat exchanger. Sub-change foom facilities are
:rected at these pointg vhen access 1s made. |

In the cother reactor desién Fig 1;12 only one access poiht is

rovided. At the Ease of the reactor core a. stairway leads from the
>ottom dome along the vessel circumference fo a platform at the base of the
weat exchanger, whicﬁ connects by a vertical ladder in the centre of the |
1eat exchanger to the top. Circular galleries run around the exterior
sasing of the heat exchanger at three points and it is possible, though
iifficult.due-to the.layout,to walk around these gaileries and gain access ‘
0 éther heat exchangers. A ventilation system is-connected to the base of
che vessel for purging the air and the ailr lock access point was designed
s a permanent'sub-change room and is fitted with all main service including

a respirable alr supply sygtem. Radiation levels are reduced by a carbon
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ind steel bottom shield and the vertical cylindrical boilér shield wall
romprising layers of carbon and steel totalling 230mm thickness of steel
mnd 50 to 200mm thickness of carbon.

Control of the Environment requirements are similar to those in
nagnox r?actors, with the excepticn that access into concrete pressure
7essels is made at ai; temperatures of 60°C and maximum metal temperatures
>f 65°C. |

In the case of the Reactor Design shown in Fig 1.8 there is a
reans of heat exchanger isolation and tHe cooling process is similar to
nagnox reactors.

-temperature has

2

iropped to 120°C the gas cireulator of one circuit is stopped and a balloon

Once the reactor is blown down and the CO

seal is pulled onto the top duct using an external mechanical winch and
svulley system. .A similar balloon is fitted into the lower duct and the
>alleoons are bressurised to .75 bar. The acﬁess plugs are removed and a
rentilation fan is connected to the ¢quadrant ventilation system in tﬁe
access duct purging the air at a rate of 2,360.1/sec to below 3% CO2 in air
and 60°C. The CO2 pressure in the core is reduced to 980 mbar and access is
nade to the‘top-duct-by-persons-ﬁearing protective-clothing to fit
>lanking plates over the balloon seais. During'access the quadrant cooling
Ls continued at a reduced ventilatioq rate of 1,420. 1l/sec. |

In the case of reactor design Fig 1.9 - following studies by
3lake & Phennah (1964) of the effects on radiolytic oxygen in air at
-emperatures below 200°C on the air reactivity of the graphifeé - it was
zoncluded that no detectable reactivity increase would occur even in the
sresence of 100% air during a short period, and it was decided that air
=ould be admittgd to the pressure vessel during the reactor shut«down. This

solicy was introduced on this design which has no gas duct isolation.
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To cobtaln a suitable enviromment for access the reactor is
hut-down and the vessel is cocled for 3 days by running the gas circulators
nd passing cold water through the boiler tubes. The reactor pressure is
‘henblowndown and a ventilation system is operated in the bottom human access
;unnel,.An engineer wearing a pressure suit and positiocned on a 'beanstalk', breaks
‘he dome seal and installs hydraulically operated jacks under the dome. He then
.eaves the area and the dome is raised remotely by the hydraulic jacks.
ir is drawn in via this access point until the circuit is purged to 0.5%
102 in air and the temperature is below 60°C. The dome is slid to the side
:0 allow human access, and the air purging continued Qith the circulators
unning at slow speeds, the air passing up through the core, then down the
1eat exchangers, 10% being discharged, filtered, to the main stack.

Control of access and perscnnel protection is basiéally
;imilar in nature to that described in Section 1.7. In this case however
nitial entries would be at 60°C air temperature. The development of
:he perscnnel protective assembly used(gee Fig 1.13)forms part of the
vork described in Chapter 2. Youell and Tresise (15966) have repcrted on the
iccess to the Boiler Annulus of the Magnox A design, Fig 1.8 under Reactor
shut-down conditions.

Le7a2 The AGR:Man Access Problem. The advent of the. Advanced Gas.

looled Reactor design shown in Fig 1.14 presented a new set of environmental
sonditions the fuel-can temperature of the system being 825°¢ compared with
130°C for a magnex system. Dué to fission product heating it is necessary

:0 cool the reactor as long as it is fuelled so that the gas circulator noise is
1 particular problem dpring access. Extensive consideration has been given

o0 the design of the access reoutes but the temperature, noise and airborne
sontamination of gaé bofne dust will require the use of personnel micro-

*limate assemblies for all personnel entering the pressure vessel. To ensure

safe access extensive training programmes will

)
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1ave to be developed and a medical examination of all personnel before entry
'see Appendix A), will be ;equired_until'the temperafure 6f-the pressure vessel
snvironment will be below 35°C. The.following outlines in further detaill the
ccnditions that are to be anticipated.

For men entering a purged and depressurised reactor an upper
cemperature limit of 60°¢ ﬁas been set after consideration of the medical
and economic factors. This temperature would be the maximum gaé temperature
in the circuit in the hot box ébove the'gas baffle dome after about 10 days
from shutdown. Under the core the temperature will be about 30°C. As the
fission product is further reduced gas temperatures willAgradually drop,
dependant on the numﬁer of gas circulators running. - When the reactor is off
load, cooling at full pressure and at an agfeed raée is commenced to remove
fission product heat stored within the reactor. When the gas temperature has
drepped to about 40°C the reéctor is depressurised and purged with air and a

maximum of 3% CO, by welght in air atmosphere established.  The maximum air

2
temperature should then be about 60°C above the hot box dome in 10 days from
shutdown as shown in Fig 1.15,

The intensity of ncise levels within reactor systems have been
the subject of special studies - Nairne and Burt (1974)7 Fahy (1973) and
Rivenais (1972). The noise 1s produced by the operation of the gas
circulators for reactor cooling and early predictions indicated that the
range would be from 90 112 dBA - subsequent measurements demonstrated that
levels up to 130 dBA would exist in certain reactor locations,the COGD
(Circulator Outlet Gas Duct) for example. The following Table 1.7 shows some

typical noise levels. Extensive noise survey of the access areas are still

to be carried out with a variety of circulator running conditions.---
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LOCATION NOISE LEVEL dBA
Predicted Tentative
Above gas baffle dome 20 83
Above the boilers 92 90
Below the boilers 92 100
In the circulator inlet plenum 112 110
In the COGD 116 . 130

Table 1.8. Noise levels predicted and tentative

in variocus reactor locations

The criterion contained in HMSO (1972) Department of Employment
Code of Practice" (1972) for reducing thé exposure of employed persons to
oise states that the unprotected ear should not be subjected to éreater
han an equivalent noise level of 90 dBA for 8 hours per day. Sinée noise
xposure is a function of noise level and time, these parameters can be
nterchanged on an energy basis as shown:-
0 dBA for 8 hrsl
13 dBA for 4 hrs
6 dBA for 2 hrs
19 dBA for 1 hour

02 dBA for + hr

The Code of Practice sets an overriding limit for unprotected
ea£s at 135 dBA (measured on fast response) and indicates that other parts
f the body shcould not be exposed to more than 150 dBA (fast).

The results of predicted and tentative noise levels will, from
1 statutory point of view, require all entranté into the pressure vessel to
lear héaring conserﬁation devices, presenting ancther unavoidable demand on
he physical attributes of personnel making entries.

Communication aspects are alsc affected by this and the

levelopment of a 'voice processor' system to improve communications between

P
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ne team inside the vessel and the outside controller has been reported on
y Nairne and Burt (1974). |

Shielding has been provided arcund the reactor core to reduce
adiation levels within the reactor pressure vessels to values which will
ermit humanaccess. Two design criteria were used to determine shielding
equirements.
ategory (1) 25 m rem/h in areas to which access is required for extended
eriods for maintenance or inspection purposes, at intervals ncot greater
han two years; giving a permlssible access time of 120 hours (3 rem/qtr
aximum dose).
ategory (2) 200 m rem/h in areas where access would only be required as

result of a forseeéble but unlikely fault giving a permissible access
ime of 15 hours (3 rem/qtr maximum dose).

These of course assume no other radiation exposure within the
elevant quarter.

Areas‘included in (1) are the heat exchangers when physiqally
ccessible, and positions from wlenae gas circulators are removed. Categeory
2) applies to areas above the ﬁot box dome.

Radiation levels from contamination have been estimated for a
wmber of reactors, Walton (1973a), (1973b) and 1972) and are additive to
‘hose shown above. It is congidered that contamination would be deposited
n the heat exéhangers, which virtually act as filters, although most

articulate matter will be arrested in the central inertial collectors at

he top of a proportion of the fuel channels. However deposition in other

varts of fhe,gas circuit should be low since the particles are small and
he gas veloclties are high.
h - In order to.reduce the.quantity of

as borne particles within the gas circuit of oné reactor design ;entral

nertial gollectors will be fitted to 75% of fuel chamnels at initial fuel

.oading - this figure to be reduced to 50% at equilibrium.
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Table 1.% shows radiation dose rates and permissibie access
imes in the various areas using the best radiation data available at
wresent.

The spalled oxide contributions have been calculated assuming
lesign operating conditions. It is anticipated however that due to 9% Cr
cnstraints, the fuel cladding températures will in the first few years -
nd pessibly longer — be very much less than the design values. | This
1111 have the effect of reducing the amount of spalled oxide by a factor of
ip to azbout six. The predictions for garly years of operation although
:ertaiﬁly pessimistic require_ full body protection and a respirable air
supply.

Thg initial entry hés to be made in total darkness and
ighting and monitoring equipment will have to be taken intc the vessel.
\ithough access routes Figs 1.156 & 1,17 are designed to.ensure the safe
>éssage of personnel, some parts are unavoldably restricted; notably the
iccess manhole in the hot box dome;'and the passage through the heat
:xchanger supports below Landing 4, Fig 1.18, The lack of space under
:he dome will also make access difficult. Air line control will also be a
sroblem,especially on the deep vessel penetrations to the reactor floor and
:hrough air locks.. Alr flow above the hot boxfdome willlbe a. particular
1azard, although isolation of relevant heat exchangers may give local
reductions. Since there is a pressure dr;p'of sbout .15 bar over the dome it
7ill be necessary to provide an inreactor alr lock, or the use of a special
ﬁuct will be médé as shown in Fig 1.16 to p?event unacceptable gas
velocities through the access in the dome.

It is recognised that proper training of personnel will be the

ey to success and this is a feature dealt with in depth alsc in Chapter 2.
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PERIOD OF FULL POWER OPERATION YEARS
LOCATION IO . 1 2 5 10 20 20 *
BELOW Doge rate Aot 4 7 5 | 22 | =} 30 30
BOILERS m reni(h Ox €5 88 L4 183 215 § 222 202
Acc-?gss: time a L6 34 21 16 14 14 14
hour'js b 9 7 4 3 3 3 3
BETWEEN Dose rate Act 3 5 8 10 Ky 12 13
BOILERS o rem/h Ox 65 88 144 183 2155 | =2 222
MID
CORE Access time a Ly 32 20 15 13 132 13
hours . b 9 & 4 3 3 3 2
BETWEEN Dose rate* Aet 6 12 24 37 47 49 4 S0
REHEATER m rem/h Ox 120 | 175 287 366 430 1 443 L4
AND ;
SUPERHMEATER Access time a 22 16 10 7 6 6 6
hours - b 4 3 2 1 1 1 1
Dose rate Act 6 12 24 37 47 4g 50
ABOVE n rem/h- Ox 65 88 144 183 215 | 222 222
REHEATER - .
Access time a L2 30 18 14 1 1. 11
hours - b 8 6 1 3 2 2 2
Dose rate" Act 12 24 L1:) 74 94 o8 100
ALKVAY o rem/h Ox 33 b 72 a2 108 §f 111 § 1M
Access time & €7 4 25 18 155 [ 4 14
hours b 13 9. 5 - 4 3 3 3
HOT BOX Dose rate - { et 260 fus0  Joso fuso | 1sso f1960 § 2000
{CENTRE} n rem/h * Ox - - - - - - -
EELOW -
DOME Access time a 12 6 3 2 1 1 1
' hours b 2.4 | 1.2 0.6 0.4 0.3 ] 0.3 0.3
HOT BOX Dose rete Act 24 4s 96 148 188 |- 196 200
(CENTRE) m rem/h Ox - - - - - - -
ABOVE _ .
TOME Access time a 126 €2 %9 20 1% 15 15
hours ¥ b 25 12 6 4 3 3 3

Ll

* Saturation

a fAccess time for = maximum dose rate of 3 rem/gtr.
b " LI " " % w 600 m rem/qgtr,

The Act (activetion) and Ox (oxide) dose rates shown are not strictly additive, as they occur st
different positions (activation just sbove bottom liner, oxide just beneath boiler). The oxide
dose rate only is therefore used to calculate access time, .

v

NB: CICs (Central inertial collectors) are assumed to be fitted in 50% of the éhannéls.,,

Table 1,9 Radistion Dose Rates and Permissible Access

Times in the Various Reactor Locations
{using the best radiation dsts availabie)
Walton (1973)
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he physiologiéal réactions of personnel will need to be closely observed.
After reactor shutdown adequate margins of gas flow and boiler
‘eed will be in reserve to provide immediate extra cooling if any item of
vlant fails while persomnel are in the reactor. It is envisaged that probably
‘our or six men will be in a reactor at one time,working in pairsland
. an emergency arose that!might necessitate individuals being
lisconnected from the air supply and wired coﬁmunication system, to .
reach the exit of the‘reactor,an emergency self contained breathing system
vill have to be used. Certainly breathing contaminated reactor air is not
idvisable and great care has to be taken to prevent such a situation.
The comparison of the Magnoi and Advanced Gas Cooled (AGR)

reactor design system 1s shown in Table 1.10.

Magnox AGR
Output main turbine MW 6 x'93.5 | 2 x 660
Power sent out MW 500 1,250
Area - Main station ‘ ha 16.2 : 8.1
Fuel per reactor tonnes 355 122
Fuel Uranium Natural Dioxide*
Fuel can material o Magnox Stainless St
Fuel surface temperature approx C 430 825
CO» coolant pressure. ' bar g 12.7 4l.4
CO» channel outlet temperature ©c 387 | 665
No of channels per reactor 4500 1308
Total wt graphite moderator/core. tonnes.. 1891 1199
Steam conditions: Turbine stop valve  hpC 363 538
n : n " " " hp bar g 45.5 160 .
" " " " n ipoc 354 538 +
o ip bar g 12.7 38.9 +

* S51lightly enriched in ceramic form

+ Reheat - no ip stage

Table 1.10 Comparison between a Magnox and AGR

Nuclear Power Station

The economics of'operating the system in respect of increased
revenue is shown in Table 1.1l based on the relationship of cooling times

of the heat exchanger to pressure vessel in terms of days relative to the

i



ost of plant replacement,i.e.using alternative lower merit generating
lant on the system. For this comparative purpose only a figure of

180/MW day has been used, this shows a relationship of nearly S:1.

Reactor Design Cooling Days
Reactor Performance MW Before Entry .| Plant Replacement
System S S Cost «+
Thermal Electrical | 35°C 60°C £

Magnox A 588 138 3 24.840

LB = 548 290 3 52.200

n o C 892 300 3 54.000

"  D{ 1.875 590 3 106,200
AGR 1 1.500 625 €0* 10 112.500
- & D are prestressed concrete pressure vessels
- Plant replacement cost based on £180/MW day
' 6 gas circulators rﬁnning

Table 1.1)1 Relationshin of Cooling Days/Plant
Replacement Costs

.8 Electricity Transmission. Generating plant is scheduled and

-.caded from economic orders of merit to meet the estimated area demands
1aving regard to local security, the requirements of spinning reserves
ind programmed inter-—-area or inter-group transfer. The grid enables
:ransmission to be run on a fully national basis, reducing the amount of
standby generating capacity needed and allowing power stations which
jenerate most cheaply, l.e. nuclear, to be used to the maximum, the
speration of the older and less economic stétions being restricted to peak
reriods. At the end of March 1975 the national grid system comprised
14,000 circuit Km of overload lines and underground cables ihcluding 8,000
sperating at 400kV and 4,400 at 275kV.

| The original grid, established in the early 1930's was
jesigned to work at 132kVv. It Qas strengthened by the 275kV system which

segan operating in 1953 and which permitted a measure of bulk transfer of

92
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lectricity from large new power stations built near the coal fields to
reas lacking in fuel resources. Almost all the 132kV lines and associated
ub-stations and transformers were transferred to the Area Electricity
cards on 1 April 1969, and now represent their primary distribution systems.
In 1960, in order to increase its power carrying capacity, the
enerating Board decided to raise the voltage of the 275kV system to 400kV,
nd to adopt 400kV for major new lines. This also had the effect of keeping
o a minimum the ﬁumber of new lines reéuired, thus contributing to the
reservation of visual amenity. But 275kV is being retained in some
ndustrialised areas of high-load density where it is suited to logal high-
ower distribution.
The first design of the heavy duty 400kV line, commissioned in
865, had three times the power—carrying capacity of the heavy duty 275kV
ine and eighteen times the capacity of the original 132kV line. Within the
ast few years, as the result of transmission research, it has ﬁeen possible
.6 up-rate the heavy duty 400kV overhead line from 1,800 MVA‘t072,800 MVA
er cireuit in normal weather. The 275/400kV network is now completed..
'ig 1.18.
Subsequent developmen£ of the 400kV system will mainly be in
he connection of new power stations and the establishment of new bulk
upply points to give increased supplies to the local . lower voltage networks.
'he 275/400kV network will, in principle, remain adequate for system loads
f at least 119,000 MW, that is, up to the 1990's. Beyond that time there
1111 be a need for a major expansiocn possibly inveolving higher voltages, or
L muéh mofe éxtengive underground transmission employing de or superconductivity.
The introduction of the new grid system required consideration to’
e given to repairing and maintaining transmissicn lines while they
re still energised. This technique known as "live line maintenance" was
leveloped in North America and has been described by Elek and Simpson (1961)

nd AIEEE (1967).
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Live line working falls into two categories, 'tool work' and

are hand work'. With the former thé linesman operates from the ground
from a convenient vantage point on the transmission tower or pole

ing tools fitted with long insulated handles. In bare hand work, the
nesman is in . physical contact with the energised conducter and must
ar a ;peciallsuit'to ensure that his body 1s at the same potential as

e line itself so-he:can”safely use uninsulated tools-as-he would if the
ne were dead. The advantage of live line maintenance is that it avoids
line outage for such routine work as the inspection of insulators and
nductor hardwear and on rural distribution circuits, pole mounted:
itches and transformers. Indeed all these items can be fepaired |
site or replaced without intefrupting.the supply.

2 . Personnel Protection. Much progress has already been made in

e.;ast few decades in protecting the human in industry against a large
riety of hazards. The expanding atomic enerqgy programme has high-
ghted potential hazards in the tempgrature,toxic nature and
ntamination of the atmosphere and the‘temperaturé of matefial surfaces
at will be encountered durihg human access to circuits 1In certain
actor systems. Conditions may reéuirekboth_work in protective
permeable PVC clothing or work in speclal liﬁuid or air conditiongd
crorglimate suits. The work required may be in confined areas with
fficuit access and the bulky nature of clothing can add to the N
fficultieé. Heat stress can develop within a suit of impermeable
othing at cquite low workplacé temperatures due to metabolic heat
oduction,Rowlanas (1566). No‘special precautions are uéually

cessary for work in temperatures up teo 27% providing there is no
dicactive contamination, but above this figure conditions of heat-stress

y occur and it becomes necessary to control the working conditions and



asure that the worker is adequately protected. At temperatures above 27%¢
ne specific requirements and protection necessary will be determined by
he prevailing temperature and humidity, and the duration and energy demands
£ the job. |

For the purpose of this research project abnormal conditions
re defined as the conditicns existing when the dry bulb or globe thermometer
emperatures of the working environment are between 27°cjninand 80°C max and
he environmental atmesphere is irrespirable.
| .Stress results when the heat balance of the body cannot be
aintained and there is an accumulation of heat within the body. The heat
alance of the body is a balance betweeﬁ the body's metabolic heat and the
eat exghanges occurring between the body surface and its environment. The
uman body loses heat by three paths, radiation, convection and evaporation,
nd the rate of heat loss will depend on the temperature of the air, its
umidity and rate of movement, and on the radiation from the surroundings,
s well as on the physiological mechanisms which serve to control the body
emperature. If the temperature and/or humldity of the immediate
nvironment are such that adequate heat exchange cannot téke place, the
ody temperature rises and heat stress will result. The two principal
ystems of the body concerned are the cardiovascular system and the sweating
echanism. The cardiovascula; system transports heat to the skin for the
eét exchange between body surface and envircnment to occur. The sweating
echanism controls the amount of sweat produced on the skin, where its
oss by evaporation assists in maintaining the heat balance. In conditions
£ extreme heat and/or humidity,»insufficient evaporation from the skin may
esult, or insufficient sweat may be producéd for evaporation and cooling
f the body. If it is impossible or impracticable to reduce the conditions
£ heat to an acceptable level for the work required then two alternatives

re possible. The duration of exposure can be limited according to the

%6
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orking conditions, or special, ventilated, protective clothing can be
rovided. In some extreme cases both may have to be applied.

.9.1 Protective Clothing and Equipment. The basic problem with

rotective clothing is to maintain a microclimate round the human in which
1l physiological processes can occur without undue stress. The state of
rotective clothing technology from review of the liéerature is that this '
En be accomplished for many industrial situations although in terms of
rleneral comfort and interference with mobility, sight and hearing;designs
+t111 leave something to be desired. The feature which is common to all
:rotéctive clothing is its influence on the thermal bélance of the body
o that it is important in designing or selecting clothing to determine
his effect. : . ‘ o One can use
leat bala?ce‘equations as reviewed in Section l.2.1 and determine
mantitatively the thermal balance and then determine tﬂe quantity and
emperature of the media to remove the excess heat, or alternatively
.olerance times Ean be estimated, Leithead and Lind (1964) although it
ippears that the progedures available are not very accurate when applied
.0 mény industrial situations. ’

An outline of a suggested procedure for determining what form
»f protection: is-required-in hot working-areas is given by - ‘ S
Jrdinanz (1970). Thidkﬁclothingj“hegvy_clothing,4a;yminised“clothing,e~uk
iir ventilated helmets and jackets, water conditioned‘;uits and dynamic
nsulated suits are described. TIn the area of cooling equipment,
wapeorative and turbine coclers, conventional refrigeration units, heat
sinks and vortex coolers are reviewed. But for the purfoses of this
research only garments ba$ed on the Liquid gondi#ioned System (LCS) and

:he Dynamically Insulated system, together with thelr associated equipment

ire considered.
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«9.2 Liquid Conditioning Systems. A protective clothing system was

lesigned by Burton and Collier (1965) and data on its performance in an
ndustrial situation when worﬁ under an aluminised asbestos sult has been
‘eported by Hill J (1967).Webb and Annis (1969) reported on its use to
uppress sweat during work as an.aid to the design of protective clothing.
ondon (1969) reviewed the work in the United Kingdom on water cooled suits.
lunneley et al (1971) reported a particular application of the prineciple to
iead cooling using a water cooled cap. Allan et al (1972) reports on the
romparison of three methods, a water cooled system,
1 convective air system, and a reverse flow system, the subjects also being
waluated with no personal conditicning. This report concluded that under
he conditions simulated (the thermal time course of an operational flying
sortie) the water cooléd suit appeared more effective than a conventional
i1r ventilated suit at maintaining thermal comfort. The differences were
small however and both_systems produce acceptable control of thermal stress.
3eeny and Short {(1973) report the initial development of a liquid conditicning
issembly for use in extremely hot and wet environments (70% dry bulb - 65°C
vet bulb) and embodied in the coocling ciréuit a breathing air heat exchanger.
-onclusions from this investligation were that the liquid conditioning assémbly
jave adequate protection to a subject performing simple tasks under the-
specified environment for 30 minutes.

Thersystem has also been adopted for the American space
;rograﬁme as the best means of removing the heat production of an active
astronaut, Johﬁson et al (1966).

For the wearer to retain full mobility,self contained
sortable cooling units using water ice or solid carbon dioxide are necessary.
These weigh when charged up to 9Kg and a maximum duraticn of 80 minutes was
reported by London (1969). They must however, be carried by the wearer by hand

or on the body. This could prove a major disadvantage in areas of limited access



Also the system cannot remove moisture and the clothing under some
onditions will become moist from sweat and/or condensation and this is
onsidered. to be some significant physiclogical disadvantage. When used in
cntaminated atmospheres where ambient air must be kept outside protective
:lothing, auxiliary respirable air would also have to be supplied.

9.3 ' Dynamic Insulation Systems. Air ventilated protective clothing

:an be classified in two distinctive systems. In ¢ne the cool air flows
arallel to the body surfaces and escapes at specific points such as the
mkles,wrists or neck or if impermeable materials are used;at filter points
jesigned into the garment: this system is called axial ventilation. Where

he alr passes through a fabric in the opposite direction to the flow of

sody heat the gystem is defined as dynamic insulation. The followlng
iiagrémmatic cross section of an impermeable fabric (right) and a permeable
(left) shows the route taken by air which is circulating in a clothing assembly.
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y passing out through the fabric the ventilating air can pick up and carry
way from the wearer four to five times as much heat as it could do by
eing directed to specified ventile positions - Crockford (1962b). This
ystem also has an advantage in so far that the ventilating air is also
sed to dissipate heat flowing in from the elevated'ambient environment as
ell as cooling the body.

Air permeable materials facilitate the entry of air and
onvective heat exchanges can take place. This alternative approach to
nsul%tion can be used to set up a heat counter-flow system in the fabric

e.as heat is conducted along the fibres, through the air and radiation is

bsorbed by the fibres and converted into heat, that air itself is ventilated

at through the material against the flow of heat. This sets up a dynamic
dituation in which heat ié picked up by the air and removed to the
nvironment. The thermal resistance to heat flow through such an aséembly
s not only dependent on the thickness of the material but also on the rate
it which air is flowing through it. By using this approach it should be
:6ssible to prevent all heat penetfating the fabric and achieve infinite

‘hermal resistance provided the air flow through the fabric is fast enough.

- -
- e o

The function of 'a clothing fabric is to stabilise a layer of
iir betwéen the environment and the wearer. The processes which are
responsible for the transfer of sensible heat across a material are
ronvectlion currents in the trapped air, conductien through the air and
1long the fibres, and radiation either directly through the fabric or by
;econdarf radiation, There is no well defined outer boundary to a woven
>r knitted material, the density of the fabric increases towérds the
sentral portion and for that reason, the effective thickness must be

neasured between two flat surfaces under a stated pressure.
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Alr trapped in materials themselves and a boundary layer of
till air on either side can be responsible for thermal insulation. When
ir movement is increased the boundary layer is eroded and the thermal
esistance of the system falls, eventually moving air may even penetrate the
abric so facilitating convective heat transfer within it. A tightly woven
aterial will prevent this from happening. Radiant heat can also be effectively
bsorbed by densely woven materials. With statié insulation the maximum
nsulafioﬁ is determined by the maximum thickness that can be worn, the value
f dynamic insulation is determined by air flow and this thickness barrier can
e reduced. The dynamic insulation of an air ventilated heat protective
ssenbly can be tested by applying a standard heat load and measuring heat
‘low through, and the temperature gradient across the material with different
dir flow rates.This method of evaluation is discussed in Chapter 2.

The effectiveness of ventilated suit assemblies sultable for
pecific purposes has been examined by Webb (1956), Billingham and
'hizackerley (1957) Phizackerley (1958)ardCrockford and Helion (1963a) (1963b).
'heoretical studies by Spells l(1956) (1960) and (1961) and Spells and Blunt
'1962) and (;965) have all contributed to the application of the dynamic
nsulation effect.

Air hoses are also vital to the success of any ventilated
*lothing assembly which is going to he used for deep penetration into a hot
jorking environment. A rise in air temperature ‘ in the hose can
lefeat the correct functioning of the cooling system and most air hoses do not
srovide a great deal of protection, rises of 3% per m run occurring in very
10t environmeﬁts at flow rates of 14 to 24 l/sec, even in thick walled hoses.
n order to maintain mobility the air.hose must be capable of being handled
:asily.

The solution to this is to cool the air just prior to entry to

:he ventilated suit. For this purpose a compact device is essential.
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lavies J‘(1976) has reported on such a device using the principle of the
:anque Hilsch cooling effect, together with an associated air hose assembly
nd this report forms Appendix B to this thesis.

9.4 Electrical Conducting/Screening Protective Clothing. In some

wreas of the world maintenance work is.carried out on very
a1igh voltage equipment, particularly on overhead trénsmission lines with the
ines still live. To protect the worker a suit of conductive material is
jorn which forms a Faraday cage. The Sult is manufactured with conductors
roven into the material to form a mesh screen. In order to give protection
L Fa;aday cage must form a complete conducting surface surrounding the
learer and with only small openings. The suit may conveniently be méde in
me piece or two, in the latter case the two parts must be electrically
:onnected together by the use of press studs or by having on the two parts
f the garment conductive tie ribbons. For the feet conductive focotwear
should be worn and it is preferable to have conductive socks inside the
‘ootwear. Such socks may be formed of a material which may be similar to
hat used for the suit, which can be electrically connected to the material
£ the suit by press studs or similar fastening. Similarly, conductive
jloves are required and would be elecﬁrically connected to the cuffs of
‘he suit. To cover the head a hood should be formed integrally with. the
suit, this being arranged'as far as possible to cover the front of the
‘ace whilst leaving a suitable small opening for the wearer to see through.
The material used for the suit should also have a flame
retarding property and should be éfrlightweight material to enable it to be ‘worn
mderneath ordinary proteétive clothing, théreby miniﬁising any possibility
:f.accidental tearing of the screening suit.
When a screening suit is used, the wearer, on first approaching
he live line must make an electrical contact and a very heavy charging current

nay flow for a short time througﬁ the terminal on the suit through which
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ontact is made. It is therefore important to note that any differences of
otential between parts of the suit would cause currents to flow through
he wearer. Looms (1969) states that there apéears to be confusion in the
iterature between the properties as shields qf Faraday cages, conducting
uits and ideal closed copductors. All real Faraday cages and conducting
uits should have finite resistances and inductances. Thelr suffaces are
herefore not équipotential when they carry currents arising from capacitance,
worona charging at contact or flash over. It follows that the degree of
rotection afforded by a screening suit decreases as the ohmic reslstance
nd inductive reactance of the suit increases. Again since the current
arrying ability of the flexible wearable materiél cannct be expected to
pproach that of a solid wire or bar cage, it is necessary for the
ossibility of large volt drops between the extremities of the suit to be
dnimised by the use of a single point connection to the screen. It is
‘herefore suggested that the resistance between extremities and connection
:erminal of a screening suit should not exceed 25 chms and that a suit
should be able to carry 1A for one minute to accommodate emergency
iituations. It is possible that future system voltages may be of megavelt
irder; uncomfortably large electrigal fields arise at ground
.evel in substations operatigérat 73§kV and the-standardisation of-
rotective conducting clothing may be considered a deéirable prerequisite
.n the future,
The progressive developmént 6f a protective clothing assembly

for personnel working in contact with high voltage conductors and
aigainst electric cur?ents caused by conductor corona leakage, charging
aind discharging is described in Chapter 2. |
L.10 Conclusion. It can be argued that plant should be
lesigned and operated in such a way that persconnel are never called upon

o work under abnormal or hostile conditions. However not only could the
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conomics of this approach be unfavourable compared with the cost of
ersonal protection for the operatives, but.also the redesign of plant
nd the design of machines to do particular jobs takes time and is
xpensive. It therefore,has to be accepted,that as far as working in
nfavourable environments is concerned,the human is always going to be
£t risk and there will always be a continued demand for the protective
:quipment which is required to sustain humans in these environments.
nce ideal personnel protection is available and acceptea planf may be
lesigned and operated if necessary within the limits of the protective
quipment and not within the more exact;ng limits imposed by the human

hysiology.

B/P
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CHAPTER 2

EXPERIMENTAL WORK AND RESULTS

‘el . Introduction and Summary of Previous Work. The originator of

this thesis was a member of a study group set up in 1965 by CEGB to consider
‘he requifements for protective clothing teo enable work teo be carried out‘
. hot environments. In a repért published in December 1967 it was
:oncluded that clothing giving protection for prolonged periods in environ-
lents at temperatures up to 60°C was desirable. As no suitable equipment
ras available commercially a suit wés developed in conjunction with
‘rankenstein Ltd. The assembly was to use a vortex tube for both cooling
ind breathing air. ' The suit was evaluated up to 80°C in the climatic cell
it the Institute of Aviation Medicine, Farnborough, Fig 2.1. Field trials
f manoeuverability were carried out in the Magnox prestressed concrete
wwressure vessel, Fig 1l.8. described in Chaﬁter 1. The report of the study
jroup, in view of ifs limited published circulation, is included in its
ntirety as Appendix C to this thesis.

- The management responsible for the operation of the magnox -
restressed concrete nuclear reactors imposed a further limitation on human
iccess to 50°C and with the improvement of reactor-coﬁling techniques the
rroposals of the working party were unable to be fully evaluated. With
‘he aﬁvenf of the Advanced Gas Cooled Nuclear Reactor System and the demise
f the involved commercial manufacturing companies for the personnel
>rotectioﬁ system, a reappraisal of the earlier work became necessary. A
sersonal accoun£ability was placed upon theloriginator of this thesis to
wroduce acceptable standards of design. and performance for a hot environ—
ental work suit and associated equipment to meet the new environmental

iccess conditions anticipated in the AGR systems.
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The following sections of this chapter describe some of the
ackground work to these investigations together with parallel work in the
evelopment of protective clothing for use in working areas of high electrical
ield intensity. The principle of dynamic insulation of an air wventilated
ult assembly for use in envirocnments up to 60°C is reported on the basis
f material insulation characteristics relative to alr flow and thermal
onductance by application of a standard intensity of radiant heat, together
ith a series of laboratory bench tests associated with the development of
wo designs of vortex tube for use with the clothing assembly. The use of
hermography is-also qemonstrated as a means of establishing heat flow
haracteristics. Complementary work on the development of én ambulatory
“event physiological data acquisition/monitoring system ié also given.

The chapter concludes with the results of field investigations
n the use of the resultant designs of protective clothing and ambulatory
onitoring systems when used on the training programmes for human accessrto
dvanced Gas Céoled Nuclear Réactors (AGRs) .

o2 Protective Microclimates have been used in industry for many

ears to protect workers against various hostile conditions. This section
escribes a series of investigations§ development and experimental work
onducted to establish the design of an aif ventilated clothing assembly

or usé in heatéd work environments up to 60°C for a particular application,
he entry into the pressure vessel of Advanced Gas Cooled Nuclear Reactors,
ogether with the progressive developﬁent of materials for conductive/
creening_clothing for use in work areas of high electrical field intenéity.

e2e1 Hot Environmental Work Suit. The clothing assembly is shown .

n Figs 2.2 and 2.3 and consists of three pieces. (a) A one piece outer
arment constructed from close cotton woven fabric, physical properties as
hown in Table 2.1. The garment has a front entry closed with a élide

X ‘wlomally
astener, the sleeve and trouser ends are elastlcatedkto prevent escape
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* air at the points, The surface area of the garment is approximately 2.12m2

id designed to fit over, without constricting or crushing, (b) An inner
rment manufactured from open cell nitrogen blown polyurethane foam,

nsity 3.8 to 5Kg/m3 covered on both sides with lightweight nylon fabric.
iside this garment is fitted a removable air distribution cooling system

i shown in Fig 2.4. Seven ouélets from the distribution manifold lead

r supply to the.body, arms anq legs through 6.5mm bore plastic tubing,

ie air passing into the suit through small vént holes pitched from the
:aled ends of the tube. Two supply plastic tubes of 10mm bore lead air

:om the manifold to the air distribution systém in the helmet for coolihg
id breathing. At an ailr flow of 0.012 Kg/s the cool‘air distribgtion in

le suit is designed to give 50% (0.006, Kg/s) to the arms, 1egs,ibody,

1ck and groin (cooling tubes'1 to 6) 10% (0.0012 Kg/s) to body front
:ooling tube 7) and 40% (0.0049 Kg/s) to the helmet assembly (cooling tubes
to 12.) The sﬁrface area of this inner garment is approximately 1.83n?.
istened to the outer suit by three slide fastener closures is {c) a

élme£ asseﬁbly. This has a moulded perspex‘visor with a liner of the same
iterial as the iﬁner suit and an outer covering of the same material as the
it giving a permeable surface area of 0.214m2. The total pegmeable”érea

! the complete assembly is approximately 2.33m2 its function being both
:chanical protection and thermal insulaticn. Alr is fed to the'Suiékfor

'o primary purposes, namely breathing and cooling, and as a common supply

; used the quality of:the air must meet thé reqﬁirements of breathing air

; detailed in British Standard 4275. The basis of the system design is to
isure that the air brought into contact with thé body facilitates heat
moval from the body by the increase in sensible heat of the air and by

1e evaéoration of sweat swept awﬁy by the air. The metabolic heat generated

pends upon a wearer's activity level, and there may also be transmitted

irough the suit radiant heat from the environment.
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FIG. 24

(eotton. nylon ffoam/nylon) -

Juter suit Inner suit
antile cotionl. {nylon/foam/nyion)
TAL SURFACE AREA 233m2 © *Air distribution in suit
. a - Inner suit 183m?2 Inlet air pressure to vortex 4 bar
. ‘ < Outer suit 212m? Inlet mass air flow - 0-025Kgls
oo ' Inlet air temperature 50°C
Cool qir flow to suit 0-012Kg/s
Cool qir temperature 15°C
Cooling tube details
Tube reference Length No. of Pitch Air ¥
No- Position- mm.. holes.. | mm- "
1 Left arm 1350 10 114 .
2 : {Right arm 1575 10 17
3 Bt.:lck body 1125 10 100 0-0059
4 Right leg - 1550 14 117
5 Left leg 960 18 61
6 Grain 485 8 100
7 Front body 300 10 38 0-0012
8 Hood connection 266 0 -
9 Hood connection 170 0 -
10 'Hood front 300 5 50
n Hood right 350 5 50 . 0-0049
12 Hood left 350 5 50

AIR_DISTRIBUTION SYSTEM

FOR _PROTOTYPE. HOT ENVIRONMENTAL WORK SUIT
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Based on some of the following experimental investigations.

1e heat balance for the wearer and the suit is discussed in full in Chapter 3.

Fabric Type
1ysical Properties Cotton Nylon. . PU
L2g+* No 556%* Foam
ZAVE OXFORD PLAIN -
xight grm/m2 340 60 2.5
seaking Strength Kp |
warp 80 20 —V
weft 70 20 -
weads/cm warp 64 16 -
weft 25 16 | -
ir Permeability
cm3/cm?/SC ' 0.2 52.0 20.0

Specification UK/AID/926

' Specification BS F118

sble 2.1 Physical Properties of Fabric HE Suit

One of the functions, indeed probably the principal function
? clothing materials, is to provide thermal insulation for the body of
1e wearer. A textile fébric is a heterogenecus system consisting of a
Xture of textile fibres and entrapped air. The bulk density of the
itbric, the state of aggregation of the fibres and the mode and magnitude
: the Yyarn spacings are of far greater'importance than the nature of its
snstituent fibres in determining the degree of insulation prpvided by the
ibric. A variety of units are used to express the thermal insulation of
.othing-materials. These‘aré of two types, namely (a) the t;ansmission
* conductance units which express the quahtity of heat which flows through

given area of material in unit time under specified temperature

fference and (b) the resistance units which are the reciprocal of the
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ransmission units. In dealing with clothing problems the resistance values
T material to heat flow are considered more useful than their heat trans-—
lssion values since the resistance to heat flow of the various layers in a
tothing assenbly can be added together to give the total thermal
1sulation value of the whole system. There are two specially named units
* thermal resistance in current use in the field of clothing biophysics
1d physiology. These are the Tog: Rees (1946) Newburgh (1949), Gardener
1951), Kaswell (1953) and the Clo: Gagge et al (1941), Newburgh (1949),
irdener (1951), Kasweil (1953} and Eurton and Edholm (1955). The Tog is a
wsical unit of thermél resistance defined in terms of measurable
1wysical quantities, the Clo is based upon human physiplogical factors
wugh Rees (1971) states that the Clo unit can be expressed in terms of
:asurable physical quantities so that 1 Clo = 1.55 Togs.

For this investigation the dynamic¢ insulation characteristics
© the materials used for the clothing assembly apparatug shown in Fig 2.5
e used. In this arrangement air can be fedlthrough material assemblies
Laced.in a metal grid of known surface area. The heater placed above the
;sembly acts as a radiant heat source and temperature changes can be
:a;ured with thermocouples and heat flow by heat flow discs, Heatfield
@ Wilkins (1950). The results‘of a series of tests uéing this apparatus
‘e shown in Table-2.2. The heater voltage was set at a value which brought
12 outer surface of the material assembly to 60°C and 112°C. Air was
ipplied at 20°C, temperatures were measured by 40 swg copper/cansténtaﬁ
lermocouples threaded into the inner and outer surfaces, two on each
mfacé, and heat flow by two Smm diameter heat flow discs fastened to the
tter surface of the innmer fabric layer of the assembly. Measurements were
tken at a number of air flow rates aé the flowwwas increased from zero

d as it was returned to zero from the maximum. Readings obtained at
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Fig2-5
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ach flow rate were averaged. It was noted that heat flow discs had some
Efects on the alr flow through the fabric lying abové them, the thickness
f the assembly used in this study, 6.5mm, is however such that they

> not appear to influence the results seriously. If however, the air
tream quickly reformed behind the disc and any elevation of temperature
bove the disc was reduced by conduction to cooler surrounding material,
ne heat sink in this apparatus, the box itself, is small, thus enabling

n1e system to respond quickly to changes of air flow.,

Air flow Inner temp | OCuter temp At Heat Flow | Conductance

(&/min) | (m/min) °c) “c) (°c) w/m2 (kcal/m2
min ©C

0 0 40.5 62.5 22.0 116.5 0.077

-2 0.175 36.5 - 62,0 25.5 105.5 0.060
5 0.416 31.0 57.5 D 2646 74 . 0.0406
10 0.833 27.5 . 48,5 21.0 30 0.0209
15 1.249 26.0 42.0 16.0 16 0.0144
20 1.666 25,0 38.5 13.5 9.6 - 0.0108
0 o 64.5 112.0 47.5 278 0.0850
2 0.175 57.0 110.0 53.0 253 0.0695
5 0.416 47.0 106.0 59.0 203 0.0502
10 0.833 37.5 86.5 49.0 | . 94 0.0280
15 1.249 33.0 76.0 43.0 51 0.0171
20 1.666 - 31.5 66.0 34,5 33 0.0141

ible 2.2 Conductance of Garment Materials at 60 and 112°C

* Initial Outer Surface Temperatures.

The conductance of the assembly increases as expected with the
icrease in the radiant load, but at both heat loads there is an unexpected
1ange'in the conductance curve at high rates of air flow. The increase of
Y% in thé static thermal conductance between 60 and 112°C is suggested to
: due to the increase in thermal conductivity of ai: which would account
r about 8.6%, and to increased radiant heat transfer as. the temperature
adient across the assembly is increased from 22°C to 48°C. A predicted
rnamic-insulation curve for the material assemblysis shown in Fig 2.6
r comparison, calculated from the following given by Crockford and

ndge (1970).
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y =«{log t + 0.2785) - (0.0453 + 0.0719t)x
1.0755

re ¥ = the conductance in Kcal o oL Ol
% = the thickness of material assembly mm
, . . =1
X = the air flow in m min

_ The thermal conductance of the complete assembly was determined
ipplying a standard intensity of radiant heat to the outside of the suit
1 by a manikin in a hot room and measuring the temperature on the

ide and outside of the suit with thermocouples and the heat flow through

materials by heat flow discs.’ Four thermoéouples were placed in close

¢imity to the heat flow discs on the inside of the inmer garment. The

:r surface temperature was measured 'at the chest, abdomen, right and

t lumbar region and back.
sr 0.13, 0.26, 0.40, 0.54 and 0.70 m”/min for 10 min each £iow

sequence being'repeated five times and the values given in Table 2.3

the mean of the thermocouple readings at each site.

The assembly was tested at 5 ajir flows in the

The curves are

tted in Fig 2.7 showing the conductance values for the assembly.

Inner

At

Air Flow Air Outer ! ) Heat Co?duct?pge
3, ) -~ | Surface |Surface | (C flow kecal/m
(m_/hln). (m/min) ?ggg Temp . | Temp ) wm% min 00)

(¥c) (°c)

nplete [ 0.130 0.065 41,50 | 57.25 |43.50 13.75 50 0.0525
0.263 - 0.131 | 37.50 | 56.75 |41.50 15.25 54 . 0.0514
it 0.409 0.20k | 26.50 | 57.00 |29.00 | 18.00 | 53 0.0448
0.542 0.271 %0.50 | 56.00 |36.50 19.50 54 0.0402
5y . 0.700 0.350 30.00 | 54.00 |34.25 20.25 Lo 0.0351
1er 0.130 0.065 | 26.00|57.25 |45.50 | 11.75 | 63 0.0782
- 0.263% 0.131 29.00 | 56.25 |41.25 15.00 69 0.0668
it 0.409 0.20hk | 26.50 [56.75 |39.25 | 17.50 | 67 0.0560
0.5k2 0.271 2k.50 § 56.50 {38.00 | 18.50 62 0.0479
ly 0.700 0.350 23.00 | 54.00 |35.00 [ 19.00 57 0.0440

le 2.3 Averaged Results of 5 tests for Conductance of the Complete

Suit Assembly and Imner Suit Only at a Radiant Temperature 60°C
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The inner gafment was then tested alone. The averaged results
btained are shown in Table 2.3 and Fig 2.7. With the outer garment
emo#ed because of the very low permeability of the inmer sult the
hermal conductance of the assembly increased substantially due tothe Loss of
he insulating layer of air. At the higher rates of ai: flbw it is noted
hat the conductivity of the inner suit approaches that of the complete
ssembly presumably through its higher initial conductance and the increasg'
n fhe efficiency with which the véntilating air is used in dynamic
nsulation (see Fig 2.7).

The object of these investigations was to test for the
stablishment of dynamic insulation in a clothing assembly by determining
ts thermal conductance at a number §f different air flows. The air flow/
snductance curve Fig 2.6 indicates that dynamically insulation was
stablished. This observation however indicateérthat dynamic insulated
lits may only be effective at reducing heat flows through the suit outer
abric if they are used beyond the air flows at which dynamic insulation
5 counter balanced by an increase in temperature gradient across the
arment. The air flow required to achieve this depends on the garment but
tth the assembly tested no significant drop in heat entry occurfed up to
e maxinmum air flow used. This situation however could alter if the
sterial of the outer garment was changed. The differences between the
srformance of the material assembly as predicted by the equation and the
rtual performance could be due to the radiant heat load influencing its
smnductance and with surface temperature 112°C and zero air flow a direct '
>mpérisoﬁ with the formula was shown.

The lower static and dynamic conductance values compared with
10se predicted indicates that the material assembly used for the inner
irment are more suited for dynamic insulation than those used in the
tperiments. from which the formula was derived. Textile assemblies for

mamic insulation will therefore varye.
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Following the completion of this series of investigations it -
as possible to draft a manufacturing standard CEGB (1977a) for a hot
nvironmeptal work suit assembiy for use with or without a vortex cooling
ube. This is included as Appendix 'DY.

022 Conductive/Screening Protective Clothing. (Faraday Cage).

he initial investigation centered around the requirements for a prptective
lothing assembly to comba£ the pick up from the electrostatic field

A the immediate vicinity of 400kV overhead line Eransmission towers or any
nvircnment where an inductance build up of electrical energy could occur

o work people and whén a subsequent earthing could result in a dischérge
bove ﬁhe threshold of feeling.

A number of enquiries were made to the textile, wodllen and
lastic industries to establish the availability of any fabric or material
lready being manufactured. Fashion fabrics were found which containe&
luminium foil but in every case the foil had been coated with lacquer to
revent loss of its decorative aspect and its electrical conductivity was
sor. Woollen/metallic maferials examined gave spasmodic continuity
lgures which were due to the metallic fibre being in short staple form and
pattern of conductivity could not be guaranteed. 'Conducting plastic
ompounds in tough flexible film form were alsc evaluated and although
ditable from a conductive aspect garments produced from these materials
b>uld not be considered comfortable. |

A material used for radar targets containing twin stainless
Eeel scolid wires each of 0.0§mm diameter, woven into cotton in a 6.5mm
neck appéared to offer good electrical properties, and a suit was
esigned and manufactured from this materiai, Fig 2;8 suit A. and was
sed successfully on the first *bare hand! mainténance cperation in Europe
1 a live 400kV electrical conductor Jeffs (1969). The clothing assembly
as however very uncomfortable to wear it was heavy and had to be lined

> limit skin irritation.
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rticulation at the elbow, and kﬂee positions were very restrictivé. A
ifficulty in manufacture was the need t6 sew conductive material into all
éams to maintain continuity of the conducting screeﬁ.

From these initial investigations it became evident that in
rder to guarantee the conductivity and to meet wearer acceptability it
suld ke necesgéry for a textile/metallic material to be woven specifically
or this purpose. Experimental weaving was put iﬂ hand for seven fabrics
sing on a 10mm square and 30 x 40mm rectangular lattice pattern a 12
enier/90 filament continuous stainless steel thread of the following

pecification:=-

amber of filaments in thread . S0

ilament diameter 12 micron

aread diameter , O« lmm

znsile strength 1.6 Kg to break !
lectric resistance : 0.8634 ohm/cm

asing current in free air 1.5 amps

The base fabrics for these weaves incluqed denim, nylon,
ayon/nylon blend aﬁg polynosic rayon and the evaluation of thgse fabrics
5 shown in Table 2.4. o

Productioﬁ weaving of the cotton denim/stainless steel and
>lynosic rayon/stainless steel were commenced but the latter had to be
aandoned_beCause,of weaving problems.. In order, to maintain continuity along.
1e seams of any resultant garment a 12mm tape consisting of a stainless
teel warp yarn with nylon weft was also manufactured.

The major problem arising from the weaving of the cloth was
1e dissimilar nature of the tensioning of the cotton yarn and steel thread
roducing 'a 'cockle'! as showm in Fig 2.9. An alternative to the stainless
-eel therefore was desirable and a thread in the form of a 1% silver
lated cépper strip wound round a 75 denier textured filament nylen

pport, Fig 2.10, was used in experimental and production weaving
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Position ﬁizgii of Metallic of Tﬁgevzf z;;;ztl;ltze Stainless-Steel thread
‘ Material Grid Cloth a a4 me used to produce metallic grid
1 |{D 58056/1 | Denim 1 em squares | 20 cms | 2 pick Weft 5.36 Number of Strands 90
i Single Warp in thread

2 D 58046/3 PolYnosic 1 cm squares 14 cms | 2 pick Weft 5.72 Strand Diameter 12 micron

rayon Single Warp
3 D 58046/3 | Nylon 1 cm squares 16 cms 2 pick Weft 7.10 Thread Diametef 0.1mm

Rayon | Single Warp

Blend
4 D 58046/1 Nylon 1 cm squares ' 32 cms 2 pick Weft 7.31 Tensile Strength 1.6 Kg to

S Single Warp break
5 D 58056/2 | Denim 1 cm squares - 20 cms | Single Pick 9.51 Electrical 0.8634 chm/cm
‘ : Weft. Single Resistance
Warp.
6 D 58056/4 { Nylon 3x4cm 30 ems | 2 pick Weft 19.8 Fusing Current 1.5 Amperes
rectangles Single Warp : in free air
7 D 58056/5 | Nylon 3x4cm : 30 ems | Single Pick 44.7
rectangles Weft. Single
v Warp ‘
" Table 2.4 Compariszon of Conductive Cloth with Interwire Metallic Thread and

the Properties of the 12/90 Stainless Steel Thread

€e¢T
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Fig 210

Textile supported
silver plated copper conductor
X100

SUIT C ASSEMBLY
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ith denim and nylon base fabrics and proved very successful from
lectrical conductivity and cost basis. The cost éf the silver plated
spper conductor being 25% that of the stainless steel.

Garments were manufactured using the deﬁim stainless steel
lend Fig'2.9 suit B, and nylon/silver plated copper, Fig 2.10 suit c,
ad found general acceptance from the wearers. The problem of the use of
pe in the conducting seam caused ‘'hot spots' when electrical current was
oplied to the suit. (See Section 2.4.)

Where there is a low propensity for static electricity build
5, it has been thé practise for sometime now to blend with natural and
in-made fibres an electrical conductor in the form of a staple fibre.
w metallic fibre technology makes available ?arﬁs spun from staple
tainless sfeel fibre 75 = 150mm long, 12 micron diameter fibre giving all
1e characteristics associated with spun natural or man-made fibre Yarns.
1ese yarns are highly flexible and give good abrasion resistance and
suld be blendeﬁ as slivers with any type of yarn using the sandwich blending
achnique in spi.nning'. |

Investigations revealed however that commercially available
sbrics did not contain sufficient metallic content to meet the fequired
lectrical properties for conducting suits and it was necessary to blénd
Lgher ratio yarns, thus a 75/25% and 82/18% wool/steel blend were
iccessfully spun and a cloth woven. Because of the conductive media in
1ese materials it Was possible to manufacture the suit shown in Fig 2.11.
ithout taping the seams.

The following section summarises the evaluation of the
aterials for physical and electrical properties and the effectiveness of

xreening against electric fieldse.



SUIT D
ASSEMBLY

. INDIVIDUAL THREAD, 2/2 TWILL AS RECEIVED,
18% STEEL. MAG.X20. '

. DITTO, AFTER REMOVYAL COF WOOL.

. INDIVIDUAL THREAD, 2/2 TWILL AS RECEIVED,
25% STEEL. MAG. X20.

. DITTO, AFTER REMOVAL OF WOOL.
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Physical Properties were evaluated for the materilals used for
uits B, C and D using standard test methods... The results are shown in
able 2.5 and compare favourably with the ﬁerformance réquirements expected
rom standard commercial workwear materials used for protective clothing in
ore conventicnal work areas. |

The distribution and measurement of the metallic staple fibre
or suits D and D1 material was evaluated using a‘chemical washing
echnique, use being made of the fact that wool dissolves in solutions
£ sodium hydroxide. A known weight of cloth was heated in aquecus sodium
ydrqxide until all traces of wool were removed. The skeletal remains of
he cloth consisting of  the stainless stee; fibres was washéd, dried and
eighed. Froﬁ these weights the percentage steel content of the cloth was
alculated. The two samples tested using this method were found to
ontain 23.5% and 17.8% respectively.

The visual. examination of the woven steel mesh, after removal
f the woeol, 1s also helpful in assessing the ﬁhiformity éf distribution
£ the metal fibres in the weave. A convenient way.of conducting such an
xamination is to place the steel-mesﬁ betwean two glassrplates in a
hotographic enlarger, fhe projected:image being viewed under magnification
nd used to ﬁroduce a photographic print.

The steel hesh that remains after removal of the wool had a
endency to roll up into‘a tight bundle that was difficult to mbunt between
lass plates. This was overcome by securing the edges of the cloth
pecimen in a 5Smm thick bead of cold-setting resin cement which, when set,
as sufficient rigidity'té act as a frame suppoerting the steel mesh and
2eping it flat enouqh to be mounted. Two glass plates were then selected
mall enough to fit inside the resin frame.

Some examples'of thé results that were obtained using these

echniques are shown Fig 2.12.



PROPERTY

PERFORMANCE AND SUIT REFERENCE

: TEST METHOD
A B ¢ D D1
Base Fabric Cotton Cotton Nylon Wool Wool
Conductor Soliq Flexible Textile supported Staple Staple
Blend 10mm mesh |  10mm mesh | 10mm mesh 75/25 82/12 BS 4407
Weave Plain denim plain 2/2 twill 2/2 twill -
Thread count  warp - 7é : 97 220 220 BS 2864
A weft | - 49 91 193 193
Welght g/m’ 281 255 128 215" 215 BS 2471
Breaking ‘Load N warp - 080 | 268 , 300 315 BS 2862
wett | - 680 ' 220 . 290 280
Abrasion resisténce - 25,000 50,500 23,000 23,500 BS Handbook No 11

Physical Properties of Materials Used for Conducting/Screening Suits

Table 2.5

621
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‘Where the base fabric is an Aramid fibre and cannot easily be
emoved without damaging the metalli; fibres radiographs can be taken by
odifying a back reflection Laue camera. The samples are attached to the
ront of the film holder which is placed some 175mm from the X-ray tube and
¥posed torthe beam of-X—rays for 4 seconds. The resulting film.is printed
nder a magnification, X9. Fig 2.13 which shows the steel distribution of
hree textile/metallic blended materials.

Electrical reslstance of.the conducting paths in the suits
ere measured using the ohms ranges of a Hewlett Packard type 3490A
ultiammeter which provided a constant de current of 1 milliampere,
onnections to the gxtfemities being made using steel needles inserted at
he measuring positions indicated in Fig 2.14. Initial measurements attempted
ith the suits stretched flét on a table and with a cardboard divider
nserted in the suit showed that considerable variations in the resistance
alues rendered the results meaningless and that it was necessary to carry
ut the measurements while the suits were w&rn. The results of the test -
re g;yen in Fig 2.14.

, These preliminary measurements pro&uced variations which
ndicated that the suit material required to be extended in order to obtain
sascnably stable results, Howe;er wheh the suit was worn movement of the
cms and legs produced variable values for resistance hence the results
iven are with the wearer of the suit remaining still. From these
nvestiéations a specified measurement of 25 ohms maximum could be stated
5 obtain;ble for each measured path for the materials of suits C, D and D2.

The effectiveness of the electrical screening of the materials
sed in the manufacture of suits A, C, D1 and D2 was found using the
ircuit arrangements shown in Fig 2.15;:the separation between the plates
zing approximately 30Omm. Readings were taken with no material present;
ith the materials earthed and laid on the melinex sheet above the guard
ing and detector plate; and with a sheet of aluminium foil in place of

aterial.
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A

TEST POINTS RESISTANCE | Fig 214
A=T ) NOT TO

B —T EXCEED F

C—T 25 OHMS

D —T BETWEEN

E —T POINTS

F —T

B —C

B —E

C —-D /

TEST POINTS
SUT -
A-T B-T C-T D-T E-T F-T B-C 1 B-E | C-D

A 300 95 100 100 160 240 55 150

B N 98 200 38 8 511 200 130 145

c 8 17 25 7 16 1l 27 34 1%

D 12 12 g 12 15 21 18 13 14

D1 9 10 10 6 8 21 23 22 15

RESULTS OF RESISTANCE MEASUREMENTS ON 5

CONDUCTING SUITS

Values in chms

SER/8241/81
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The results are summarised in Table 2.6. Using the separation
»f 30mm, an effective field of 10 kV/m is established which approximates
1 typical electrical field encountered in the course of live line

naintenance.

CURRENT FLOW
micro amps
MATERIAL per square meter
NOTHING 30.5
Suit A 7.1
n B 7.4’
n c _ 0.077
"D 0.006
" D2 0.016
Aluminium Foil 0.002

Table 2.6 Screening Properties of Material Fabrics

Current Flow micro amps/square meter

As a result of the foregoing investigation it was possible to
sroduce a Specificationlfor clothing designed for the protection of
rersonnel making contact with live metal in the course of 'bare hand!
dve line maintenance work on overhead transmission lines operated at
roltages up to and including 400kV CEGB (1977b) and this Standard is
ncluded as Appendix 'E'.

.3 Vertex Tube. As stated in Chapter 1, using the Ran@ue Hilsch
:00ling effect appears to offer many benefits to the major development in
:he ventllation and cooling of protective clothing assemblies. The use of

+ compact efficient vortex tube which could form part of assembly would also
1ssist the cdoling of air prior to entry to a ventilated suit where the air
supply hose is pléced in the heated environment.

This section outlines the desigg investigations gf performance
tharacteristics for vortex tubes of single and duplex generator arrangement.

- Fig 2.16 shows a cross section of a vortex tube with single

jenerator arrangement. Compressed air applied to the tube enters an annular

¥
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lemum chamber holding the vortex generator. As a result of passiné through
angentially arranged slots in the rim of thé vortex generatdr an intense
ortex i1s induced at the centre of the chamber. This forced ;oftex tends
o develop a continuous exchange of heat energy from the imner to the -
uter layers of the vortex: thus, the centre of the vortex becbmes_cooled
nd the outer periphery heated. The geoﬁetry of the tube is such that the
ncoming air displaces cooled air from the eye of the vortex through‘fhe
iffuser section to the cold outlet while the heated air appeariﬁg at'tﬁe
eriphery of the vortex is constrained to flow down the hot outlet tﬁbe.
he ratio of cold to hot air, the cold fraction deliveréd from the outlets,
an be controlled by an adjusting valve 1ocatéd at the downstream end of
he hot outlet tube. A vane type air brake (a set of stationary blades)
s fitted just up stream of the hot valve assembly to reduce swirl in the
ot outlet tube and assists in the production of optimum conditions of the
ortex. The hot valve assembly is of paramount importance to the control
f the performance characteristics and 3 designs.are showmn in Fig 2.17.
Type 1. This vortex tube is provided with a flush knurled
djusting screw with a fine thread form and the valve seating is conical
n shape. The hot air is exhausted to atmosphére through circular apertures
n the adjusting screw in liné with the tube. |
Type 2. In this vortex tube hot air is exhausted at 90° to
he air flow., The flow eontrol valve is coarse threaded and sealed on the
hd of the hot tube; complete seallng is not possible with this design.
Type 3. Is fitted with a combined noise muffler and flow .
ontrol valve-with fine threaded adjusting screw integral in the muffler
ealing on a semi.circular machined sealing. An '0' ring is fitted to the
alve stem to prevent air leakage past the adjusting screw. The hot air,
xhausted through a brass sintered muffler, gives a better air distribution

han Type 1 or 2.
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Performance data of a Vortex tube based on the patent of
alton (1965) is shown in Table 2.7 and a set of curves relating to air
smperatures obtained using de-humidified coﬁpressed air at 6.2, 5.17 aﬁd
.4 bar at 20°C is shown in Fig 2.18.

To establish the validity of this data a test rig Fig 2.19,
as constructed1 It consisted of an air compressor with aésociated air
ilters and wateﬁ jacketed air cooler supplying air to a bench mounted
ssembly. An air pfe—heater was used for the performance tests which
aaéed the inlet air temperature to 590 centigrade. (This simulated
sproximately the estimated heat pick-up of the air flowing in the line to
1e proposed micro—climate'Suit assembly). The air then passed through a
iow meter pressu:e_reducing valve and pressure gauge before entering the
3rtéx tube. To measure the relative humidity of thé incoming air a slow
leed of air was passed through a chamber containing a wet and dry
1ermoc§up1e arrangement an§ a thermocouple alsoe measured the temperaéﬁré
E the main inlet air.

Asrthe vortex tube was to be subjected to the elevated
wironmental temperature, to represent this ébndition the tubes under test
mditions were mountedrin a 60°¢ temperature—maintained chamber. A flow
ster measured the total air output, and thermocouples monitored the hot
1d cold air temperatures. To similate the restriéﬁion imposed by the
>oling system the cold outlet air was connected to a ventile suit assembly
>rn by a manikin model. |

3.1 - Experimental Work and Results. This section outlines a

iries of benéh tests that were carried out on single and duplex vortex

ibes fitted with the three types of hot valve assemblies shown in Fig 2.17,
> establish comparison data over a wide range of air pressure and air

low with varying settings of the hot éutlet valves and to enable final

ésign characteristics to be presented and a sealed design established.
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Fig 218
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INLET

COLD FRACTION

PRESSURE
BAR 0 ol o2 «3 o4 5 6 o7 .8 «9 1.00
1.4 17.2 T 16.7 16,1 15.0 12.8 10,0 6.1 2e2 - 2.2 - 8.3 - 77.2
2.75 33.3 32.8 31.1 29.4 26,7 22.8 16.7 10.6 3.3 - 3.3 - 17.2
(-18.3) | (-12.8) (- 6.1) C1e7) (10.6) (21.7) (32.8) (47.2) (63.9) (104.4) {160)
3.4 42.2 41.7 40 37.8 - 33.9 28.9 22.8 15.0 6.7 - 1.7 - 16.7
5.5 * 48.95 48.3 46.1 43.3 38.9 33.3 26,7 18.3 9.4 - 0.6 - 16.1
6.8 53.3 52.8 50.6 47.8 43,3 37.2 30.0 2l.1. 11.7 0.6 - 15.6
(~20) (-12.2) (- 3.3) (7.2) (18.9) (32.8) (48.3) (66.1) (88.9) (125) (185.6)
8.2 56.7 56.1 53.9 51.1 46.7 40,0 32.2 23.3 12.8 1.1 - 15 :
(-20.6) | (-12.8) (- 3.3) (7.8} (20.6) (34.4) (50.6) (68.9) (90.6) (124.4) (184.4)
9.6 60.0 59.4 57.2 53.9 49.4 42.8 33.4 24,4 113.3 1.7 - 13.9

TABLE 2.7 Temperature drop in °c with related cold fraction.
for Vortex tube (based on data from Fulton Cryogenics)

Figures in brackets give temperature rise of hot air °c

T
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Fig 219
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— ]
AIR FILTERS
AIR COMPRESSOR
AFTER COOLER > THERMOCOUPLES

TEST RIG FOR VORTEX TUBE PERFORMANCE COMPARISON:
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Single Vortex Tube. Two tubes fitted with (a) Type 1 hot valve

Tube 1) and (b) hot valve Type 3 (Tube 2) were selected. The tubes were
ubmitted to an air pressube test with the hot outlet valve closed and the
old air outlet blanked off. The test pressure of 10.34 bars was

aintained for 2 minutes. For the determination of the performance
haracteristics the tube was held at a temperature of 60°C and the inlet
ir was heated to a temperature of 50°C. As a preliminary to the
perational tests the pressure/flow relationships for two positions of the
ot alr valve, with and without the non-return valvé, were obtained over a
ange of.increasihg air pressures for a number of settings of the hot

utlet valves. Inlet mass air flow, inlet pressure and outlet mass cold

ir flow were monitored together with the relative humidity of the inlet

ir and the temperatures of the inlet and cold outlet alr. The cold outlet
ir was supplied throucgh a short length of hose to a ventile suit assembly
orn by a manikin model to simulate approximately the back pressure
onditions. The relative humidity of the input air varied between 17% and
0% and the atmospheric pressure was between 1019 and 1024 millibars for

he tests. The measurements are subject to the following levels of

ncertainty:i—

ir flow date 2 a%
ir pressure data < 3%
old mass fraction data - 5%
nlet/cold outlet temp drop = 2°K
elative humidity - 5%

The characteristics obtained from the two series of teéts
re presented in Fig 2.20 to 2.24. The performance of the Type 3 valve,
hich includeé finer-adjustment, results in better contrcl of the hot
atlet air and of the amount of cooled air being supplied to the ventile
ssembly. The inlet pressure to inlet flow relationship Fig 2.20 is
imilar for both, but with the maximum valve opening the temperature interval
t the cold outiet of the Type 3 #alve is increased by approximately 20%

e2tween 5 and 10 bar inlet pressure.
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Fig 2:20
0:030 1
TUBE 1 TUBE 2
0-020 -
INLE'I" HOT VALVES OPEN
FLOW 1 TURN
kg/n
0-010 4
0 ¥ L T L) 1
0 2 4 6 8 10

INLET PRESSURE BAR.

EVALUATION OF THE PERFORMANCE OF SINGLE BARREL VYORTEX TUBES.

RELATIONSHIP BETWEEN INLET AIR PRESSURE AND INLET AIR FLOW.
INLET AIR TEMPERATURE AT 50 °C. VORTEX TUBES AT 60°C.
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Fig 2:23
1-0 ]
V2 TURN
1 TURN
0-8 A N
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2Y2 TURNS
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0'6 -
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02 - | TUBE 1.
0 - T ' '
0 2 4 6 8 10

INLET PRESSURE BAR

EYALUATION OF PERFORMANCE OF SINGLE BARREL VORTEX TUBES.

RELATIONSHIP BETWEEN COLD MASS FRACTION AND INLET AIR PRESSURE WITH
INCREASING OPENING OF HOT AIR VALVE. INLET AIR TEMPERATURE 50°C.
VORTEX TUBES AT 60°C.
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Fig2:24

1 TURN

3 TURNS
6 TURNS

— & TURNS

7 TURNS

S TURNS

TUBE No.2.

Lo | ] b L

2 & 6 8 10
INLET PRESSURE BAR

EVALUATION OF PERFORMANCE OF SINGLE BARREL YORTEX TUBES.
RELATIONSHIP BETWEEN COLD MASS FRACTION AND INLET AIR PRESSURE

WITH INCREASING OPENING OF HOT AIR VALVE .

VORTEX TUBES AT 60°C.

INLET AIR TEMPERATURE 5°C.
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Twin (or duplex) Vortex tube. To establish a spesified design

aquirement an inlet flow of 0.03 Kgs at a pressure of 10.34 bar,the
srformance of the single vortex tube fell short and the performance
raracteristic of a duplex arrangement of the vortex generators was -
westigated using the same test rig.

Three tubes assemblies each fitted with Type 1, 2 and 3 hot
alve assemblies-were evaluated. The test procedure was the same as for
1e single vortex tube. The tubes Qere mumbered 3, 4 and 5 were fitted
aspec£ive1y with Types 1, 2 and 3 hot valve assemblies the results of
1ese tests are shown in Figs 2.25, 2.26 and 2.27. The preliminary test
> determine the pressure/flow characteristics (Fig 2.25) confirmed that a
inear relationship could be cbtained for each of the assemblies and that
1 air flow of 0.03 Kg/s could be achiefed with an inlet pressure of 5.7
ir. Characteristics relating the temperature drop at the cold cutlet to
1let pressure (Fig 2.26) and the cold mass-fraction to iniet pressure
7ig 2.27) showed that a éreafer degree of control was available with h
/pe 3 hot valve asszembly, confirming also the findings of the single
rtex tube investigation. The cold mass fraction ranged from 0.5 to 0.93
ver 5 turhs of the valves but tye-coarseness of the Type 2 valve made
sntrol and balance of the air flow extremely difficult to achieve,

To establish reproducible performancg a series of tests:
are carried out in a similar manner using 4 vortex tgbes fitted with
1e Typé 3 hot outlet vélve. Tube No 5 was used again and the additional
ibes were given identification numbers 6, 7 and 8. The results of these
2sts are shown in Figs 2.28 to 2.34. The cold outlet temperature drop
lotted against inlet pressure and flow characteristics as shown on
Lgs 2.28, 2.29 and 2.30 tended to b= more scattered than was expected.
1e cold mass fraction plotted against-inlet pressure showed similar wide
ariations except that in the condition of maximum temperature drop there

1s much more agreement and uniformity in the curves (Figs 2.23 and 2.34).
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Fig2:25
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CON]PARISON TESTS ON THREE TWIN VORTEX TUBES WITH DIFFERENT VALVE DESIGNS.
RELATIONSHIP BETWEEN INLET AIR PRESSURE AND INLEF AIRFLOW.

INLET AIR AND VORTEX TUBES AT 20°‘C.
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Fig2:26
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COMPARISON TESTS ON THREE TWIN VORTEX TUBES WITH DIFFERENT VALVE DESIGNS.

RELATIONSHIP BETWEEN INLET AIR PRESSURE AND TEMPERATURE DROP WITH INCREASED
OPENING OF HOT OQUTLET VALVES.

INLET AIR AND VORTEX TUBES AT 20°C.
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Fig2:27
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COMPARISON TESTS ON THREE VORTEX TUBES WITH DIFFERENf YALVE DESIGNS,
RELATIONSHIP BETWEEN COLD MASS FRACTION AND INLET AIR PRESSURE WITH
INCREASED OPENING OE HOT AIR VALVES. INLET AIR AND YORTEX TUBES

AT 20°C.
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INCREASED OPENING OF HOT OUTLET VALVES. INLET AIR TEMPERATURE 50°C.
VORTEX TUBES MAINTAINED AT TEMPERATURE 60 °C.
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Fig 2-29
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RELATIONSHIP BETWEEN AIR PRESSURE AND TEMPERATURE DROP WITH INCREASED
OPENING OF HOT OUTLET VALVES. INLET AIR TEMPERATURE 50°C.

YORTEX TUBES MAINTAINED AT TEMPERATURE OF 60°C.
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Fig2-30
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YORTEX TUBES MAINTAINED AT TEMPERATURE OF 60°C.
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Fig 2-31
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RELATIONSHIP BETWEEN INLET AJR PRESSURE AT A TEMPERATURE OF 50°C AND
MAXIMUM OBTAINABLE TEMPERATURE DROP FOR FOUR SIMILAR TYPE VORTEX TUBES.
TUBES MAINTAINED AT A TEMPERATURE OF 60°C.
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Fig 2:32
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AIR INLET TEMPERATURE 50°C. TUBES MAINTAINED AT A TEMPERATURE OF 60°C.
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Fig 2-33
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isual examinationAof the interior‘of-the tubes showed that the moulded
lastic vortex generators were bedded on "to the rubber washers which |
ecause of misalignment intruded by varying amounts intc the vortex chamber
f each tube. It was also noted that the inlet air ports varied slightly.
n size and surface finish. An important advantage of the duplex tube
iowever was established and the improved ratio of air flow to air input

wessure was increased by a factor of 2.

Noise Levels of Vortex Tubes An attribute of the vortex
ube operation is the level it emits fiom the hot outlet. This obgervation
ras confirmed subjectively during iaitial aractical investigaticons aad the
:ollowingAexamination was made of the three dasigns of hot valve assemblies
n both the single ana duplex vortex tubes to establish the noise level
easurements.

Experimental Procedure and Equipment Each type of tube was

:onnected to the compressed air supply system. The sound level meter was
laced 1 metre away from the tube, approximately the distance from éhé
rentile suit wearer'S‘eaf. Air was delivered to the single vortex tube in
! bar incaeﬁents over the range 2 to 10 bar to the single wvortex tube and
‘rom 5.5 to 10.2 bar to the duplex tube at a constant flow rate of 2é.3-‘
/sec. ﬁoise level maasurements were taken at each increment and the
‘esults are given in Tables 2.8 and 2.9 for the single and duplex'vor£ex
issemblies respectively.s |

Bruel aad Kjaer equipmenf was used to measure tha noise
roduced by the vortex tubes dﬁring“fhE”trials. This comprised a model
1203 precisian sound iével meter, incorporating a model 4131 one-inch
[iameter coadenser micro-phone and a model 1613*octave filter set. The
omplete measurement system.was-éa}ibrated both before and after the tests
7y subjecting the microphone fo an accurately-known noise source derived

‘rom a model 4230 portable acoustlc calibrator.

These series of tests also conflrmed an advantage for the

'wpe 3 design of hot valve assembly.



AIR SPL | SL OCTAVE - BAND ANALYSIS  dB
DELIVERY PRESSURE _
{BAR) dB | dB(A) | 31.5Hz | 63Hz | 125Hz | 250Hz | 500Hz | lkHz | 2kHz | 4kHz | 8kHz | 1l6kiz
Type 1 Tube
2 85 | &2 66 65 60 54 52 62 | 69 78 82 79
4 91 { 89 69 68 68 65 61 68 74 83 88 86
6 95 | 93 74 69 63 65 67 70 76 86 92 " 91
8 100 | 97 64 63 65 68 72 75 80 91 97 97
10 95 | 93 74 61 68 70 77 78 82 88 91 90
Type 3 Tube
2 80 | 74 72 67 60 56 54 60 65 67 71 71
4 ga | 80 75 68 68 60 56 | 58 [ es | e [ 73 77
6 g6 | &3 68 64 60 57 63 69 74 76 81 83
8 88 85 68 65 60 68 64 71 77 79 83 85
10 90 | 87 65 66 60 65 66 74 79 81 85 87

TABLE 2.8 Compariscen of noise levels produced by the Types 1 and 3
Hot wvalve assemblies fitted on a single vortex tube

191
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ATR Type 2 Tube Type 1 Tube " Type 3 Tube
DELIVE?EAE?ESSURE spL | s spL | st . spL | sL

dB dB(a) dB | dB(A) dB dB(A)

5.5 104 | 102 94 91 90 88
6.2 .106 104 95| 92 o 89
6.8 106 | 105 s | o3 92 | 90
7.5 106 | 105 o8 | 96 93 91
8.2 107 05 1200 { 97 93 91
8.9 107 | 106 | 102 | 98 94 92
9.6 108 107 102 | 99 95 93
10.2 108 | 107 102 | 99 | 95 93

able 2.9 Comparison of noise levels produced by the Types 1, 2 and 3

Hot valve assemblies fitted on duplex vortex tubesg

SPL  Sound pressure level
SL  Sound Level

Finalised Desgsign. As a result of field evaluation to provide

ore comfort to personnel wearing a vortex tube assembly a necessary
odificatio; was to sborten the overall length of the previously tested
uplex tubes b& A07mm. io check that‘the performancé characteristics had
ot been impaired the shortened tﬁbe_B (Fig 2.35) was compared with Tube
o 5, A4, under atmospheric conditions using identical Eesf conditions of
nlet air température; %loﬁ and pressure., The iniet alr was heafed to a
emperature of 50°C and the vortex tube was maintained at'GOOC. At

ach stage of increasing air pressure, 2 bar/stage, the inlet air flow

nd hot outlet air flow were monitored together with the relative humidity
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ad the temperatﬁres of the inlet and outlet cold air. Outlet mass flow of
>ld air was computed from the values obtained for:inlet and hot air outlet
low measurements. Relative humidity of the input air varied Eetween 13%_m
1d 25% during test and atmospheric pressure was 1020 millibars for the
wation of the test.

The measurements on the comparison and performance tests are

ibject to the following estimated levels of uncertainty.

lr Flow data I 2%

. . +

Lr pressure. data = 3%

>ld mass fraction data = 5%

ilet/cold ocutlet temperature interval < 2CK
:lative humidity - 5%

The prelimihary test to cheék the inlet air pressufe total
lr flowAcha:acferistics showed that over the working range the chéracter—
stics were very similar (Fig 2.35) The relationship betweén inlet alr
:eSéure and temperature interval, Figs 2.36 and 2.37 indicate that the
»t air valve control is less sensitive on the modified tube when more than
11f open but Figs 2.38 and 2.3§ show the inlet pressure cold mass fraction =~
1aracteristic to be'similar in shqp? and magnitude. The modiflcation: which
*fectively shortened the lépgtﬁ-of‘éhe rotating air-path has not
.gnificantly changed the characteristics aﬁd within the levels of accuracy
r the measurement of the parametersland fof the setting of the valve
>enipgs.the-performance 6f'the shortened tube matches that of the original
plex vortex tube.

FProm the data established thrqughout these serles of experiments
: was possible to standardise the design of a duplex vortex tube for the ™
.cro—climateAconditioning of.a ventile suit assembly.and this is shown in
g 2.40. Comparisén with the original Fulton design aiso shows’an'

proved performance.
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FIG.2:35
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Fig 2.38
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Fig 2-39
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‘w4 Thermography.

The temperature difference measurement on the Vortex
ube assembly and the air distribution in the suit were.also investigated by
'hermography using an Aga 750 Thermoﬁision sfgfem and a platinum'fesistance
emperature detector. During the observations polaroid'photograpﬁs were takén

nd these are shown on Fig 2.41 for the suit and the vortex assembly.

In order to determine the surface.temﬁerature the platinum detector
as placed in contact with the‘f}at portion of the tube manifold. The effect of
he material's emissivity was then calculated and applied to these measurements;
'able 2.1b.
B Fig 2.41 shows in A. the‘dupléx tube assemblyland in B, C and D the .
haded areas are the manifold, cold inlet and Hot exhaust respéctively, the scales
t the left hand side indicating the isotherm levels attained in each case. It
an be seen from Table 2.10 that the material emissivities must be considered to
btain accurate temperaturé measurements. If‘no correction for emissivity is
ade the resultingitemperature‘will be lower thah'thééAactually present.’
lthough not really captured by the reproduced polareoid prints (right-hand photo-.
raphs in Fig 2.41) visual ekxamination of the display mon;tor screen showed good

ooling air distribution on the clothing assembly and this method can be usedfor

uick assessment of this requirement.

hoto | Isotherm | Range| I ior |} Measured { IR Temp | iﬁ-Temp
o Level Temp with | No 1 with
Platinum | Correction 'Assumed!
Resistant | for Emissivities:
Temp Emissivity | "Al = 0.5
- { Detector - " Brass
A 'CEGB!' DUPLEX VORTEX TUEE ASSEMBLY .
Oc O JOC
- il S S : s b,
B 0.26 50 | 13.0 - 23 23 23
c 0.375 | 50 |18.75| 5.75] 35 29.5 | From Cal: (1)
D 0.73 50 ] 36,5 § 23.5 54 45.5 From Cal: (2)
55.5

Absolute Isotherm Level for the Object Temperature, read from the

Calibration Charts

2

-

or = Isotherm Difference between the cobject and Reference Températures
able 2.10 Thermography Measurements Duplex Vortex Tube Assembly
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'ALCULATTONS
ief: Photographs A and B (Eo = 0.5 for Al Assumed)

1) I =ior + Ir
o - =L
| Hel

there these parameters are:

' cbject temperature

H

o
:o = object emissivity
'r = reference temperature
i = reference emissivity
Ia = ambient _tenpera'ture (E » 1)
or = image isotherm difference (I - Ip) observed

. between the thermal images of the object and reference temperatures
. = absolute isotherm level for the object temperature read from a
o] . . :

calibration chart
E = absolute isotherm level for the reference temperature T read
from a callbratlon chart

Ia = absolute isotherm level for the ambient temperature T read from

" acalibration chart
: = 5.75 75 + 24 0 !
° o5 a
o . o
, = 35.5 From Calibration Chiirts - 35.5°C
ef:  Photographs € and D (Er = 0.5 for Aig EO = 0.5 for Brass; Assumed)
2) I =4ior=ErIr+ (1~-Er) Ia

° Fo Eo— ¢

Eo Eo Ei )

here these parametérs are: -

object temperature

o
o = object emissivity

r = reference temperatu;e

r = reference emissivity -

. = ambient temperature (E_ - 1)

or = image isotherm difference (I_ -~ I ) observed between_the thermal |
images of the object and reférence temperatures

= absolute isotherm level for the object temperature T read from a
calibration chart

= absolute isotherm level for the reference temperature T read
from a calibration chart °
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L = absolute isotherm level for the amblent temperature Ta read from
a calibration chart !

I, = 235 «+ 0.5 24.0 + {1 - 0.5) 24,9
0.6 0.6 0.6

, = 39.2 + 20,0 +4.16

E5 = 63,36 From Calibration Charts = 55.5°C

An infra-red analysis made of the conducting/ screening suits
iith a measured voltage and current applied, showed that thot spots?
>ccurr1ng in® the suit seams were caused by the conductlng tape. Fig 2. 42

shows polaroid camera examples of thls for an AC test of 6.5 amps at 7.2

rolts which gave a calibrated tenperature rise of 1 C to 5°C above ambient.

thhough not considered a serious defect it was a comfort factor that
:ould not be determined by electrical measurement anq:indicated the need
:0 distribute the conducting media more evehly through the base fabric and

therefore supported the development of the material used in suits D and Di.

2.5 L Ambulatory Monitoring. The evaluation of the specific effects

.

if different intensities of work performed under various environmental

:onditions present a number of problems. Some of the influencing factors

nvolved have been reviewed in Chapter 1 and the effects of these have been

;tu&ied by man& reseatch workers using laberatory techniques to measure
ulmonary ventilation, oxygen consumption, stroke volume cardiae output and
ody temperature changes. Evaluating the work load by measuring oxygen
:onsumption is reasonably accﬁrate and has been exteqsively used, but has
ieveral drawbacks in practical applications. For instance the equipment is
ather clumsy and uncomfortaele, so that some additional factors of
physiological‘stress are encountered, which cannot be accurately evaluated
v changes in oxygen.consumption. Work intensities can also be evalﬁated
vy cardiovascular reactions, but it is impracticable to record blood
ressure measirements during work except by expensive1autematib“aeviqesﬁ'

‘oise levels in most industrial occupations are not low encugh to permit
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EXAMPLE OF USE OF THERMOGRAPHY ON CONDUCTING/
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wccurate determination of the systolic and diastolic pressure. Measuriné
sardiac output would be ideal but the present methods are obyiously
.mpossible to use under industrial conditions. |

It has, however, been shown in Sectién 1.3.that heart rate
shanges quite accurately reflect the physiologicél state during musqular=“
1ctivity: Consequentlylfor monitoring subjects during the particular work
sctivity, study of' the heart rate reactions seems to offer a direct simple:
rethod. With its clése relation to céréiad outpuf and oxygen consumption
uithin the range of many industrial occupations the heart rate can be
itilised to gauge the stress imposed by mu;cular activity, if it cén be
>btained with minimal interference with the subject's freedom of motion and
serformance ability. The physiological ﬁgasurement1of ambulant subjects
ilso presents a number of problems since no restriction should be imposed
n activity. Littler et al (1972) reportéd on the use of a miniature four -
channel analogue tape recorder for continﬁous recording of electrocardiograms
and arterial pressures in Unrestricted Man. ILittler et al (1973) reported on
the use of the device during motor car dri;ing; and Cashman and Stott (1974)
n its use aé a semi au#omatic-éystéﬁ for the analysis of 24 hour ECG
recordings from ambulant subjects, The dévelopmeﬂt and design of the
recorder are described by Marson and McKinnon (1972) and McKinnon (1974) and
in the proceedings of the first International Symposiuﬁ on Ambulatory
donitoring edited by Hoffbrand et al (1976) a number of papers are presented
on the use df miniaturised récording-devices for Elegtrocardiography, '
3lectroencephalography, Orthopaeaics and blood.pressure measurements in
the area of clinical diagnestics: ~The systéms used froved themselves to bé‘
Elexiﬁle and reliable and a highly efficient means of gathering and
1nal§sing larg;'saﬁples of data in almost any working situation.

| This section describes the develcpment of an ambulatory: -

nonitoring system, from data acQuisition through : analysis to presentation

-
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© acquire physiolog;cal data to enable the assessment of the effects of
rorking in abnormal ﬁorking environments. The parameters were tq be
‘elated both to work and the enviropmental conditions to asséss the
laximum work capacity demand and degree of training which may become

lecessary to obtain this under the prescribed environmental conditions.

'eDel Data Acquisition System. The Oxford Microlog (Oxford
nstrument Co) Miniature analogue four channel tape recorder was chosen, as
t seemed to fulfil most of the criteria:that were set for such a system to
) aéceptable in the particular industrial situation™to be studied.” Namely
cceptable to the subjects, simple to fit,'unobtrgsive‘and reliaﬁle; One
estriction was also imposed as to the use of the equipment, all measuring
robes were to be surface mounted on the subjects. Fig 2.43 shows the
nstrumént in an éxploded view with the ADZ2 amplifier used for Ecé
ecordi@g and the AR1 tgmperature measuring module. Fig 2.44 shows the
nstrument with ECG electrodes, temperature thermistor and a monitering
nit, together with an instrumented suﬁjedt.

The channels were used initially as follows:-
hannel 1 - To record an electroca?dioéram for measurement of heart rate,
sed in conjunction with a sfandard two elecfrode system of self-adhesive
regelled silver/silver disposable electrodes (mannen Greatbatéh Electronics). |
hannel 2 - Uﬁdefined‘pending investigations into suitable probes an&
ransducers for monitoring éctivitiés; g
hannel 3 - To record skin temperature changes, used in conjunction with
thermistor calibrated around (35 % 10°C) bridge reading. The  signal i
mplified'by a dc. module and thélsystem has to be calibrated "at thg ,
éginning and end of eaéhHapplicaﬁion. ; B : e
hanhel 4 - To record a permanent timing-puiéé-ab-iqsec interval to enable
eal time analysis to be made and injparticular to .correlate recorded

vents in the wﬁrk cycles with physiological responses. A 1Hz crystal

e
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xontrolled osecillator is used, the output of which is recorded directly

n to the tape.

2e5e2. Data Analysis System. This is shown on Fig 2.45 and
incorporates the following instrﬁments;.a taﬁe replay unit (Oxford
Instruments Ltd) 3-pen electronic recorder (Chesse}) and a 4 beam
Docilloscope and UV recorder {(Medilec). This faciiity provided both visual
lisplay and haod copy records of the msasurements which had been put on )
nagnetic tape by the 4 channel Microlog minioturelrecorder. The magnetic
tape, which is stored in a cassette, being‘pioyed back at GQ times the
recording speed, information may be reoorded.for up to 24 hours on one
tape.

The play back unit contained amplifiers which enabled higher
signal levels to be displayed on tﬁe oscilloscope and chart recorder. The
nit also included a frequency analogue converter which provided an
analogue signal directly proportional to heart fate for chart recording or
:ompoterfanélysis, a trigger pulse of oscilloscope image clarity and a
ramp signal Qhose 1ength corresponds to the heart beat interval. The ramp'
signal could also be used to réplace the oscillésoope's‘internal time base,
Ehis enabled the x-axis of the screen toibo colfbfated in terms of heart
rate, as shown by the scale at the base of the wvisual display in Fig 2e45.°

The oscilloscope had an ultra violet (uv) recorder built into it
shich could be used to record continuously or take signal pictures.of
the soreenvs image. ?he recorded information can be viewed on the soreen; f
providing a rapid assessment of the subject's physiclogical performance
whilst simulténeously providing hard copy of the same informafion. Test
signols of 56 aoo 160 éPM-oaoibé-geﬁefofediwiéhiﬁ"tﬁé piayuback uﬁitrﬁo_'“ ].
calibrate the recorder and oscilloscope.

The play back unit's tape transport deck is oquipped with a

counter which is used to establish the tape position of any special



 |DATA- ANALYSIS SYSTEM
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PR

features of the reéording. Analysis of the UV trace is also made more
accurate by the indlusion of the timing mark signal on the record which

overcomes the possibility of errors from tape stretch. -

2.5.3° Data Presentation System (with partieular'referepce to heart
rate). A solartroe computer-=hased datewlpgging system was programmed to
analyse an analogue signal,-which is directly proportional to heart rate
produced by the microlog playback facility. The programme analyses this
signal to provide information as to the length of'time spent at specific
heart rate. This enables previeusly recorded information to be tabulated
for further analysis.': : -

| The programme No 1 1s wrltten in two parts, the first instructs
the data acquisition system to read the analogue 51gnal 7 times per 2 seconds.
This data is reproduced onto punched paper tape which ‘has been repunched by
the programme with the recordings reference number and date together with
the signal levels corfespending to 50 and 100 EBM.

‘The second programme No 2 reads data from the punched tape -and -

enters into store the number of readings taken between 65 and 145 EPM iﬁ
5 BPM steps, ie 65 to 69, 70 to 74 and so en. The number of readings being
directly related to heart rate as 1 second tape duratlon corresponds to 1
minute of site'activityt"lf fecof&ihg giveSWEiEe'te‘erroneous signals these .
are rejected by the programme as invalid data. The information is then
tabulated and printed by a teletypewriter and if, requlred a histogram- may

ot

also be prlnted. o

The'third programme produces a further analysis of'heart rate
sver one minuteAintervels: an ICL 1900 computer pfoceeses data from the™
previously prepared punched tape, the resultant information being teletyped.

The three coﬁputer'prog;ammes are ‘included at the end of this

Section.

L3
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'a5.4 Use of the Data Acquisition System under Laboratery Conditions

'he recording system was first evaluated under lébo:atory conditions. Two
subjects who were trained in experimental physiolegy participated in the

nvestigations, their physical characteristics are given in Table 2.11 below.

CODE , ' JT - Mp
Sex , M M
Age years 22 23
Height "o m 1.73 1.77
Weight . Ky 68.91 75.3
Chest circumference cm 92 29

. depth mm ~226 188

width T 274 377 -
Vital capacity 1 5.5 6.1

‘able 2.11 Subject Data Laboratorj Experiments

‘hest measurements were taken with a Harper anthrqpometer and steel tape

15 fdllow§: |

Arcumference - at n;pplg line on expansion, arms relaxed ét side

Jep%h : - at mid manﬁbrium to the spinoﬁs process of dﬁrga; vertebra
vidth I_ - at mid axillary plane wifh probe_in contacﬂ with ribs.

3 Vital Capacity was established with a Vitalograph Spifometer
ind the resultant Vitalograms are shown in Fig 2.46. The purpose of this
anestigaéion'waS'to compare data recorded on the microlog recorded with
iata oﬁtained when the sﬁbject was connected directly to an electrocardjoJ
jraphic recording device under increasing work-rate ;ondifions. For fhis
urpose a éambridge twin pen electrocardiograph recordefland aAcycle
argometer were.used.' The ergometerlwas equipped with an éu%ématic work g

increasing device designed by Muller (1964) and was calibrated so- that work
at 90 :
for 1 minuteﬁrevolutions per minute is equal to a power output of 10 watts
Tt was fitted with a whirling current braking

system,.i.e. the wheel had a-copper tyre turning between the poles of -
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:wo'strong permanent magnets, the work ioad being determined by the position
»f the magnets which were adjustable by dipping the copper tyre more or less
leeply into the magnet, gap. Pedalling speeds could be varied to 40, 66:and-
30 revolutions/min and the height of'saddle‘was adjustable to suit the
reight of subjects under test. |

Prior to the commencement of this series of investigations a
xalibration test was carried out 6n the ergometers.

The sites for the threé eiectrocgrdiégraph recording eleétrodes o
vere on the manu?;ium, xiphisternum and thg space between the fifth and
sixth ribs directly beneath the left nipple on é line_drawn pefpendicular
From the left mid-clavicular posifion. The éites fof the recorder
slectrodes were the top of the sternum and adjécent to'the electrode Elaééd
in the fifth, sixth rib interspace.

Two cycle ergometers were placed side by -side, the saddles
vere adjusted to suit the gubjects height and a fixed work rate of 50 watts
a3t 60 rpm was selected, synchronised pedélling'between the subjects ﬁas .
>btained with the aid 6f a metronome. The‘sﬁbjects wearing cycling~shorts
apd tee shirts, socks and tralining shoes were coupled té the electrode:
leads, e;ectrocardiographic recorder ‘switched on and rested for one minute i
in an uprigh# position. Pedalling then commenced ai.the required rété
50 watﬁs 60 rpm and continued for 5 minutes, when the automatic device was
switched in to increase the work rate by 10 watts/min. After 25 minutas
automatic device was switched out and subjects continued pedalling at 2507 |
watts 60 rpm. At 30 minutes pedalling was-sté%ped and the subjects rested
ntil a steady state was noted. The leads from the electrocardiographic
recorder were disconnected,"phe'hicrblég'récdfdér_wés-Eoﬂtinﬁed_tb ie:mmﬁi;
by the subjects and they carried on with their normal activities and

returned to the laboratory some 3 hours later and the experiment was repeated.

7/
i L
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The :ésults of the heart beat measurements are suﬁmarised-in Table 2.12
and the_recoéded results céﬁéafed favourably with those obtained from the
analysis of the électrocardiographic pen recorder and UV prints Figs 2.47
to 2.55.

The analysis of the cassette tapes, based on computer
programmes 1 and 2 is sﬁéwn by presentation in a histogram form of heart
rate distribution pagés 195 and 198. As some 3 hours of unspecified
activity is included in these results it 1s not possible to analyse thém
fully and the} have only been included to deﬁonstrate the availability of
this method of data presentation. Analysié of the fapesAbased on computer
programme 3 is shown by the computer print-outs, pages 196 and 199, From
this it is possible to énaiyse thé heart beats pef minute relative to the
work activity on a minute by.minute'basis and the areas of the contrelled
work exercise have been ;pd&cated accordingly. = It can easily be seen that
the'ipcreased heart rate can easily be related to the controlled
incﬁéasing work fates:”:'

To enable Ehe recording device to be used as a monitorihg
instrument the small electronic circuit shown in Fig 2.57 was developed
and used in conjunction with a storage oséilloscbpe gave a ﬁery good
visual ECG displéy of the subject under tgst and enhanced also thé ‘
versatility of the data acquiszition systém, . : - ;;

The analysis developed by this system is considered to
provide the rational basis of a praétical procedufe for estimating the
mscular work activity from thé continuous heart rate record. It has
the advantage of requiriﬂg the subjects to wear a very light apparatus.
The procedure seems to be accurate and reliable enocugh for an e¥tensivé

use in an actual work situation with moderate to heavy energy

expenditures.
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LUBHrYl L ANALIDLIS Ur MIURULUG INFORMATION

_________________________________________ 195
'APE REFERENCE NO. 24 4 75 365
BsPoMa DURATION
65 69 3.5 MINS.
78 T4 79 MINS.
75 79 19.8 HMINS.
8@ 84 3le9 MINS.
85 g9 33.8 MINS.
30} 94 23.6 MINS.
25 99 35.4 MINS.
103-134 : 35«4 MINS.
1@5-139 313 MINS.
11@~114 1848 MINS.
115«11i9 15.3 MINS.
123=-124 13«3 MINS.
125=-12¢9 1.9 MINS.
136-134 . «3 MINS.
135=139 «6 MINS.
lag=-144 «3 MINS.
145~149 ’ F«@ MINS.
BELOYW 65 4.1 MINS. INVALID READING
ABQVE 149 Pe@ MINS. INVALID READING
TOTAL DURATION OF TEST : 275 MINUTES
HISTOGRAM OF HEART RATE DISTRIBUTION.
VERTICAL AXIS - DURATION IN MINUTES
HAXKAXKX
XXX KAAKKARX
KARKIK HEHARKKKKAKX
HEHAAAKK HXRRAHRXKKAAKKH
KXKKAXXK HAXAAKNKXXKXK
KRHXHAX KARAKKKXARKX
VXU KKK A AR KKK AKX KKK
HKXHFA XA AKX AR AR KK AXX
R AR X 0T XX KA
PO OO PPN P T 00000 0.90.0090 09099904
FRHR KR KOOI A XXX R YA KA A KK AKX
O PO PO LPVEOO NPT I P 0P P0005.0.00.0.00.91
RIA XA KKK KKK KK KR K AKX R KKK KRN K
KEK KK KKK ALK R KAOTK X KA XXX
P9 9,99 0900880000098 0 000890060009 0.0 009009990004
HHHH KX KK KK KRB KPR R KK TR XX R X K
KX R AKX K AKK KL RXK XA H KK LI LA K KKK KKK KR K XA AKX
e et e B B B R et T B R T T P R T T R

0

89 5@ 1642 11@ 120 138 1ag
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COMPUTER ANALYSI1S OF MICROLOS

. SR A SR OB G L em En Em Em g R R B GG G G En G g R R R A SV M D R R e W S e

\PE REFEREN

CE NO. 24 4 75 367 -

BsP M DURATION
65 = &9 6.4 MINS.
73 ~ 74 I1.5 MINS.
75 = 79 18.2 MINS,
Ba - 84 27.2 MINS.
g5 ~ 89 4%.9 MINS.
9@ - 94 44.5 MINS.
18@-134 22+7 MINS.
185~129 18.5 MINS.
119=-114 15.6 MINS.
115-119 16.83 MINS.
12@8-124 2.2 MINS.
125-129 1.6 MINS.
133-134 @+@ MINS.
135-139 .0 MINS.
148-144 B.8 MINS.
145-149 Z.7 MINS.
BELOW 65 7.3 MINS.
ABOVE 1469 - .9 MINS.

TOTAL DURAT

VERTICA

XAXHA

10N OF TEST ¢ 259 MINUTES

L AX1S - DURATION IN MINUTES

XAXX
HAXXX
XAXKKRXX
AXXKXKKXX
KXAXXAKXX
KEXLKAXK
RKAXKXAXKKXXXK
PGPS .9.0.9.0:9.9.4
HKEXKEXAKKKXKKX
KXLXXKAXAKKKKARXK
XHRKXEKXKKLXKKKEAXK
P O0.90.0.9.4.0,09.0.9.0.9.0.0.0,¢4
KEXXKXRE KX KKK XXX
PP PP SO SN 0.0.0.9,09.04

INFORMATION

INVALID READING
INVALID READING

XXX KXXE XK KKXK AN KXKAXKKKKK XXXX
KEAXHKHKKRHX KX XHKLHKEKNX XAKAXXKKX
KEXKLX XK KKK KKK HKKIAXXKX AEXXXXXX

PO VOO C PN OO E 05 509.090050.0.0.8,9.0.0.9.9,0.00.6,0,6.
b OSSN G OGO SIS ST T ECOOIO NGO GGG 0.9.0.0.6.0.0.00.0 0,4
LG 990,090,000 000000V E0 0.0 S0 000000 0.0.9.0.0.0.9.00.4
LS 0.0.0. 008000 P PSP I OLO 0PSOV NG SO0V 0 eSO Ne 9,94
LXK XXX N0 X KK XXX X XX XXX

P T S e I S e B T L L B e L T T e B N

79 14| o4 123

11@

HEART RATE ( BPM )

128 133

1492

igs
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COMPUTER PROGRAMME No.1-

=M PROGRAM NO. 013 / ATP :

=M ANALYSIS OF DATA ON PAPER TAPTS FROM DOOGRAH NO. 312 7/ ATP

i TO SUMMATE VALUES WITHIN PRESET SIGNAL ZONES.

=M AND TO QUTPUT RESULTS IN TABULAR AND HISTOGRAM FORM.

JT eg * PROGRAM NO. B13 7/ ATP"

JT egrt ' .
JTe@"COMPUTER ANALYSIS OF-PAPER TAPES FROM PROGRAM NO. @12 / ATP", 1
JTed "I5 HISTOGRAM OF RESULTS REQUIRED ? TYPE 1 FOD VES; 2 FOR NO v
§ @0 #21,5 |
JT 8@ "LOAD PAPER TADV IN HIGH SPEED READER,AND PRESS RETURN HEY"
y 23 #21,X

JT e #31,"PROGRAIM RUNNING".?*

I @2 #41I,F1.F2,F3.

iV @2 #61.F4

i @2 #7F3.A

V @2 #¥7F3,B°

IT G=(A-B)Y/18 . :
ITWI=2:LETVW2=@:LETW3=G :LETW4= 'Z:LETUS?Z:LETWE):ﬁ:LET"f?—‘-@:LETWS:@

ST W6=0 : LET Y@=G : LET Y9=9

STY1=@:LETY2= B3 LETY3=0 sLETY4=0 :;LETYS5=@ :LETY6=@:LETY7=3: L”TVS 1]

T U=yg

v 82 #7F3,V

F V=15.5535 GOTO 323

T U=U+1 .

V=3 GOTO 269

1

F‘

F V>B-5%3 GOTO 230

F V>B=-6%G THEN LET Ya=Y4+1 : GOTO 158

F V>B-7%G THEN LET Y5=Y5+1 : GOTO 153

F U>B-8#%G THEN LET Y6=Yé6+1 : GOTO 153 _ .
F V»B-9%G THEN LET Y7=Y7+1 : GOTO 1583 T ¢
F V>B-1@%G THEN LET Y¥Y8=Y8+1 : GOTO 150 . : :

ET Y9=Y9+1 : GOTO 150

F. V<=B=4%G THEN LET Y3=Y3+1 : GOTO 150

F U<=3-3%G THEN LET Y2=Y2+] : GOTO 1537

F V<=B-2%G THEN LET YI1=Y!l+1 : GOTO 152

F V<=B~G THEN LET YZ=YZ+] : GOTO 1508
ET W9=W9+1. : GOTO 150 ‘
F V>B+4%G GOTO 383 ' -
F V>B+3%G THEN LET W5=W5+{ : GOTO 153
F V>B3+2%G THEN LET W6=W6+! : GOTO 158
F V>B+G THEN LET WU7=W7+1 : GOTO 150

ET W8=W8+l1 : GOTO 159 . :
GOTO 159

F U<=B+5%G THEN LET Wa4=Wa+l : S
F U<=B+6%G THEN LET W3=W3+1 : GOTO 150 L
F' U<=B+7%G THEN LET W2=W2+1 : GOTO 158

ET Wi=¥W1+1 = GOTO 158

v 32 #41.C.,D )

ET T=(6@%C+Dy/s/U

JT 28 "DATA READING COMPLET“" : '

JTed #41.,#14X,"COMPUTER ANALYSIS OF MIC?DLOG IN‘”D?MA"‘ION";?
JT o0 #14x,"----—--f----—-e ----------------------- ———rrtt
JT €8 #35X."TAPE REFERENCE NOe. ", #3I,F1.F2.F354#61,F4,111
JT. 38 #10XaVBeP M, #17TXo"DURATION" T )

JT 83 #9?{;"65 - 69";#15"" “‘oFl:‘JQ*Ta" MINS.",1



732 -
798

l!, T

‘ COMPUTER PROGRAMME No.l Cont. '
JT B3 #9Ka™70 = T4 # 15X, #0F1sW3%Ts" MINS "t 7 77" -
IJT. 83 #9Y.,"75 = 79", #15X, #6F1,Ua%xT," MINS.",*
JT BO #9%,'"83 - 84", #15X,#6F1,USxT," MINS.",t
JT @0 #9%X,'"85 = B9, #IS5X,#5F1,W6%T," MINS.",1t
UT @B #9X."90 - G4, #15X, #6F1,W7=xT,*" MINS.",t
UT 80 #£#9X,"95 = 90", 215X, #56F1,Y8%T," MINS."st
JT 8@ #9%."182-134",#15X,#6F1,U9%T," MINS." .,
UT 80 #9X,"135=-109",#15X, #6F1,YT%*T," MINS.",1t
JT 80 #9%u"110-114",#15X,#6F1,Y1*T," MINS.",1
JT @@ #9x,"115 119", #15X, #6F1,Y2%T,* MINS.",1
UT @0 #9X,"1208-124",#15Xs#6F1,Y3%T," MINS.",*
UT &g #9Y:"125 120", #15X, #6F1,Y4xT," MINS.",1t
UT 80 #9%,"132-134",#15%, #6F1,Y5%T," MINS.", 1t
UT @3 9“,"135 139", #15Xs #6F1,Y6%T," MINS.",1
UT 83 #9X,"14@=144",#15Xs #56F1,YTHT," MINS.",1
UT 82 #9X,"145-140", 315X, #6F1,Y8%Ts" MINS.",t11t
UT €3 #0X,"3ELOV 65" #14Xs#6F1sWI%T," MINS.", #7X," INVALID RTADING
UT@O#9X,"ABOVE 119", #13%X,#6F1,Y0%T," MINS.",#7X,"INVALID READING" .t 1t
UT @3 #6X., "TOTAL DURATION OF TEST : ".#41,60%C+D," MINUTES".t¢
UT @8 #38Xs"======= H,E2t : '
F S=2 THEN STOP ‘
UT 63 #14X."HISTOGRAM OF HEART RATE DISTRIBUTION.".1t
UT 80 #14Xs"—mememmemmmeme e ceccccccrcmcrren - v,
UT 2 #1@8X."VERTICAL AXIS - DURATION IN MINUTES",tt
UT @8 #5X." 1,1 :
IM JC16) .
ET JC1)=Y3%T : LET J(2)=V4%T : LET J(3)=Y5*T : LET JC4)=d6%T
ET J(53=UT7%T : LET J(6)=W8%T : LET J(7)=W9%T : LET J(8)=Y@xT
ET J€9)=Y1*T :LET JC18)=Y2%T :LET J(11)=Y3%T :LET J(12)=Y4%T
ET JC13)=Y5%T :LET J(14)=Y6%T :LET -JC15)=Y7%T :LET J(16)=Y8x%T
ET £1=2 : LET E2=2 : LET HI=8 : LET K2=8 : LET K=g¢ : LET L=3
OR Q=1 TO 16 : ' : : : :
F J(Q>>125 THEN LET El=1 : GOTO 553
F J(Q>»>5% THEN LET E2=1
EXT Q :
F El=1 THEN LET H1=258: LET H2=53: LET K=4%: LET L=1G: GOTO
F E2=1 THEN LET H!=125: LET H2=25: LET X=2@: LET L=5 : GOTO
ET H1=58 : LET H2=18 : LET K=8 : LET L=2 o
OR M=H] TO H2 STEP =-H2
UT 80 #4I,M."-1"..
OR N=M TO M-X STEP -L
F N=M GOTO 75% '
UT eB #5X,"1" _
F Wa2xT<N THEN OUT 8@ #3X : GOTO 770
UT 80 "XXX" S ‘
OR P=1 TO 16 :
F J(P)<N THEN OUT eg@ #4X : GOTO 892
UT 8@ "XXxX" : '
EXT P
UT 89 1t
EXT N
EXT M
UT @3 #5X."-"
OR R=2 TO 1§
UT @@ "~=-1"
EXT R
UT @@ "-~-",1,#B8X o .
UTeg" 72 T 83 90 133 119 123 138

UT 80 #1t,#25X,"HEART RATE ( BPM J)'",trT1

tage
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COMPUTER PROGRAMME No.2

=i HEART ZEAT I F«Su%EI:hS Jad=4  1&-JULY-7T5 ‘
Zil AHALYSIS OF DATA O PAPIR TaPRIS PRODUCED BY RPROG JI12/ATPs
Zl TO PRZSENT DATA ON A MINUTE BY r"INU'T'E BASIS

)

I
i

JT @0 "RIART BEAT MEASURELNENTS JAQC-W', o
UT @5 "aNALYSIS OF DATA ON PAPIR Tﬁ‘-:’?S ODTDUT 2Y 'D:’O.:- F12/7ATP" .1
UT €3 "LCAD PAPLER TAPZ IN HIGH SPLED READIR AWND PRISS RETURIN IV
T, 23 #21sX .

N 82 #41.F1.F2,F3

T 22 #6I,TF4 ‘ ’ )

JT 23 i #5X,"TAPE REFERENCE NO",#31,T1.F2,F3,#61,54,11

] @2 :r.7F3JA . .

I 22 #7¥3.3

T U=g

I 82 $7F3,Y
T VU=15.555 GOTO 163
IT U=sU+1:G0TD 130
I 82 #41,C.D
T T=(63%C+D)/U _ :
IT 80 #5YL"AVERAGE DURATION OF RECORD:", #5F3, T» #3X, "HINUTES", 11t
I'T @2 #5X,"TOTAL DURATION OF TEST:",#41,60%C+D, 33X, "MINUTES 11
'T @2 "RILOAD 3APLR IADE IN HSR AND PRHSS RETURN KZY"
8T #21.X :
Q2 ’.‘QI:FIJFEJF:i
g2 #6l1,F4
- @2 #T7F35A
" @2 #7F3,B
T G=(A~B)/55 : _
T W=3Z+LET O=F:LET K=Z:LET J=C:LET P=0:LET R=§:LET T1=5:LIZIT El=3
Ei<>G THEN GOTO 443 :
T#(K+J+13>1 .GF+T1 THEN LET T1=1.0¢+T1- T (K+J):30TO 320
@2 #7F3,V
V=15.555 THEY LET El=1:GOTG 439
V>B+35%6 THEN LET J=J+1:G0T0 263
Ve3~45%5 THEN LET J=J+1:G0T0 263
T =Q+V:LET H=1+1:G0T0 263
{ g THEN LET P=3:60TO 350
I @=0/¥
c>3 THEN LET P=190-(Q-B)/G:G0T0 353
T P=130+(B-Q)/G
.‘ =N+l
N<>1 30TO 403

R0 #101,#14X,"ANALYS IS OF HEART BEAT MEASUREMEINTS ‘'t
BT AlANs M mmmmmm e m e n e R et T, et
' QG #5X,"TAPE REFEIENCE NO"s4$3IsF1 T2, F3,#6I,F4, 711
Ceg #arivt MIN BDH MIN  BPHM MIN SPH"
25" 1IN BPM MIN BRH", 11
R=5 THEN OUT @@1:LET R=g:G0T0 419
R HFUARSFATLTINH2N, #H4T1.P2 LET R=7T1+1
W¥=3F:LET J=Z:LET G=5:G0T0 253 . ,
@<>3% THZN GOTO 327 , - : L _

@3 T1,“ANALYS!S COMPLETE. §-3Pit INDICATES INVALID DATAI", 171

\
v
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r**k**g*t****a* A E T LT *l#i**********k****** TTffifi‘* **w**********‘

fﬁM‘W”ﬁwhﬁmvrvﬁvpVh*VM§kﬂva.vmvmmmmm ?F FMPFmeMvpaquvﬁwvrﬁrmvrvvmmrr
. ’ By PMEMAMMNNMMNPMPM

T MMEEAMMMM RN RN S
“"'rfm"":*b':v‘mﬂr M5 MMM KM
ﬁ-MﬁanKMMﬂhrhMM
TR RIAMM MM N MMM B
*FHPbFﬁNHV&HFFHEFﬁhFFEVVMFPNMVMHPFFﬁHMH?FFMFNMHFNFFFVFN!MMNNFMMNHHNM&MF”

D e e — s _—— - —ra——

PROER AL PR
= INPUT 5] TROZS

TR YEEEE S HINTEG ET@__ LD m 'V‘l’ TREF; I',' HRSTEIRSFAC T"J ZIX 301 L)ﬁ_:é:":__’-—:__:._i—‘::-::—f_,—'
10 1T I I v (1440, TS UR(I2Y, UL K -
A VIS REALEVST, VIBOL AL BLVALL X (TK & L‘) FRVGE SUME e e e

EGUIVALEFCE (X(1) IY(1) 15(1-133

EAD (T, 22 EN A==
. IF (VAL £G,15.555) 60 10 200
=0 -.'-=".—..—-:“_‘é#L-""?C‘?f‘"E*VAL_‘_______________ =R T R
TFTIVALLET.149 JL0RL VAL LT, .65.) VAL = =1, .
L e T S S Al S e =iE == e
22 T {1 .61.1440) GO T0 10 -
?___—T_;T;-?S’:":—:;z;:_::x CLY= SV AL =
TROTTOTIOT
;:;-.25-*25'{?"&5%(1,37} HRSTUIN S
26T AVGE = FLOAT(')/(&C*HRSWINS)

IF (ACT GT-1) 6016 400
ISURT =T e e T e S Er e
'z~.1ns =TRINS 4 ,
L INT M INS A SR e A e e e e e e e e e
kg LR ==
_.,D 0 3 QO K"'—_ ACT—'!'-I_-J +_.Ab = -—-*“—-"‘*:1*—-—-“":""— =TT
B IF (X(Y) N'-‘-‘ '3-'1") CG"'TO—?"SG

'CONTINLE
== T L EQU O IGD ETOEB Sl i e e s e e e e S R B e e
'IY(“IFS) = NINT(SU#[L) :

TTURCT = ACT 4700
60 TO 25C°
CIY(RINS)FSTD

TARET 5 ACT + J




M o= r*oo(r ms,s\.
DS AHINS=13/30
T uFITE(Z S5y
41U DG SDD 2 Skttt MINQ('*C;FINSJ e
[
S IF I CLERY I ES
CUIFT (LLET. 2T
iy DOTASD Y TE TR
'57 “’450"' TTTIsuB (Y ('J”"‘l).'.
FISEIES0Q IS TWRITE(R 66) CISUB (EYFIXCLTTE, —.f;---_-,
' PAUSE 'NEXT TAPE PLEASE' o
TR GO TS0 R == =
1000 PRUS E 'Too RANY READINGS ON TAPE'
FETSEITGO TO 50 PR
kN FCRNAT(SIQII"I'FT}.D FELOY
22 FOREATOFT L YEI SRS ==
33 FCRMAT(2ID)
ShhsFORMATCITAPEEREFERENCEENGTST653 IXF L ANALY SIS0 F S HEAR TS EEA
TTTTIEMENTS', L9x,'bATE‘""'I2“"2('f'—I‘Z)) . -
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113_)
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1lst TEST . . 2nd TEST
WORK RATE TIME SUBJECT SUBRJECT
WATTS min F mp TJ MP
(a) () (a) (b) (a) (b) (a} (b
0 0 72 72 77 . 77 85 85 80 80
50 1 94 1 88 . 84 82
50 2 87 93 165 78
50 3 86 80 106 - BB
50 4 883 105 104 92 .
50 5 93’ 92 o8 96 105 105 95 - 94
60 6 94 8S ‘ 105 101
70 7 97 89 108 92
80 8 95 90 ' 111 96
90 9 101 : 95 108 94
100 10 102 102 93 92 110 110 107 108
110 11 101 - 97 111 g7
120 S 12 106 ‘ 99 110 100
130 13 107 101 111 100
140 14 109 110 111 101
150 15 110 110 | 103 | 101 111 110 101 100
160 16 109 101 114 103
170 17 106 107 114 104
180 18 112 109 115 106
150 19 114 110 115 107
200 20 114 114 | 111 110 115 116 109 108
210 21 115 112 117 111
220 22 116 113 118 112
. 230 23 116 114 115 114
240 24 118 113 119 115
250 25 115 114 | 116 116 120 | 120 115 114
250 26 |. 120 116 121 117
250 27 119 117 121 118
250 28 120 117 121 119
250 29 119 112 121 119
250 30 120 120 [ 103 104 122 122 120 120

Table 2.12 Comparative Heart Rate Data !

Recorded by (a) Magnetic Tape and (b) Electrocardiographic Pen

2.6, : Field Research Studies on the Use of Hot Environmental Work

Suit Assembly. Following completion of the develcpment of the hot énviron—

mental clothing assembly a series of field research studies were undertaken
based on detailed training procedures developed for human access into
Advanced Gas Cooled Nuclear Reactors. The procedures are included as

Appendices to this thesis and the four part programme was as follows:
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)

Part 1 {Appendix F) Boiler Familiarisation Facility - Hot Box

Part 2 (Appendix G) Vessel Entry Access Route - Simalation Facility
Part 3 (Appendix H) Vessel Access Demonstration - Cold Run -
Part 4 (Appendix J) Vessel Access Demonstration — Hot Run

2.6.1 Boiler Familiarisation Facility - Hot Box. The objectives

of the first training stage—were to give pefsonnel an appreciation of a
60°%C environment, to familiarise them with the various items of protective
clothing and equipment assoclated with‘hot environmentai work and to carry
out simpie work-tasks in an environmént similar to that expected in the .
reactor pressure vessel. The facility basically consists of 3 roéﬁs; -
Control room, Change ro&m and a Hot room as is shown in Fig 2.58. The
Control room houses all essential control and élafm equipment; the thiee
phase heating supply, commnications and air flow/pressure are all
monitoréd from this point, Fig 2.59. The Changé room in addition to its
prime function asyawdressing/undressing area acts 'as a s?ore for the air
cooled- suits and other protective clothing;

The Hot: Room, which contains an obstacle’ course, Figs 2.58.
and 2.60 can be heated up to a maximum tenperaturé of 65°C in 1 hour. '
This is accqmplished by air, driven“by"a fan, passing through a bank of
heating elements of 21 kw béﬁacitylthen percolating through the perforated
ceiling. A suction grill situated neér‘ground level completes the circuit.
A cooling air system is;d?signed for 2 person training. In order initially
tbutrain personnel; associated with the vessel access demonstration.
programme with a familiarisation of thé various;items of protective clothing

and eqﬁipment under hbﬁ conditions, a programme was prepared both for

entrants and for helpers, i.g. dressers and hosg‘reel attendants, as follows:i-

Vessel Entrants Lecture 10-mins
Layout of Hot Box 10 mins
Demonstration of Equipment to be Used 15 mins
Dressing ' 10 mins
Practical work task 60 mins
Undressing : 10 mins
Discussion _ 10 mins

Total 2 hrs 5 mins
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Fig 2:59

HOT FACILITY TRAINING

Control room

Ladder exercise
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Hose Reel . Lecture . ' 10 mins
Attendants and Layout of Hot Box 10 mins
Dressers Operation of Hot Box 10 mins
' Demonstration of Equipment Used 15 mins
Dressing/Undressing Procedures 20 mins

Practical 30 mins

' Total 1 hr 35 mins

It was anticipated that only one session would be required in the Hot Box
for each tralnee.

The lecture was to cover-fﬂg_fbllowing topics:-
AGR Vessel Entry Route
The Working Conditions Encountered
The Need for Protective Clothing W
The Vessel Entry Procedure - /
The Training Facilities and Programme :
Following clearance by a Médicai‘Officer the subjects spent
a short time inside the hot room in normal clothing and experienced the air
and 'metal surrounds at 60°C, a description of the obstacle course being
given at this stage. Each item of pEbtective clothing was described
including the communication system and the change room attenhdants who acted
as helpers were shown how to put on the'environmentél suit assembly and
assogidted vortex tube and air hose.
In the change room the subjects stripped, were'weighed and
had théir oral.témperétures taken. They .then dreséed in issued cotton
underwéaf. Atténdants assisted the subjects to dresé into suits ensuring
that 21l the cooling tpbes were in the right positions, socks, frotwear and
gloves were put on and taped to the Suit..'COmmunication sets comprising
an ear defender head set and throat microphone were comfbrtably positioned
and tested. The heimét was placed into position and closed and air flow
into the suit was commenced. A final check of the cbnmmnication‘and air
systems was made and the coﬁfort of the subject established. Lo
Subjects then proceeded‘to the hot room in pairs. Once

inside the hot room they released 6.7m of air hose from the hose reels and

then walked up and down several times to acclimatise to the conditions. Each
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then in turn, climbed up and down the ladder 5% times, then walked over to
the top horizontally mounted manhole cover. Using the spanner provided they
femoved ﬁhe 8 nuts, lifted.and stowed the cover and descended through the
manhole,ﬁassisting each other with the'air lines, the vertically placed
manhole cover was then removed and stowed in similar manner. Both then
crawled through the access hole{ again assisting each other with the air
lines. Each in turn renewed a blade in a hand hacksaw .and proceeded to saw
through a 50mm scaffold pipe. On completion of the task they then returned
to the ladder by the reverse route, replacingAthé manhole covers in -
position on the way. Finally 4+ climbs on the ladder were made. On
completion of the exercisé; each retired to the change roocm under the
Controllers instruction where their oral temperatures were taken. After.
undressing they towelled off and were reweighed to establish sweat loss
during the exercise period. Throughout the exercise‘ﬁhe two subjects were
in commmication with each other and tﬁe Controller, an instruction was
given at the outset of the training that should they feel in any way
distressed during the exercise'they should stop and ask to be let out.

On completion of this training ;chedule a discussion toock
place on the experiences of the practical session. Each subject was given
refreshment éndra questionnaire to be completed during the following 48’
hours - (see example pp 214 - 216). - .

| A sample grbup;of 12 subjects, see Table 2.13, participated
in the initial investigations. Weight loss and temperature measurements
are shownt in Table 2.14 and a summary of their questionnaifes is given in
Table 2.15. ﬁand protection was inadequate and the air flow‘to the .hood
requiréd further investigation; otherwise thF suit assembly functioned as‘

expected and the training schedule proved adeqﬁate.

Pl . -



Subject Age Weight Stature
Code Years Kg m

1 JM 24 68.94 1l.82
2 WV 25 76.2 1.79
3 co 26 66.22 1.65
4 . sSG 28 63.5 1.7
5 PH 29 76.2 1.85
6 JB .30 76.2 1.7
7 JD 30 71.66 1.75
8 IM 33 67 1.78
9 AM 33 70.76 1.78
10 DF 34 74.39 1.75
11 Ir 35 82.55 1.75
12 GF 37 71 1.73

Table 2.13 Subject Data — Training Facilities

SUBJECT Welght Loss Temperature Increases
CODE Kg : ogm - °c
a b i a b
JM 68.94 68.72. 220 36.5 37.4 0.9
wv 76.2 75.98 315 36.3 37.0 0.7
co 66.22 65.82 400 36 37.5 1.5
SG 63.5 63,28 216 36.4 .37.5 1.1
TH 76.2 75.66 539 36.4 36.9 0.3
JB 76.2 75.45 750 36 36.6 0.6 .
JD 71.66 71.27. 383 36.7 37.4 0.7
IM 67 66.82 -180 36.2 37.0 0.8
AM 70.76 70.49 262 36.4 36.9 0.5
OF 74.39 74.07 | 318 36.3 37.2 0.9
IT 82,55 8l.94 410 36.4 37.0 0.6
GT 7 70.67 325 36.3 37.1 0.8
{(a) before
(b) after
Table 2.14 Weight Loss and Temperature Increase for 12 Subjeckts —
‘Hot Box Training Facility‘
2.6.2 Vessel Entry Access Route -« Simulation Facility. To further

familiarise personnel with the various items of protective equipment
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associated with the vessel access route a simulation facility was designed to

resemble the access route in the reactor pressure vessel, owing to

the limitations of the building provided only two thirds of the

route could be simulated. The ladder work structure of the facility was

enclosed in a hardboard shaft and incorporated all the main real
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HOT TRAINING FACILITY - QUESTIONAIRE

1AN DCUGLAS MOODIE

33
AGE

5!'-10" 1.78m

HEIGHT (a)

ASSIST FH MAINT ENG

YEIGHT (kg) &7 K9

DATE _2May 1973

the questions can be answered simply by writing YES or NO in the right hand column.

If you

give further details or if you have any criticism regarding the air-cooled suit and of the

f training, use the reverse side of the form.

QUESTIONS

ANSWERS

the number of previous training sessions in
iler familiarisation facility. If the answer

E complete questions 2 - 5, NONE
'ou previously worn PYC clothing plus
ator? YES

m find the air-cooled suit more comfortable
VC clothing and respirator?

ou previously made entry inside an SRU? If
ate what clothing etc was worn.

FVC and Double/Coveralls worn in
Charge machines, Sep Rooms and Cracke:
Plants Tunnel and CCP:-~ See Over

u find the air-cooled suit an improvement on
U clothing etc.

— e W Nt it e ek b N e

e air flow adequate to the following sites?

During heavy breathing after 2nc

Head NO « ladder exercise unable to draw
enough air to give quick relief.
Body NO ~ Too Directional.
Arms NO -  Ditto
Legs NO - Ditto
Hands NONE JNo provision in suit to cool
Feat NONE )elther feet or hands.
eathing difficult during the period inside the
YES

familiarisation fupility?
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QUESTIONS

ANSWERS

stion 7 is YES, state at what stages of _
ng breathing became difficult.

During latter stages of 2nd ladder.
exercise -and during  additional steel
specimen recovery exercise.

4 perspire profusely during the training?
at what Stage was the onset?

YES - On completion of Ist ladder
exercise and cutting exercise.

he boots adequate in the hot -

YES
nment?
he gloves sufficiently heat resistant? NO

he gloves sufficiently finger -
ive?

Wore short heavy cotton gloves but unable

to do simple tasks.

u fell unwell at any stage of the
ng?

NO - Only short of breath after 2nd
ladder exercise.

d you feel at.the end of the
ng?

Fairly tired and weakish in the thighs,
very warm. :

d you feel after you had taken a
hment and shower?

Even after shower continued to perspire
for about 4 hour. ‘

d you feel before the end of your
shift?

Sensation of tingling in thighs after
about 4 hrs - lasted about 2 hrs.

d you feel after twenty-four

'

Felt disinterested and lethargic next
day.

REMARKS TO BE FILLED IN BY THE HOT TRAINING FACILITY CONTROLLER

60°C

‘ature

4.5 bar .020 Kg/s

.ow Pressure at controls

Normal Obstacle Course including Specimen Recbvery.

f training undertaken

relevant information
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Degree of perspiring to hands, feet and head similar to that
experienced in PVC in Sep Rooms but hot suit head gear more

- comfortable to wear except that sweat runs into the eyes causing.
extreme discomfort and impaired vision. Also the size of the
hot suit head gear was strange and resulted in "de-capitation®
when attempting to pass through manholes. One other feature
of the head gear that caused a certain amount of discomfort was
the rigidity of the unit to the body resullting in o flattened
nose every time one bent forward. 1In fairness both latter
points would probably resolve themselves as one became more
accustomed Lo wearing the suit.

The sult was initially reasconably comfortable except for the
directional alr vents. However, as the tests proceeded, it
- bocame extremely heavy and cumbersome especially the vortex
and the air hose connection. Trouble was experienced with the
communication amplifyer but the simple addition of a clip or
pocket would eliminate this., The main cause of trouble throughout
expecially on the ladder was the air hose and one hand had to
be used to "control" the hose throughout. As the cooling air
is distributed to the limbs via single tubes it was possible
to nip this tube during an activity causing starvation to the
particular limbs. '

Ji



SUMMARY HOT

W normal

TRAINING FACILITY QUESTICHNNAIRE - {12 SUBJECTS}
Averaged Age (years) 30.3
Helght (m) . 1.75

Weight {Kgs) 72.05

* Double cotton coverall and canister respirator

¥ During latter stages of 2nd ladder exercise
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SUBJECT CODE
QUESTIONS - SCCRE
1 2 3 4 S 6 7 4 9 0 |11 |12
he nurber of previous training sessions in the
famlliarisation faclility. If the answer is NONE
e questions 2 = 5. N N N N N N N N N N N N .
n previously worn PVC cleothing plus respiratoz:? Y Y N Y Y Y N Y Y N b4 Y
| £ind the air-coocled sult more comfortable than
'thing and respirator? Y Y - Y Y T - Y Y - Y b4
A previously made entry inside an SRU? If £0y by | . . . .
that clething ete was worn, Y N N N N N N Y N Y 4
1 £ind the air-coocled suit an improvement on the
thing et b4 - - - - - - Y - v e
» alr flow adequate to the following sites?
Head ¥ N Y Y Y N N N b'e N N N -
Body Y Y Y Y Y Y Y N Y b 4 b4 ¥
Arms Yy {y [y j¥v |y | }y (wie (v |y ¥
Legs b 4 N Y b 4 Y ¥ b4 N Y Y Y Y
Hands b 4 Y N N N N N N N. N N N -
Feet N N N N N N N N N N N N -
athing difflcult during the period inslde the !
familisrisation facility? N N N N N N N Y N N N N
itlon 7 is YES, state at what stages of training
ng became difficult. - - - - - - - 1% |- - - -
| perspire profusely during the training? If ] :
what Stage was the onset? Y Y N N N Y Y Y n Y Y Y -
e boots adequate in the hot environment? Y Y N Y Y i{x Y b4 Y Y Y
e gloves sufficiently heat resigtant? N Y N N Y Y N N N Y Y. Y
e gloves sufficiently finger sensitive? N hi N h b4 N N N N N N N -
I feel uwell at any stage of the training? N N N N N N N N N N N N
| you feel at the end of the training? + - - + |- - - - - - - - -
| you feel after you had tzken a refreshment
wer? . + + + + + + + + + + - -
| you feel tefore the end of your day's . ’
. ’ + + - + + + + + + + + +
| you feel. after twenty~four hours? + + + +* +* + + + + + + |+
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features of the pressuré vessel access route, i.e. landings, inspection
hatches, beoiler suppcrt.beam and the angled ladder round the housing of

the gas circulator. The ocutline and dimensions and part of the simulator
are shown in Figs 2.61, 2.62 and 2.63. No pro%ision was made to simulate the
hostile working environments of noise aﬁd eleiated temperature 3Kw fan
heaters were however provided at the bottom of the shaft to maintaiﬁ
_temperature above amblent. Permanent lighting fixtu;es were installed
in51de the fac111ty but were not to be used durlng tralnlng sessions

_e*cept in - emergency circumstances.. All lighting during training was to
be temporary and taken into the simulator by subjects under training as

part of the training exercise.

The main purpose of this training programme was to establish

and practise the access and certain emergency procedufes in a simlated

and safe enyironﬁent and to provide entry teams with a more accuréte
impression of the distances to be covered and the difficulties which were to

be encountered in the pressure vessel access route. The training programme

prepared was as follows:i=

Vessel Entrants: Introductory Lecture . 10 mins
Outline of Facility and Equipment to be Used 10 mins
Dressing 15 mins
Practical work task " 120 mins
Undressing ’ 10 mins
"Discussion . 20 mins

Total 3 hrs 5 mins

Hose Reel Introductory Lecture 10 mins

Attendants and Qutline of Facility and Equipment 20 mins

Dressers Practical 30 mins

Total 1 hr

It was anticipated that because of the number of emergency
procedures that were to be assimilated at least three sessions would be
required for each vessel entrant.

These were to be team exercises of 4 trainees who had

already undergone successfully the hot box training session. -
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The training sequence was as follows:- - All trainees reported to the Console on
the A level at simulator. After lecture, demonstration and briefing, they
proceeded to change room. An attendant assisted the team to don air-cooled
suits, outer coveralls, boots, gloves and communication headsets. Entry
team then proceeded from the change rcom to the area round entry point at
level B, At this stage, the training Controller conducted final check on
communications with team, hoist operator and hose reel attendants and
ensured alr flow/pressure was adequate. 1lst and 2nd men ascended to entry
plétform and clipped on to a stop fall device on a safety line. A temporary
lighting system was then lowered down to level E. 1lst and 2nd men descended
one at a time to level E, then released themselves from safety line, and
ensured that the temporary lighting system was secured in position. 3rd

and 4th men lowered any equipment required down by rope, then clipped onto
safety line, and descended one at a time to level E, then released them—
selves from safety line. 1st, 2nd and 3rd men walked round the simulated
boiler annulus carrying any equipment required for the lower part of the
route then returned to the area around the boller cheesepiece. 4th man
assisted with airlines. 1st and 2nd men lower safety rope and temporary
lighting to level F then clipped onto safety line and descended one at a
time to level F, 3rd man remained above cheeseplece, 4th man further back
along simulated boiler annulus assisted with airlines. 1st man opened hatch
at level F, lighting and safety rope lowered to level G. 1lst and 2nd men
descended cne at a time to level G, 3rd and 4th men assisting with airlines.
1st man using hammer opened and closed top inspection hatch, 2nd man opened
and closed bottom inspection hatch. 2nd man opened hatch at level G,
lighting and safety line was lowered down to 74' level. lst and 2nd men
descended one at a time to level H, 3rd and 4th men assist with airlines.
Lighting and safety line was lowered down to level K, lst and 2nd men
descended to floor, 3rd and 4th men assisting with airlines. 3rd man
lowered equipment required for survey or inspection. The team then followed
the instructions laid down for the emergency procedures -~ as detailed in
following section. Following successful emergency drill, the team, now at
level B proceeded to change room. Attendants assisted in the undressing and
de-briefing tock place.

Three emergency procedures were developed (a) Exit without
lighting and (b) Exit without communication and (c) Removal of a casualty
(a 95 percentile anthropometric dummy) the sequence of the details of the
entry (a} = using the first 4 man team was as follows:—

(a) - Exit Without Lighting. Controller informed all personnel that

the temporary installed lights are about to be switched off. Following
acknowledgement of signal by all team menmbers, the lights were first '
flashed for 10 seconds then switched off. Hand torches were switched on.

3rd and 4th men informed Controller that the walkway and boiler cheesepiece
were free of temporary cbstacles and then assisted with airlines of 1lst

and 2nd men who left all tocls and equipment on the floor, clipped them— '
selves onto safety line and ascended to lst platform one at a time, 3rd and 4th
men illuminated the area with hand torches, 2nd man then ascended to lst
platform. 1lst man ascended up to 2nd platform then up to top of cheesepiece

at level V, this then allowed clear illumination for No 2 man to ascend from
1st platform to level B and release himself from safety line. All 4 men

walked slowly round to bottom of top stage ladder. 1st and 2nd men clipped
cnto safety line and ascended one at a time to level A, hoist operator

shining torch to assist the ¢limb. 3rd and 4th repeat.




Every mdvement dufing the exit was only commenced after
“instructions were given from the team to the hose reel operatcr to draw in
éir—line slack. 3rd and 4th men watched that the air-lines of their team

members did not get caught up on any protrusions during thelr ascent.

(b) ' Exit Without Communication. Controller informed all personnel
that an exit without communications was to be attempted. Following
acknowledgement of signal by all team members, the lights were flashed for
10 seconds as a signal for evacuation. Communications between the team and
hose reel attendant were switched off (though the Controller maintained
¢ontact with the team in case of difficulties). 3rd and 4th men ensured
boiler cheesepiece was free of temporary obstacles then -signal (3 pulls on
the safety line)} to the men on the level K that the route is clear. 1st
and 2nd men left any tools or equipment on the floor. 1st man clipped onto
safety line and proceeded slowly up to level B, stepping at each platform
until the 'proceed' signal was again given. 4th man was signalled to

hoist operator as to the rate the air-line was to be withdrawn from the
facility. After first man had released from safety line at level B, the
2nd man proceeded up the ladder in similar fashion. 2nd and 3rd men
walked slowly round to bottom of top stage ladder, 4th man ensuring the
correct length of alrline was available at all times. 1lst and 2nd men
clipped onto safety line and ascended one at a time to level A, hoist
operator pulling up airlines as regquired. 3rd and 4th men repeat above.

(c) Exit with Casualty. A 95 percentile anthropometric dummy
complete with air-cooled suit, airline, safety harness, etc, Plg 2.63 used
to simulate a casualty was positioned at level K. Controller informed all
personnel that a casualty exit was to be attempted. The Dummy was

assumed to be the result of an injury tc the 1st man, the 'real' 1lst man
now played the role of the 3rd man who had come down the boiler cheese-
piece to assist. Therefore the 'real' 3rd man up at level B, did not
participate in this exercise unless his help was required. Following
acknowledgement of signal by all team members, the lights were flashed

for 10 seconds as a signal for evacuation. 1lst man informed Controller

of casualty and requested that splints be sent in to bind legs. These
were lowered by rope by hoist operator to 4th man, who in turn lowered
down to level K. 1st and 2nd men bound Dummy's legs and requested use

of air hoist for removal of casualty. Hoist rope was lowered down and
fixed onto safety harness hock. Dummy was clipped onto safety line, 1lst
man alsc on the safety line moves onto ladder and signalled for air hoist
to be operated at slow speed 4th man ensured that cheesepiece was free of
temporary obstacles and that the airlines do not catch on any protrusionse.
With the lst man leading, the Dummy was brought slowly up to level A. In
case of any mishap to the Dummy, the 2nd man remained at level K until

the Dummy was safely on level E. 2nd man clipped onto safety line and
proceeded slowly up to level C. With the 4th man now leading, the Dummy was
brought slowly up to the level B. 1lst, 2nd and 3rd men remained at level E.
The exercise was now officially complete, the Dummy was then lowered back
down to level K. The 3rd man clipped onto safety line and descended to
level K, released hoist rope from Dummy's safety harness, then returned to
level E. 1st, 2nd and 3rd man ascended one at a time, on safety line, to
level B.

A number of training periods described above were carried out

and as a result of the debriefing discussions a number of small changes were
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made, no particular criticism of the suit asseﬁbly was however made with
one exception, the need for an improved air flow and distribution to the
helmet. A safety/medical committee in reviewing the debriefings suggested
that some of the work loads appeared to be high for a number of the
operations and recommended that a physiological monitoring system should
if.possible be available for the vessel entry demonstrations. The
background work to this is described in Section 2.5,Ambulatory monitoring.

2.6.3 Vessel Access Demonstration - Cold Run. The full details of

this training programme are given in Appendix H and the report of the
three demonstrations are given in Appendix K. The purpose of each of
these rehearsals was three-fold.

(a) to familiarise the entry team with the access equipment and
its use in the vessel environment.

(b) to prove the adopted procedures for the vessel entry and, in
particular the actions that must be followed under emergency conditions.

(e) '~ to assess the time involved in assembling and dismantling
equipment on the Pile Cap and Vessel internals, and also in accomplishing
each stage in the entry.

The ambulatory honitoring e&uipment was available‘for the
firsf series of gntries and 4 subjects were monito;ed cn the first entry
and two subjects on the subsequent entries. The access route is shown iﬂm%igs
1,76,1.17 and 1.18 and the method of entry is outlined in Appendix G.
Eight teams were to participate. The team consisted offé men who had
successfully completed the training pregrammes in the hot familiarisation
facility and vessel access simulator. ‘

| All were to enter the pressure vessel area and were supported
by-a.Controllgr, two standby men, hoist operator, and hose reel attendant.
The main objéctive for the team was for 2 of the 4 to open up the hatches
down a boller interspace and reach the reactor floor below the gas
ciréulators see Fig 2.65. The remaining two were to assist with movement

of alr lines etc remaining on boiler walkway and top of boller interspace.

The maximum time allocated for each entry was set at 2 hours and it was

i
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anticipated that when teams had beééme familiar enocugh with the procedures
a period within this time scale would be éet aside for carrying out one of
the emergency procedures previously rehearsed in the access simulator.

All members of the team were examined by a Medical Officer
and during the dressing périod ECG chést electrodes and temperature
thermistors were mounted on the selected subjects, as shown in Fig 2.64.
Subsequently conly seven of the eight programmed 4 man teams entered the
pressure vessel and carried out brief inspection exercise - along the
entire access route. Prequent faults-in the communication system hampered
the progress of all the entry teams and prévented one team from entering
altogether. Because of these difficulties emergency procedures were not
carried out. B;ief details of each entry are given in Table 2.16
including the time to reach the reactor floor; total entry time and the
full qpaiysis of the data acquisition system for the four initial entrants
is shown in the computer print outs pp 230 - 237. The analysis of subsequent
data gave similér results for heart rate recordings; the body temperatures
could not however be computed owing to thermistor problems. -

The HE suit assembly fgnctiohed satisfactorily and the second
and third training sessions were carried out after “the re-design of the
commnication system had been completed. Four éntries were made on the |
2nd training period and six on the third.':On all occasions the protective
suit assémbly functionédﬁsatisfactorily and the investigations progressed
_to the hot entry rehearsal stage.

2.6.4 Vessel Access Demonstraticn — Hot Run. The full details of

this training'programme are'given in Appendix J and the report of the 6
entries are given in Appendix L. It was planned that several entries would
be made into the pressure vessel at GOOC, the first two entries to install
all the equipment and fo establish the route analthe remaining enﬁries to

carry out inspection procedures. Each tﬁmlwbuld“épend not more than two
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DATE ENTRY TOTAL TIME TO REACH - EMERGENCY
NO TIME REACTOR FLCOOR .. . REHEARSED
m m .
10 5 75 1/1 127 58
" 2/1 86 57
11 5 75 3/1 Cancelled - Communication failure
" 4/1 67 40
"o 5/1 75 40
n 6/1 86 46
12 5 75 7/1 110 40
n 8/1 114 37
1 7 75 1/2 . 88 i )
" 2/2 91 ' 35 Loss of alir 2 men
20 7 75 3/2 - 105 34 Loss of communication
n a/2 105 17 # Removal of casualty
2 975 1/3 - 113 70
H 2/3 92 32
3 975 3/3 110 - 54
7 " 4/3 : 68 17 * Removal of casualty
4 975 5/3 ‘o8 40
" 6/3 45 +

*+ All equiﬁment in position and access dcors open
+ Terminated after 45 minutes due to loss of commmnications

Table 2.16 Summary of Cold Access Rehearsal Activities

hours in the vessel and at the end of each entry period would carry out an
emergency procedure. The purpose of these rehearsals were as follows:—
(a) to demonstrate the feasibility of reactor vessel entry -and

inspection under hot conditions using hot environmental personal protective
system. : '

o}

(b) to gain entry to the reactor floor via boiler interspace and
travel 180 . _

() to compare in vessel air temperature measurements against
installed thermocouples.
(d) "+ to measure noise levels inside the reactor vessel.
(e) to asséss the re-designed communication system.

Team arrangements were the same as for cold access. All
members having successfully completed all the requiréd“training, were
medically examined immediately prior to énd immediately foilowing an

entry. All entrants were also fitted with the physiological data recorder
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S o T '
during dressing. A summary of the activities and the duration of access

is given in Table 2.18 and exampiédof the heart rate data acquisition is

shown in the computer priht—out.

ENTRY TOTAL VESSEL ‘
DATE CODE TIME ‘ gEMP . COMMENTS
n c .

9 9 75 1/4 30 53 Terminated Communication Failure

n 2/4 109 57 .| Team reduced to 3 after 45 mins*
10 9 75 1/5 71‘ 60 n " n o n Hnon N o=

" i 2/5 61, ~ 61 1 " n n o n n on now .
11 9 75 1/6 95 62.4 - 2 men to reactor floor in 3&m

" 2/6 - 116 62.4 2 men to reactor floor in 25m

* Failure of communication system on hose reel

Table 2.17 Summary of Hot Access. Rehearsal Activities

The equipment faults were minor in nature but reduced the
teams to three men on 3 6ccasioﬁs and 1t was not until the fifth eﬁtry
that the base of the reactor was reached. However, the test did prove
that a team of four people could spend a period of two hours ih various

areas of the reactor vessel carrying out inspections at a temperature of

the order of 60°C without undue discomfort. At the de-briefing meeting

after the hot access demonstration the only comments on the personal
"protective clothing system were an ipcrease in size of inner sult, the
visor tq be more easily removable, hand and foot protection wefe inadequate,
and the distribution of air flow in the helmet 'should be improved. Vortex.
tube opergtion apd‘QEneral body cooliné was considered adéquate by all

subjects.

JH/P



CONPUTER ANALYSIS OF MICROLOSG
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TAPE RZFZININCE MO. 13 5 78 365

BePolds ’ DURATION
73 - 74 . P+3 MINS.
75 - 19 3 MINS,
83 - 84 «H MINS.
85 - 89 «9 MINS.
93 - 94 9¢9 MINS.
85 -~ 99 14.7 HMINS.
193-134 1835 IMINS,
135-189 8.9 MINS.
113-114 Beld MINS.
1t5-119% S.7 MINS.
123-124 5.1 MINS.
125-129 S¢4 MINS.
135-139 «&6 MINS.
143-144 B0 MINS.
145-149 @3 MINS.
BELOW 65 3.3 MINS.
ABQVE 149 e MINS.

TOTAL DURATIOCY OF TEST :@ 756 MINUTES

INFORMATION

INVALID READING
INVALID READING
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TAPE REFEZRENCE NO. 13 B %S 355

BePolia DURATION

65 = 69 «3 I1INS.

78 = 74 B3 MINS. -
T = 79 1.2 IMINS. ~
g3 - B4 «+6 MINS.

85 = 89 44 MINS.

82 - 94 22.8 MINS.

85 = 99 58«7 MINS.
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112-114 17.3 MINS.

1 1S=1.1'S 8.9 MINS.
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130-134 l.6 MINS.

135-139 1.6 MINS.

143 -144 1.9 MINS.

145-149 Ge@ MINS.

BELOV 65 1.9 MINS. INVALID READING

ABOVE 149 B3 MINS. INVALID READING

TOTAL DURATION OF TEST : 213 MINUTES
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CHAPTER 3

DISCUSSION

3.1 Introduction. Some of the factors influencing the design and

selection of personal protective systems for a given environment suggested
in Chapter 1 are summarised by the following; (a) Environmental conditions,
(b) Activity expected, (c) Duration and intensity of exposure and (d)
Protective efficiency afforded by the systems available.

Effective protection from hostile conditions in the working
environment depends on a& sound understanding of the physical and
biological factors governing the worker and his environment. It has
been shéwn in the background review that indices are available for
predicting the physiological strains produced by environmental and
metabolic heat loads. The relative magnitudes of the several components
of these suggests the kind of contreol measures that will be successful.
It has also been shown that work activity control is not'possible or
complete without proper attention to the physiological needs of exposed
personnel. Physiological strain of exposure is reflected in elevation
of heart rate, in sweating and in elevation of body core and skin
temperatures. In studies to be undertaken in the working environment
it has also been suggested that measurements taken must be selected for
their feasibility as well as their probable meaningfulness. The main
objectives of this research topic were to establish the design parameters
in the creation of a protective clothing assembly to enable work to be
undertaken under conditions hostile to the human beings normal
physiological functioning. Most systems that have been proposed to
achieve micro environmental air conditioning for the human at work have

required the use of special clothing; protective suits into which air is
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delivered from an outside source. The delivery of cool respirable air to
the human working iﬁ hostile environments poses some practical
engineering problems. The transportation of cool air through a suitable
length of hose to the wearer can result in reheating of the air if for
instance it is exposured to a radiant heat source. A light weight device
designed on the principle of the Ranque/Hilsch cooling effect - a vortex
tube, can be used to facilitate control of air temperatures. The principle
of operation of the vortex tube has been described and the initial
investigations to establish a finalised design for a single and duplex
vortex generator have been outlined in Chapter 2. Complimentary to this
work and in order to be able to assess the physiological responses of men
entering the pressure vessel of nuclear reactors of the Advanced Gas
Cooled Design, the results of preliminary validation investigation are
presented for an ambulatory monitoring system. A description has been given
of the techniques used to extract heart rate data from continuous analogue
tape recordings of the ECG with subsequent preparation of punched paper
tape as a means of input into a digital computer to present data as a
minute by minute analysis and as a histogram.

The following Section discusses the suggested basis of a
system design for a protective clothing assembly to be used in conjunction
with a cooling tube using the vortex principle.

3¢2 Heat Balance Equation. The consideration of heat transfer

within the micro-climate can be shown by the following heat balance
equation:-

He + Hm = Ha + Hs
where He = Heat transmitted through the suit from environment

Hm = Metabolic heat
Ha = Sensible heat pick up by cooling air
Hs = Heat loss by sweating

To undertake a work load in a known environment, the first

step in the design of the system is to assess the quantity and temperature
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of the air to be supplied to the micro-environment. To meet the
conditions the potential cooling capacity of the air (Ha) can be based
upon the cooling air flow, its specific heat and the temperature
difference and the air and skin temperatures.

The heat loss by sweating, Hs, can be limited by either of
two considerations (a) the limiting of sweat rate to 1.4 x 10 Kg/sec
or (b) moisture pick up of air flow through the clothing assembly.
Three factors influence this, namely the air flow, the inlet temperature
and humidity. For a range of inlet air flows to a clothing assembly the
capacity of the inlet air to remove heat plotted against inlet temperature
is shown in Fig 3.1.

The sensible heat component, Ha, can be calculated from the
following formula:-
Ha = F (Ts-Ti)103 watts where F

Ts
Ti

aig flow Kg/s
33cC
inlet temperature

nu

The heat loss by sweating Hs can be calculated from the following formula:
Hs = Q x 2.41 x 106 watts where Q = sweat loss Kg/s

This sweat loss is taken as the lower of the twe limiting criteria the
(assumed) physiological limit of 1.4 x 10_4 Kg/s or the capacity of the
air to tzke up moisture as shown in Fig 3.2 over a range of air flows at
inlet temperatures of 10°¢, 15°C, 20°C and 25°C of saturated and dry air.
Fié 3.3 shows the combined heat removal capability of the inlet air Ha +
Hs under these conditions.

J.2.1 Heat Dissipation. The total heat to be dissipated He + Hm is

shown in Fig 3.4 and from this it can be seen that the pick up from the
environment varies directly with the temperature. These curves were
deduced using the effective insulation value 0.3°% m2h/kca1 established

in the original investigation described in Appendix C, page A6.8.
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Metabolic heat is determined basically by the nature and
extent of the work being carried out. The curves in Fig 3.4 show the
heat dissipation appropriate for resting and typical grades of light,
heavy work (mean rate) and heavy work (continuous). If after a given
application, the environmental temperature and the postulated work load
are known, then from Fig 3.4 the heat to be removed can be determined,
this heat rate can be referred to Fig 3.3 and these curves used to
determine the maximum inlet air temperature for a given inlet air flow.
It is important to note that these curves represent the limiting
condition; for a given inlet temperature the flow given is the minimum
or alternatively for a given flow the inlet temperature shown is a
maximum.

During the hot familiarisation investigations it was apparent
that comfortable inlet conditions were generally obtained in the range
20% to 25°C. Above this range some temperature discomfort can be
expected below 10°C discomfort was also felt. The inlet air should be
maintained therefore if at all possible, within this "comfort zone".
However it is suggested that operation slightly outside this zone is
acceptable provided the correct amount of cooling is being provided;
this should have no safety implications.

393 Use of Vortex Tubes with Ventile Clothing Assemblies. The

vortex tubes developed and described in Chapter 2 have a nominal supply
requirement of 0.015 Kg/s single generator and 0.03 Kg/s duplex

generator at 6 bar operating pressure, as shown in Fig 3.5. It was

found in the investigations that the total flow through the vortex tube,
that is to say the quantity demand on an air supply system is principally
dependent upon the air pressure applied at the tube inlet. The position
of the cold/hot control valve had a marginal effect on the flow for a

given pressure at the inlet and under normal conditions of use the back



pressure prescribed by the ventile clothing assembly had a slight effect.
Allowances for these factors have therefore been made in the following
performance information. Each tube has a control valve at the hot exhaust
and it is necessary to set this control to ensure a comfortable temperature
of air entering the clothing assembly. In most cases the control must be
preset before a subject enters the high temperature zone. In these
circumstances the presetting must be suitable for the vortex tube air inlet
temperature at the work place (the elevated temperature) and Fig 3.6 shows
the temperature interval, with wvarying inlet pressure for a range of hot
valve openings using a duplex generator.

3e3al Setting of Vortex Tube Hot Valves. The heat load(s) to be

dissipated in the clothing assembly will be known from the temperatures
of the work envrionments and the physical effort to be expended at these.
A typical graphic presentation is shown in Fig 3.4. Unless known to the
contrary the air supply to the vortex tube should be assumed to be the
temperature of the working environment. Figs 3.7, 3.8, 3.9 and 3.10 show
the heat removal capabilities of single and duplex vortex tubes when the
working environment temperatures are respectively 45°C, SOOC, 55°C and
60°C.

Referring to Fig 3.7 it will be seen that the curves are
for a setting of the tubes with the valve at the hot exhaust end two
turns open. As noted on the figure if these tubes are set with these
valves four turnms open the cold fraction temperature will be below 10°¢
and the wearer maybe uncomfortable. Fig 3.7 also indicates that if the
inlet pressure is raised above 10 bar even if the valves are two turns
open, again the temperature falls below 10°c. When the inlet temperature
passes outside the normal comfort zone the curves are shown dotted and

at various points the actual temperature of the inlet air is shown in
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Fig 3.7 the notation 10°C and 9.5°C are shown on the curves when they
pass through the 10 and 11 bar ordinates.

The cépability of the air to remove heat from a man varies
with inlet pressure and the rate at which the man is sweating. In
practice, the man will sweat at a rate depending upon the heat that he
needs to dissipate. For example, assume that the heat to be dissipated,
due to his working rate plus thé heat received from the environment is
500 watts and also assume that he has a twin vortex tube. If the tube
inlet pressures are 8.9 bar, this load (500 watts) can be dissipated by
the sensible heat pick up of the air alone and the man will not sweat.
(See the 'no sweating' line). If the heat load rises to 840 watts, he
will now have to sweat to increase his dissipation and will in fact need
to sweat at a rate of 1.4 x 10 2 Kg/s (500 grams/h): this is the maximum
considered allowable. Obviously at loads intermediatg between these
points, the sweat rate demanded will be an intermediate amount.

If the heat load is above the 'maximum (recommended) sweating'
line the man could ultimately become distressed or could collapse. This
may not occur at once, but it must be noted that the ability to sweat does
diminish as the sweat glands fatigue. On the other hand, if the heat
load falls below the 'no-sweating' line the man will begin to feel colder.

Thus in practice the pressure is regulated to keep the heat
load between the maximum sweating lines. Before entry, the probable
maximum heat load can be estimated and from this, Figs 3.7 to 3.10 as
appropriate, will indicate whether single or twin tubes are necessary and
the minimum pressure that will be needed at the vortex tube inlet. During
use, the minute to minute regulation is achieved by the pressure alone on
the instructions of the wearer. The heat load will vary from minute to

minute and this can only be sensed by the wearer feeling too cold or too
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hot. His instructions will be the only way of ensuring that the conditions
are kept between the two limiting conditions of maximum and no-sweating.

It will be noted that Fig 3.6 and 3.8 are generally similar to
Fig 3.7. In Fig 3.9 the fraction valve can be opened to 4 turns provided
the too cold comfort limit is not reached. The'no-sweating' lines have
also been omitted as they are well below the heat loads expected in
practice. In Fig 3.10, it will be noted that 'too hot' comfort limit of
25°C for suit inlet air will be encountered with control settings of 6
turns open or less.

The presence of moisture in the inlet air can upset the
performance of vortex tubes. Excessive moisture can cause freezing in
the generator and blockage of the tube. For safety reasons therefore
the air should be partially 'dried' by a good after-cooler fed with cold
water and followed by a moisture trap. When moist air is used from such

~a system the following allowances should be made when comparing with dry
air.

FPirstly, to obtain a performance margin, an ambient temperature
5°%¢ higher than measured should be assumed before selecting the appropriate
curves to use from Figs 3.7 to 3.10.

Secondly, to ensure an adequate temperature margin the lowest
permissible opening of the vortex tube's fraction valve(s) should be used.

The preceding analysis is based upon the performance of the
clothing assembly during tests in the climate laboratory (Appendix C) and
has attempted to show how estimates can be made of the performance
requirements of the assembly under various conditions of cocling. Many
variables can effect the performance of the clothing assembly but if its
usage can be fairly clearly envisaged the following list is suggested as

the essential requirements that must be met under any conditions of use.

.
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(1) The wearer is fit and has been medically examined (Appendix A)
and pronounced fit for the work to be undertaken.

(2) The assembly will be worn in an atmosphere which is substantially
air at atmospheric pressure.

(3) Radiant heat to which the suit is subjected is not significantly
above that which might be expected from the ambient environmental
temperature. That is that a globe temperature roughly equal to the
indicated temperature might be expected.

(4) That the assembly is worn over underclothing only.

(5) That the assembly is worn with suitable hand and foot protection.

(6) That the maximum period for the assembly to be worn is limited to
four hours.

3.4 Conclusion. The objectives of this research have been
achieved. The basic principles of working in an abnormal thermal
environment have been set out and solutions to the problems involved
obtained by a design of protective clothing used in conjunction with
a vortex tube.

Semi-empirical formulae have been derived and their accuracy
checked within the maximum limit of 60°C so that the level of any thermal
stress on the wearer of the protective assembly can be evaluated for a
given work-load expectation. A satisfactory heat balance has thus been

obtained and control has been exercised in a simple practical way.

DB/P
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