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ABSTRACT

The Battelle Human Affairs Research Centers (HARC) conducted a comprehensive review of the technical
literature regarding the impact of environmental conditions on human performance applicable to nuclear
power plant workers. The environmental conditions considered were vibration, noise, heat, cold, and light.
Research staff identified potential human performance deficits along a continuum of increasing occupational
exposure, ranging from deficits that occur at low exposures to deficits that occur at high exposures. Specific
deficits were included in the review if scientists demonstrated the expasure caused an effect, using sound
methodology. The levels associated with each deficit were then compared to the protection afforded by
existing occupational exposure standards.

This project resulted in three products. Volume 1 is a reference handbook for use by NRC inspectors to
help them determine the impact of specific environmental conditions on licensee personnel performance. It
discusses the units used to measure each condition, discusses the effects of the condition on task
performance, presents an example of the assessment of each condition in a nuclear power plant, and
discusses potential methods of reducing the effects of exposure to the condition. Volume 2 provides a
detailed discussion of each environmental condition and the research literature pertaining to that condition.
Volumes 1 and 2 are supported by an electronic bibliography of over 500 research articles.

Volume 2 presents several conclusions regarding the applicability of the research literature to environmental
conditions in nuclear power plants. The findings presented suggest that occupational standards for vibration,
noise, and heat, which were developed to protect health, are inadequate for preventing deficits in cognitive or
motor performance in tasks likely to be performed in nuclear power plants. Also, there is little information
in the literature on simultaneous conditions; for example, the effects of simultaneous exposure to heat and
noise on cognition require more research. As many exposures in nuclear power plants will be simultaneous,
this limitation should be kept in mind when using Volume 1.
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1 INTRODUCTION

This handbook discusses the effects of exposures to environmental conditions on task
performance in nuclear power plants. The conditions considered are vibration, noise, heat,
cold, and lighting.

This handbook is Volume 1 of a two-volume set:

* Volume 1 is a handbook intended to be used by Nuclear Regulatory Commission
(NRC) inspectors interested ii assessing the effect of an exposure on task
performance.

* Volume 2 is the technical basis for Volume 1. Volume 2 presents the results of a
literature review on each environmental condition. It also discusses the scope of
this project and important gaps in the research literature. Margin notes in Volume
I cross reference users to sections of Volume 2 that provide further information.

Volumes I and 2 are supplemented by an electronic bibliography of more than 500 articles.

1.1 The Scope of this Handbook

The purpose of this Handbook is to provide a source of information and technical guidance
on the effects of environmental stressors on human performance. It is intended for use by
NRC staff to follow up events in which environmental stressors or conditions may have been
implicated in events that involved human performance. It could also be used to review
investigations of complaints relative to environmental working conditions.

Environmental conditions can have two general types of effects on workers: performance
effects and health effects. This handbook concentrates on performance effects.

Performance effects may compromise task performance. Although there are some positive
effects of the environmental conditions discussed (e.g., noise can increase alertness), adverse
effects are the primary focus of this handbook. For example, a worker may have difficulty
reading a display that is vibrating and thus have difficulty performing a task that is
dependent on knowing the value displayed. Similarly, a worker whose fingers are numb
from cold may have difficulty tightening bolts. In each case the worker's performance is
impaired.

The assumption underlying this emphasis on performance is that any time a worker's task
performance is impaired, plant safety may also be impaired. For example, if a worker
misreads a vibrating dial, he could perform an action based on that incorrect reading that
could have an impact on plant safety. Similarly, if a maintenance worker with numb fingers
does not tighten a bolt on a pump adequately, the pump could fail if the bolt worked loose.
On the other hand, there are situations where impaired task performance may not affect
plant safety. It is not the purpose of this handbook to discriminate between those
impairments that may affect plant safety and those that may not. That determination must
be made by individuals with detailed plant knowledge.

Health effects may lead to worker illness or disability. This handbook does not discuss the
health effects of these environmental conditions, except when those health effects may have
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consequences for plant or personnel safety. For example, this handbook does not discuss
vibration white finger, a numbness in the fingers caused by long-term exposure to vibration,
because vibration white finger has no immediate relationship to plant safety. On the other
hand, this handbook does discuss the permanent hearing loss that will result from exposure
to excessive noise over a long period of time because hearing-impaired workers may have
difficulty communicating. An inability to communicate may affect plant safety; for example,
a control room operator may not hear instructions given during an emergency. A worker
may also be in personal danger as a result of his hearing loss; for example, he may be
unable to hear a shouted warning. The health effects of the environmental conditions
discussed here are not within the mandate of the NRC, but are within the mandate of other
Fede ral agencies.

This handbook covers the following conditions and effects:

* Vibration is an oscillating motion. Vibration can cause discomfort (which can, in
turn, induce errors), adversely affect manual tracking, and impair visual
performance.

* Noise is unwanted sound. Noise can impair communication by masking other
sounds, affect task performance (e.g., simple motor tasks, vigilance, reading), annoy
workers, and cause temporary and permanent losses in hearing.

* Excess heat can make workers uncomfortable, affect task performance, and induce
heat stroke, heat exhaustion, or heat cramps.

* Excess cold can induce discomfort (which can lead to errors), reduce dexterity, and
cause hypothermia (which can also lead to errors, as a hypothermnia victim can
become confuised and disoriented).

* Inadequate fighting can make it difficult to see, reduce the ability to discriminate
among colors, and cause glare, again making it difficult to see.

Each chapter in this handbook discusses effects caused by one type of environmental
condition. This is a result of limitations in the research literature upon which this handbook
is based; experimental studies tend to examine only one condition at a time. However,
nuclear power plant workers who are exposed to one condition will typically be exposed to
another condition. For example, a worker exposed to high levels of noise in the turbine
building will also typically be exposed to heat and vibration. Based on the available
research, it is not possible to definitively predict a worker's impairment in such a situation.
Given this limitation, a conservative approach is to evaluate the situation based on the most
severe effect. For instance, if workers performing a written procedure are exposed to a
vibration level that makes reading impossible and noise levels that impair communication
slightly, then the most severe effect (that they cannot read the procedure) indicates that the
task cannot be performed without an unacceptable risk of error.

1.2 Organization of Each Chapter

The subsequent chapters each describe one type of environmental condition. These
chapters are organized identically. Each chapter begins with an introduction followed by
five sections:
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" Basic concepts are presented in the first section. It defines all units of
measurement and presents any background information necessary for understanding
the information in that chapter.

* An overview of the effects of the environmental condition on human performance is
presented in the second section.

" Information to help the reader evaluate an exposure and any resulting performance
effects that may have consequences for plant or personnel safety are presented in
the third section. The discussion typically begins with the most sensitive (and
therefore the most commonly observed) effect and ends with the least sensitive (and
usually the least common) effect. Graphs and tables are used to supplement this
information.

* An example of an evaluation of an exposure to an environmental condition in a
realistic situation is presented in the fourth section.

* The final section discusses methods used in other industries to control the exposure.
This discussion may be helpful to NRC personnel who are assessing licensee
practices for overcoming the effects of the condition.

Volume 2 includes detailed reference material for this handbook. Although this handbook
has been written to stand on its own, the reader may wish to refer to Volume 2 for more
information on a topic. The references in the right-hand margin of this handbook (e.g., on
page 2-1) indicate the section in Volume 2 that provides additional information on a topic.

1.3 Basis for Recommendations

The adverse effects of each condition are compared to existing industrial exposure
standards. This handbook relies on existing standards where possible; for example, the
section on worker comfort under vibration is based on a standard developed by the
International Organization for Standardization and the discussion of lighting is based on
standards developed by the Illuminating Engineering Society.

But it is not always possible to find a standard that addresses performance effects because
the effects at extreme exposures are better quantified and better understood than the
performance effects that sometimes occur at lower levels of exposure. If it was not possible
to adopt an existing standard, the approach taken was to present the lowest level of the
exposure at which no effects had been observed. This is known as a no-effect level. In this
situation, use of a no-effect level is a sensible, conservative approach. For example, in the
case of performing complex tasks under noisy conditions, no standard was available. A no-
effect level was set at the highest level of noise that had no effects on the performance of
complex tasks in laboratory experiments. Above this level, there is no assurance that effects
will not appear.
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2 VIBRATION

High levels of vibration are common in industrial settings such as nuclear power plants. An
estimated eight million workers in the U.S. are exposed to vibration on the job. Vibration
can interfere with manual tracking, comfort, and the ability to read text and numbers. This
chapter discusses these effects. It is divided into five sections:

* The basic terms and concepts used in this chapter are defined in Section 2.1.

* The mechanism through which vibration interferes with performance is discussed in
Section 2.2.

" The effects of vibration on performance are discussed in more detail in Section 2.3.

* An example of a situation in a nuclear power plant involving exposure to vibration
is presented in Section 2.4.

* Ways of reducing the effects of vibration are discussed in Section 2.5.

2.1 Basic Concepts See Vol. 2,
Section 3.1.

Vibration is an oscillating motion that is characterized by frequency and acceleration.

* The frequency is the number of oscillations (cycles) that occur in one second.
Frequency is measured in hertz (Hz). One Hz is one cycle per second.

* Acceleration represents the force, or severity, of the vibration. Acceleration
changes over time and is averaged into a single root-mean-square (rms) value.
Acceleration is measured in meters/second'. Acceleration can also be expressed in
terms of the acceleration of gravity (g), which is 9.8 meters/ second'. An
acceleration of 9.8 meters/second' would be I g.

The basic measurement system used for diagnostic analyses of vibration consists of three
components: a vibration pickup, a preamplifier, and a processing and display unit. Usually
the vibration pickup is an accelerometer, the device that produces an electrical signal
proportional to the vibration acceleration. The magnitude of the vibration signal is
described by the peak, the root mean square, or the average absolute value, which are
quantities directly related to vibration acceleration. The preamplifier strengthens the signal
and acts like an impedance transformer or isolation device between the vibration pickup and
the signal processor. The processor is a flexible spectrum analyzer for individual
frequencies or selected band widths of frequencies. Manufacturers supply all three
components in single units; however, a specialist should be consulted to determine the
proper characteristics of the system for the proposed conditions to be measured.

Vibration can be characterized in three ways, as shown in Figure 2.1.

* Simple harmonic vibration is a simple repeating motion.

" Complex harmonic vibration is a more complicated repeating motion consisting of
a combination of simple harmonic vibrations with different frequencies and
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accelerations. Instead of having a single peak in each cycle, complex harmonic
vibration might have several peaks in each cycle.

Random vibration consists of a series of motions that occur without a systematic
pattern.

This chapter considers only simple harmonic vibration. This is a conservative approach, as
the effects of complex harmonic vibration and random vibration may be less serious than
the effects of simple harmonic vibration. By concentrating on simple harmonic vibration,
this handbook considers the type of vibration most likely to impair performance.

simple harmonic
vibration

4-period -

com plex ..............
harmonic
vibration

random vibration

Figure 2.1 Vibration. The position of a vibrating object changes over time. This change can be depicted by a
curve, where position is plotted on the vertical axis and time is plotted on the horizontal axis. On the curve, the
amplitude corresponds to the range through which the object moves as it vibrates. The acceleration of the
vibration is the rate at which the amplitude changes. The period is the time required to complete one oscillation.
The frequency in Hz (i.e., cycles per second) is one divided by the period (expressed in seconds). The
illustration of complex harmonic vibration also shows the two simple harmonic pattems that are combined to
generate the complex vibration depicted.

This chapter considers two distinct types of vibration that can affect performance in the
workplace:

Whole-body vibration affects the entire body. In the workplace, whole-body
vibration is transferred to a worker through a surface that supports most of his or
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her weight, such as the floor (for a standing worker) or the seat of a chair (for a
seated worker).

* Object vibration may interfere with a stationary worker's ability to clearly view that
object.

Measurement of whole body vibration and object vibration only differ in the placement of
small accelerometers. In the first case, the accelerometer is mounted on the supporting
surface of the worker. In the second case, the device is mounted on the vibrating object.

2.2 Overview of How Vibration Interferes with
Performance

Vibration is likely to affect task performance in nuclear power plants in three ways:

* Whole-body vibration can cause discomfort. Workers who are uncomfortable may
commit errors as they rush to complete a task or may commit errors because they
are preoccupied by their discomfort. These effects are discussed in Section 2.3.1.

* Whole-body vibration can adversely affect manual tracking. Manual tracking tasks
are those tasks where eye-hand coordination is required to control the movement of
something. For example, if a worker must adjust the flow through a valve by
turning a knob and watching the changing level on a gauge, he is performing a
manual tracking task. Other tasks that involve movement of the hand, such as
inserting a screw into a hole, are closely related to manual tracking tasks. Such
tasks are common in industrial settings, such as nuclear power plants. Error-free
manual tracking can be critical to the successful performance of many tasks in
nuclear power plants. These effects are discussed in Section 2.3.2.

* Whole-body or object vibration can blur vision and interfere with visual acuity,
reducing the accuracy with which workers can read text and numbers. These effects
are discussed in Section 2.3.3.

The effects of vibration depend on the frequency and the acceleration of the vibration.
Effects on manual tracking, discomfort, and visual acuity tend to be greatest at different
frequencies; however, effects on all three intensify' as acceleration increases.

When considering vibration, it is important to note that other environmental conditions may
also affect performance on the job. For example, vibration is often accompanied by noise.
Such combinations may exacerbate poor performance. Therefore, workers in nuclear power
plants sometimes may be subject to more severe conditions than the subjects examined in
laboratory situations that are used as a basis for the information in the following section.

2.3 Effects of Vibration [ee Vl.72

Although the information presented in this section is based on rigorous research, some care
must be taken when applying the findings of this research to nuclear power plant settings. On
the one hand, this discussion is based on studies that address simple harmonic vibration in one
axis and thus may overestimate the effects of the complex or random forms of vibration
actually experienced by workers on the job (because the effects of simple harmonic vibration
are actually more severe). On the other hand, the subjects in these studies were young,
healthy military personnel and college students. Workers in nuclear power plants may be
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older and may be more susceptible to the effects of vibration than these typical laboratory
subjects.

2.3.1 Vibration and Comfort See Vol. 2,
Secton 3.5.j

Comfort levels are determined by (1) the frequency of the vibration in Hz, (2) the
acceleration of the vibration in gs, and (3) the duration of the exposure in hours. The
relationship among these factors is shown in Figure 22, which is taken from the
International Organization for
Standardization (ISO). This standard is widely used; for example, it has been accepted in
MIL-STD-1472D, the U.S. military's human factors standard.

These curves are known as comfort boundaries. They represent combinations of
frequencies and accelerations of vibration for exposure durations between 1 minute and 8
hours that are not associated with discomfort. Note that as the frequency approaches 5 Hz,
the resonance point of the human body, the amount of time that a worker will be
comfortable decreases. As acceleration increases, the length of time that a worker will be
comfortable decreases. Prolonged discomfort can lead to errors.

A point above one of the curves in Figure 2.2 will be tolerated for a shorter period of time
than a point on that curve. For example, if workers were exposed to vibration of 8.0 Hz
frequency and 0.02 g acceleration, they could be comfortable for approximately 2.5 hours.
However, if the acceleration of the vibration increased to 0.08 g (while the frequency
remained at 8.0 Hz), workers would be comfortable for only about 1 minute.

Vibration at a sufficiently high acceleration can injure workers. These accelerations are
more severe than those that lead to discomfort. Although worker injury might not affect
plant safety, vibration that can injure workers will also exceed the limits for task
performance depicted in Figure 22. Figure 2.3 presents safety limits for workers exposed to
vibration. This graph is read in the same manner as Figure 22, except potential injury,
rather than discomfort, can result if the exposure limits are exceeded.

2.3.2 Vibration and Manual Tracking See Vol. 2,
Sci~on3.6.j

Vibration can impair manual tracking. One example of a manual tracking task that could
affect plant safety occurs when an instrument and control technician is attaching jumpers to
a circuit board on a critical system. Incorrect placement of a jumper clip could lead to a
short that could trip the reactor or disable a safety system.

In a manual tracking task, an error can be considered to occur when the worker does not
place an object where intended. This error can be quantified by expressing the size of the
area in which, on average, the object may actually be placed. It is convenient to express
accuracy as a percent. Thus, a 10% error in manual tracking means that the object is
placed somewhere in an area that is 10% larger than the area where the worker intended to
place the object.

This measure of accuracy is used in Figure 2.4, which presents the effects of vibration on
manual tracking. As with comfort, (1) the frequency of the vibration in Hz and (2) the
acceleration of the vibration in gs determine the accuracy of manual tracking. The duration
of exposure does not affect manual tracking as it does comfort and personnel safety.

The reduction in accuracy in manual tracking tasks for various combinations of vibration
frequency and acceleration is shown in Figure 2.4. Each line represents the combinations of
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Figure 2.2 Comfort boundary curves. The curves show the periods of time that workers can perform tasks while
exposed to vibration before the discomfort occurs that may induce errors. The allowable duration of exposure is
determined by vibration frequency and acceleration. These curves represent the maximum combinations of
acceleration and frequency to which a worker can be exposed for a given amount of time; for example, for one
hour's exposure, all combinations of acceleration and frequency below the 1-hr. curve are acceptable.

Permission to reproduce Figure 2a of ISO 2631-1 :1985 has been gr'in by the International Organization for Standardization, ISO.

The complete standard may be purchased from the ISO member bodies or dlrectiy from the Central Seoretariat, Case postale,
1211 Geneva 20, Switzerland.
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Figure 2.3 Safety boundary curves. The curves show the periods of time that humans can perform tasks while
exposed to vibration without a risk to health and personal safety. The allowable duration of exposure is determined
by vibration frequency and acceleration. These curves represent the maximum combinations of acceleration and
frequency to which a worker can be exposed for a given amount of time; for example, for one hour's exposure, all
combinations of acceleration and frequency below the 1-hour curve are safe.

Permission to reproduce this figure from ISO 2631-1:1985 has been given by the International Organization for Standardization,
ISO. The complete standard may be purchased from the ISO member bodies or directly from the Central Secretariat, Case
postale, 1211 Geneva 20, Switzerland.
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Figure 2.4 Reduction In accuracy In manual tracking. This figure depicts the effects of various combinations of

vertical'vibration frequency and acceleration on manual tracking. The percentages identifying the curves refer to
the size by which the target in the tracking task must be increased to maintain error-free performance (compared to

the area the worker intends to hit). The dashed lines indicate extrapolations beyond observed data (adapted from
Morrissey & Bittner, 1975).
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frequency and acceleration that will cause a given reduction in accuracy; the lowest line
corresponds to no reduction in accuracy, while the uppermost line corresponds to a 60%
reduction in accuracy.

Acceptable levels of accuracy depend on the task being performed. Assume a worker must
attach jumpers to a circuit board while exposed to 2-Hz, .10-g vibration; this approaches the
10%-error curve in Figure 2.4. For this delicate task, this degree of error may be too great.
However, if the worker is inserting screws into holes and tightening them, this error rate
may be acceptable. The job may take slightly longer, but there is no immediate effect on
plant safety. If the vibration remained at 2 Hz but increased to 0.8 g, the worker is now
above the 50% error curve and task performance is now much more difficult. Frustration is
likely to set in and the task may be performed incorrectly (e.g., not all the screws are
inse-rted). Depending on the equipment being worked on, incorrect task performance may
now have safety consequences. Further, the worker is now well above the comfort boundary
in Figure 22 and, if the task exceeds approximately 1 minute, will be above the safety
boundary in Figure 2.3.

2.3.3 Vibration and the Ability to see Objects Accurately See Vol. 2,
Scin3.7.1.

Vibration blurs vision, interfering with the ability to read and to distinguish objects. As
with manual tracking and comfort, the effects on visual acuity depend on the frequency
and acceleration of the vibration. Figure 2.5 shows the error rates for number reading.
The lowest line of this figure corresponds to a 0% error rate in reading numbers, while
the uppermost line corresponds to a 70% error rate.

It is important to note the difference in the effects depicted by Figure 2.4 and Figure 2.5.
The curves in Figure 2.5 may be interpreted as error rates. On the 10% curve, there is a
10% chance that each digit in a number will be read incorrectly. In a seven-digit
number, for example, this works out to a 52% probability that the entire number will be
misread because one or more digits have been misread.

The curves in Figure 2.4, on the other hand, represent an area within which the object
will be placed; under vibration, this area is a certain percent larger than the area the
worker is aiming for. The difference is that if a placement error occurs in the manual
tracking task, the worker knows that an error has been made because the worker sees
that the target has been missed. The worker may repeat the task until it is successful. If
an error occurs in a number-reading task, however, the worker may not know that the
error has been made and will not try to reread the number correctly. The consequences
of misreading numbers in a nuclear power plant, consequently, may be higher than those
of a loss of accuracy in manual tracking. For example, consider a worker who must
manually check the RPM of a high pressure safety injection (H PSI) pump during HPSI
to ensure that RPM has not fallen below 2000. Aside from the gauge on the control
panel being monitored, the worker has no other indication of pump RPM; the worker
cannot, for instance, judge pump RPM based on sound or vibration level (assuming that
the gauge is located remotely from the pump). So, if the worker misreads the gauge due
to vibration, the worker will not know that a mistake has been made.

2.4 An ExampleSeVo.2
Tasks performed in nuclear power plants frequently are more complex than those discussed
in Sections 2.3.1 through 2.3.3. Many tasks have both manual tracking and visual acuity
components and may be affected by worker comfort. In such cases, performance deficits
are likely to occur if the limits for comfort, manual tracking, or visual acuity are exceeded.
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Figure 2.5 Percent error on number reading. This figure depicts the effects of various combinations of vibration
frequency and acceleration on number reading. Error rates are based on the likelihood of misreading a single digit.
Dashed lines indicate extrapolations beyond observed data (adapted from Morrissey & Bittner, 1975).
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To see how vibration would be analyzed in such a case, consider an example. At a boiling
water reactor (BWR), vibration can affect the performance of a worker who is responsible
for locally controlling a recirculation pump. This task has an implication for plant safety,
since recirculation pump speed affects coolant temperature, which affects reactivity. Use of
the steps outlined below can help determine whether task performance will be affected.

(1) The first step is to characterize the task. The worker controls pump speed by
regulating the voltage to the motor based on pump RPM, as indicated by a gauge.
The task has a manual tracking component (moving the lever that controls voltage
in response to the gauge reading) and a visual acuity component (reading the
gauge). Worker comfort and safety should also be checked.

(2) Next, the vibration must be measured. Assume that it is measured at 20 Hz and
0.4 g.

(3) The duration of the task should now be determined. In this case, the task is of
indefinite duration, because manual control is necessary only when normal control
is unavailable. The task must last until normal control is restored, an unpredictable
length of time.

(4) Figure 2.2 should be checked to see if the vibration is within comfort limits. Notice
that the point (20 Hz, 0.4 g) is above the one-minute comfort boundary. Given that
prolonged worker discomfort could lead to errors, it might be advisable to change
workers frequently (e.g., every 10 minutes) to avoid any problems that might arise
due to prolonged discomfort.

(5) Determine if the vibration is within safety limits. The combination of 20 Hz and 0.4
g lies between the 1 and 2.5 hour safety boundaries in Figure 2.3. A conservative
approach would be to expect safety effects after 1 hour of exposure. If workers are
changed frequently to minimize discomfort (and any resulting effects on plant
safety), worker safety should not be threatened.

(6) Determine the vibration's effect on manual tracking. Figure 2.4 shows that the
combination of 20 Hz and 0.4 g is below the 10% tracking error (i~e., loss in
accuracy of lever movement will be less than 10%). It is necessary to judge if this
error rate will significantly affect a worker's ability to control the pump. It is so
small that it should not, unless especially precise control is required.

(7) Determine whether the vibration will affect the worker's ability to read the gauge.
According to Figure 2.5, the 20-Hz, 0.4-g vibration corresponds to a chance of,
slightly more than 10% that a single digit will be misread. It is necessary to decide
whether this error rate is unacceptable. Because of the safety consequences of an
error, any likelihood of a vibration-induced error (i.e., any error rate above 0%)
may be too great. Other factors that may mitigate or increase the potential for
error can also be considered. These include display size and viewing distance (as
measured by visual angle; see Figure 6.4), lighting (see Chapter 6), and type of
display. Gauges, for example, may be easier to read than digital readouts under
vibration because the worker monitoring the gauge can make a rough assessment of
the reading by determining the position of the needle. (Note that it is difficult to
separate any errors that would result from misreading the position of the needle
from decrements in manual tracking.)
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Keep in mind that other environmental conditions will also affect task performance. In the
reactor building, particularly, heat, noise, and lighting may have an impact on task
performance. The other chapters in this handbook will be helpful for assessing the effects
of these other factors.

This example has shown that decisions regarding vibration cannot simply be made from 'the-
graphs alone. Although the graphs can provide indications of whether problems willn our, '.
the nature of the individual task must be considered. Thus, in addition to using these ''

graphs, it is important to talk to workers who are familiar with these tasks and to walk the
tasks down to provide a subjective assessment of the situation.

2.5 Suggested Remediation See Vol. 2,

This section presents available industrial practices for overcoming performance deficits from

exposure to vibration. This information may help the NRC assess licensee practices for
overcoming the effects of the vibration. If workers are exposed to vibration that exceeds the
levels in Section 2.3, as they were in the example presented in the previous section, the
following actions may be taken to reduce the potential impact on human performance.
These actions are listed in order of preference.

The source of the vibration may be eliminated where possible. For example, a
rotating shaft can be balanced.

Vibration may be isolated or dampened. For example, vibrating equipment can be
placed on shock mounts, or energy-absorbing materials can be placed between the
source of the vibration and the worker.

* Workstations can be isolated or dampened from the vibration. For example,
workers can work in a shock-mounted, energy-absorbing cubicle.

" The worker/machine interface may be modified to reduce any disruptive effects. A
few examples include (1) installation of larger dials, which can be viewed more
clearly when vibrating; (2) using auditory indicators instead of (or in addition to)
written words or numbers (if noise is not a problem); or (3) stabilizing the worker's
limbs (e.g., typing performance can be improved if the worker can rest his or her
arms on a stationary pad).

* Administrative controls could be imposed, such as limiting the amount of time
workers would be subject to vibration. These controls would primarily address
effects on comfort and worker safety.
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3 NOISE

Of all the environmental conditions discussed in this handbook, noise is the most common
in an industrial setting. Noise can impair the ability to hear by temporarily or permanently
damaging the ear. Noise can also affect hearing by obscuring other sounds, such as human
speech. Noise is annoying and can affect task performance at levels below those where
hearing is affected.

This chapter is divided into five sections:

* The basic terms and concepts used in this chapter are defined in Section 3.1.

* An overview of how noise affects performance is presented in Section 3.2.

o The effects of noise on human performance are discussed in more detail in Section
3.3.

* An example of a situation in a nuclear power plant involving exposure to noise is
presented in Section 3.4.

* Ways of reducing the effects of noise are discussed in Section 3.5.

3.1 Basic Concepts

Sound is produced when an object vibrates. That object could be human vocal cords or
operating machinery. When an object vibrates, the air molecules surrounding the object
also vibrate, compressing the air. Alternating bands of compressed and uncompressed air
form sound waves. Sound is detected when these waves reach the eardrum. If this sound is
unwanted, it is considered noise.

3.1.1 Frequency and Intensity See Vol. 2,

Sound waves are described using two measures, frequency and intensity, which are Section 4.1.

defined below, along with the related concepts of pitch, bandwidth, and loudness.

o The frequency is the number of oscillations (cycles) in the sound wave that occur in
one second. Frequency is measured in hertz (Hz). One Hz is one cycle per
second.

* Frequency is perceived as pitch. Lower frequencies have a lower pitch;
higher frequencies have a higher pitch. The range of frequencies to which
the human ear is sensitive stretches from 20 Hz to 20,000 Hz, with a
maximum sensitivity at about 3000 Hz. When examining the effects of
noise, the range of concern is between 63 Hz and 16,000 Hz, because the
sensitivity of the human ear is greatly reduced below and above this range.

* Noise is often a mixture of many frequencies; this mixture is the
bandwidth. The term octave is used when discussing bandwidths. An
octave is a range of frequencies where the higher end of the range is
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double the lower end; thus, the range from 30 to 60 Hz is one octave, as is
the range between 10,000 and 20,000 Hz.

The intensity of the sound wave is due to the difference in density between
the compressed air and the uncompressed air.

Intensity is perceived as loudness. Though related, intensity and loudness are not
the same; loudness is a subjective perception, while intensity is related to
mechanical energy and is independent of frequency or other factors that affect
loudness. A change in the intensity of sound may be accompanied by a perception
of change in its loudness, but not always.

Diagnostic instrumentation identifies noise sources, measures the intensity of the noise and
the frequency characteristics of the noise source. The noise measurement system most
frequently used in industry for quick surveys is a hand-held sound-level meter that expresses
the relative intensity of noise exposure in decibels. This device amplifies the noise signal
from a microphone and processes it for visual display. A single tone calibrator is required
every time it is used. However, a sound-level meter does not identify critical noise
frequencies. For example, to distinguish identical decibel noise sources by differences in
frequency, one needs to evaluate the frequency spectrum. A spectrum analyzer is a device
that, in addition to expressing the noise in decibels, separates the signal energy into bands
typically one octave in width. The octave-band analyzer is the most commonly used analyzer
for industrial noise measurements.

3.1.2 The Decibel See Vol. 2,
SeetVol. 4.2,2

The decibel is a unit of measure of relative intensity that is applied to the measurement 4.1.2.2.

of sound. Intensity is expressed in decibels. Sound intensities are expressed on a
compressed log scale where a ten-fold increase in intensity corresponds to an increase of
one decibel. Technically, a decibel is a logarithmic ratio of the sound pressure being
measured (P,) to a reference pressure (P,):

Db = 20 logo(PI/P2) Equation 3.1

Lp = dB = 10 log(p/pr,)2 or

Lp = dB = 20 log(p/p,)

p = root mean square sound pressure (measured in Pascals)

Pro = international reference pressure (measured in Pascals)

A Pascal is a measure of pressure that is equal to 1 Newton/cm2 . The pressure of 20 x 10.
Pa has been chosen as a reference because it has been found that the average young adult
can just perceive a 1000 Hz tone at this pressure. Therefore, this reference is often referred
to as the threshold of hearing at 1000 Hz.

Since noise encountered in the workplace is usually a combination of noises from several
sources, Section 3.42 presents an example of a situation where it is necessary to add
decibels. The use of a logarithmic ratio to calculate decibels somewhat complicates
addition. Figure 3.1 is an aid for adding decibels.
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Figure 3.1 Chart for adding decibels. Because the decibel scale is a logarithmic scale, decibel figures cannot be
combined by simply adding them. To use this chart, find the difference between the two decibel levels being added
on the horizontal axis. Read up to the curve and across to the vertical axis. Add the number on the vertical axis to
the larger of the two decibel figures.

From J. D. Irwin/E. R. Graf, Indusrial Noise and Vibration Control, 0 1979, pp. 12, 53. Reprinted by permission of PrenoelH-all,
Englewood Cliffs, New Jersey.
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For example, if a 90-dB sound is combined with 96-dR sound, Figure 3.1 indicates that 1 dB
should be added to the higher figure (because the difference between the two levels is 6);
the resulting sound level is thus 97 dB. When two equal decibel levels are added together,
their sum is equal to three decibels above the original level (because the difference between
the two levels is 0); for example, 88 dB combined with 88 dB yields 91 dB.

If two sound levels are separated by 10 dB or more, their sum is less than 0.5 dB greater
than the largest of the two levels. This fact is important. It means that if the quieter sound
were eliminated completely, the intensity of the sound would essentially remain unchanged.
For example, if someone talks in a room where a very loud piece of machinery is operating,
his or her speech will have little effect on the sound level in the room.

3.1.3 Loudness SeF Vl.2

Perception of loudness is a psychological phenomenon that is related to the intensity of Seton 4.1.3.-
sound but is not directly proportional to it. Loudness depends on the frequency of the
sound, the bandwidth of the sound, and the listener's distance from the source of the sound.
Because loudness is subjective, it cannot be directly measured; the only way to determine if
one sound is louder than another is to have several people hear the two sounds, ask them
which of the sounds is louder, and aggregate their opinions.

Because of the obvious imnpracticalities of this approach, measurement scales have been
developed to approximate human perception of loudness. Aside from intensity, one of the
greatest factors affecting perception of loudness is that the ear is not equally sensitive to all
frequencies. Humans are most sensitive to frequencies around 3000 Hz and are less
sensitive to the lower and higher frequencies. Thus, if someone was exposed to a tone of
constant intensity that varied in frequency from 20 to 20,000 Hz (holding constant any other
factors that would influence loudness), the tone would first seem quiet, would get louder as
the frequency increased to 3000 Hz, and then would appear to get quieter.

To approximate this effect, the decibel scale is weighted. Three scales are commonly used
for weighting; they are known as A, B, and C weightings. These different scales can be used
as the intensity of sound changes: the A weighting approximates the ear's frequency
response for sound below 55 dB, the B weighting approximates the ear's frequency response
between 55 and 85 dB, and the C weighting approximates the ear's frequency response
above 85 dB. In practice, the A weighting is frequently used because it is the most sensitive
of the three weightings. When decibels are weighted by the A scale, the resulting measure
of loudness is expressed as dB(A).

The relationship between weighted decibel level and loudness is not linear, as shown in
Figure 32. An increase of 10 decibels corresponds to a doubling in perceived loudness.
Figure 3.2 shows how listeners perceive a truck (approximately 100 dB[A]) to be
approximately four times as loud as an orator (approximately 80 dB[A]). This figure also
shows the decibel levels and perceived loudness of other common sounds.

The sound levels experienced in nuclear power plants ate likely to vary along the range
shown in Figure 32. Noise levels in offices are likely to be approximately 65 dB(A), while
noise levels in the turbine building of a nuclear power plant are very likely to exceed 85
dB(A) and can be louder than 115 dB(A). Table 3.4 (in Section 3.42), which shows sound
levels that may be encountered in a turbine building, provides more detail on the noise
levels that workers may expect to encounter in nuclear power plants.
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Figure 3.2 Relationship between perceived loudness and sound Intensity. This figure, in addition to showing
the loudness of some common sounds, shows how perceived loudness doubles for every 10 dB increase in
intensity. At levels below 60 dB, the graph line is difficult to distinguish from the horizontal axis (Lindsay & Norman,
1972).
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3.2 Overview of How Noise Interferes with Performance

Noise can affect task performance in a nuclear power plant in the following ways:

* Noise disrupts communication by obscuring speech, alarms, or other important
sounds. When communication is impaired, task performance can suffer. This effect
is discussed in Section 3.3.1.

* Noise directly impairs performance of simple and complex tasks. This effect is
discussed in Section 3.32.

* Noise is annoying. Annoyance, in turn, can impair task performance. This effect is
discussed in Section 3.3.3.

* Noise induces short-term hearing loss, or temporary threshold shift (TTS), which
can interfere with task performance by making it difficult for workers to
communicate. This effect is discussed in Section 3.3.4.

* Noise induces permanent hearing loss or noise-induced permanent threshold shift
(NIPTS), which can again make it difficult to communicate. This effect is discussed
in Section 3.3-5.

These performance effects are presented in order of sensitivity; disruption of communication
occurs at low levels of noise, while noise-induced permanent threshold shift occurs only after
exposure to higher levels of noise.

When considering noise, it is important to note that other environmental conditions also
may affect performance on the job. For example, it is extremely rare that noise from
machinery is not accompanied by vibration. The combination of the two may exacerbate
poor performance. Therefore, workers in nuclear power plants sometimes may be subject
to more severe conditions than the subjects examined in the laboratory situations that are
used as a basis for the following section.

3.3 Effects of Noise

This section discusses the effects of noise in more detail. Care must be taken when
assessing these effects. The levels where effects occur for communication, annoyance, and
temporary and permanent hearing loss are based on existing standards and are relatively
straightforward. However, the effect of noise on task performance is more complex and
may be positive or negative depending on the nature of the noise, the individual, and the
task. Therefore, the approach adopted in this chapter is to determine the highest decibel
level where no effects have been observed. This is known as the no-effect level. Exposures
above this level may lead to impairment, while exposures at or below this level should not.
The tables and figures in this section are based on unprotected hearing.

3.3.1 Noise and CommunicationSeVo.2

Relatively low levels of noise, or any sound, can disrupt communication among workers Seton 4.5.j
by masking speech or alarms. This effect can be especially problematic in the control
room where multiple alarms during an event can obscure verbal communication among
operators. Masking can occur at levels below those that can affect task performance or
damage the ear. Figure 3.4 (on the next page) shows the vocal effort required given the
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ambient noise level and the distance between the speakers. Obviously, any interference is
unacceptable if workers must frequently talk with each other, relaying complex messages
(e.g., in the control room). In other situations where communication is less frequent, higher
levels of interference are acceptable. It is appropriate to decide what locations in the plant
require good communication and teamwork and apply Figure 3.4 accordingly.

3.3.2 Noise and Task Performance
See Vol. 2,

C,.... A *

Exposure to noise also interferes witLA the ability to perform simple and LZ n . 7.I
complex tasks. These effects can vary substantially from person to
person. Impairments in decision making, memory, vigilance, attention, and psychomotor
"Idis are reported inconsistently in the scientific literature. It is impossible to develop a

single decibel exposure limit that will eliminate the effects of noise on task performance,
implying that any noise below this level will not affect task performance and that any noise
above this level will affect task performance. This problem is addressed by first providing
an explanation of how arousal can account for the inconsistent results in the scientific
literature. Recommendations that can be made using the conservative approach of the no-
effect level are then discussed.

I

Arousal is synonymous with interest or excitement. If workers are insufficiently aroused, F
they will be bored. Errors are likely to result because the worker is not paying attention See Vol. 2,
to the task or, in the extreme case, falls asleep. If workers are over-aroused, they Will [ectin 47. 1.
feel as though they are under a great deal of pressure and are likely to make errors
because they are under too much stress; for example, they may have difficulty remembering
or they may rush through a task and perform it incorrectly. The optimal level of arousal is
between these two extremes, where the worker is alert but is not unduly stressed. Figure
3.3 shows a typical arousal curve, which depicts the effects of arousal on task performance.

optimal arousal-peak

0)

a-)
CL

Arousal Level

Figure 3.3 Effect of arousal on performance. People perform best at an optimal level of arousal, as shown
on this arousal curve. The optimal level of arousal varies from person to person.
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Figure 3.4 Vocal effort necessary to overcomeO background noise. To use this figure, find the distance
separating the people speaking on the horizontal axis and the level of background noise on the vertical axis.
Determine the intersection and the relationship of that intersection to the lines on the graph corresponding to vocal
effort. For example, two workers separated by 2 feet could speak normally if the background noise were 71 dB(A)
(or less), but would have to shout if the background noise increased to 89 dB(A). This graph is based on speech
interference levels (SILs). which are typically used to determine the degree to which noise interferes with verbal
communication. An SIL is the average sound pressure level of the noise interfering with speech at four select
frequencies (octave bands centered at 500, 1000, 2000, and 4000 Hz). The SIL is closely related to the A-
weighted sound level (dB[AJ). For most common noises, the SIL is seven decibels lower than the loudness of the
sound expressed in dB(A). This simpler relationship was used to develop Figure 3.4 (Peterson & Gross, 1967).
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Factors that arouse workers ate called stressors. Noise is a stressor; it alters arousal. If an
increase in noise shifts an under-aroused worker to a point nearer the peak of the arousal
curve, noise will improve performance. If this increase shifts an under-aroused worker past
the peak, or if over-aroused workers are exposed to noise, performance will suffer.

Task performance in the presence of noise is affected by two factors:

* The degree of familiarity with the noise affects the extent to which the noise will
increase arousal. Familiar noises, such as the steady hum of a piece of operating
machinery, will increase arousal slightly. Unfamiliar noises, such as a radio
playing irritating music, will increase arousal to a greater extent.

* The complexity of the task will affect the worker's position on the arousal curve.
Simple tasks require that a worker devote only limited attention to them, so
workers can perform these tasks without being highly aroused. Complex tasks
require more attention, and thus a higher level of arousal, to be performed
effectively.

Uncontrolled variation in these factors, particularly the degree of arousal, can affect
experimental results.

Noise is likely to have a greater effect on task performance if the worker is unfamiliar with
the noise or if the task being performed is complex. Table 3.1 shows these effects. An
example of familiar noise would be the steady hum of a motor or the constant sound of
moving traffic on a busy freeway. Familiar noises tend to be continuous. Unfamiliar noise
includes speech, alarms, and similar disruptive sounds. Speech is considered an unfamiliar
noise because its content (i.e., what the speaker is saying) is unfamiliar. The sound of a
human voice is, of course, familiar to everyone.

Table 3.1 Effects of familiarity of noise and complexity of task
on task performance

See Vol. 2,

See Vol. 2,
Seton 4.7.3.

Familiar Noise Unfamiliar Noise

Simple Tasks

Complex Tasks

No performance Minor performance
effects effects, if any

Minor performance Strong performance
effects, if any I effects

Figures 3.5 and 3.6 show the effects of familiar and unfamiliar noise, respectively. Figure
3.5 shows that, if subjects in experiments are familiar with a noise, loud levels of that noise
will not impair the performance of simple tasks; for example, noise levels as high as 140
dB(A) do not aff-ect the ability to discriminate between lines or circles and levels as high as
115 dB(A) do not affect simple performance of simple motor tasks, such as gripping with
the hand. Familiar noise will affect performance of complex tasks, such as monitoring
several gauges, at levels above 100 dB(A).

An example may clarify the use of Figure 3.5. Assume that turbine noise levels of 120
dB(A) are measured in a room in the turbine building where auxiliary operators are
sometimes required to work. What effects will this noise have on tasks performed in this
room? Because auxiliary operators will be accustomed to the roar of the turbine, it should
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Figure 3.5 Effects of familiar noise. This figure shows how familiar noise can affect task performance. Simple
tasks are presented on the left. For example, the category of simple motor tasks includes gripping with the hand,
tightening and loosening nuts and bolts, manipulation of small objects, and pushing a button in response to a tone.
Complex tasks are presented on the right; complex tasks include monitoring several gauges, aligning a pointer,
monitoring a computer screen, and remembering short numbers. (Some inconsistencies in classification will be
noted if the tasks in this figure are compared to the tasks in Figure 3.6. These inconsistencies arise from
differences among the various studies upon which these figures are based.) The shaded area indicates sound
levels where effects have been observed; the bottom of the shaded area is the no-effect level. The white-boxed
areas indicate areas where no data are available; for example, experimenters have observed no effects on the
performance of simple motor tasks at noise levels as high as 115 dB(A). Higher levels of noise have not been
considered, so the point where effects actually appear is unknown. The black area indicates the pain threshold.
For visual discrimination, no performance effects were found at the pain threshold.
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Figure 3.6 Effects of unfamiliar noise. This figure shows how unfamiliar noise, such as speech or bursts of
noise, can affect task performance. Simple tasks are on the left. (The category of miscellaneous simple tasks
includes visual inspection, choosing from items presented on a computer screen, following a pointer, performing
arithmetical calculations, and remembering long numbers. Vigilance is also considered a simple task.) Complex
tasks are on the right. (Some inconsistencies in classification will be noted if the tasks in this figure are compared
to the tasks in Figure 3.5. These inconsistencies arise from differences among the various studies upon which
these figures are based.) The shaded areas indicate noise levels where effects have been observed; the lower
boundary of each shaded area is the no-effect level. Of particular note here is the low level of noise, especially of
unwanted speech, that can disrupt reading, affecting reading time as well as comprehension. The black areas
indicate regions where noise is loud enough to cause pain.
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be considered familiar noise, making Figure 3.5 the appropriate figure to use (as opposed to
Figure 3.6, which applies to unfamiliar noise). Locate 120 dB(A) on the left axis of Figure
3.5. Now read across the figure. No effects on discrimination between lines and circles
have been measured at 120 dB(A); these effects, in fact, do not appear at the pain
threshold, which is 140 dB(A). However, the effects of 120-dB(A) noise on performance of
simple motor tasks, simple arithmetic and numeric comparisons, and detection of contrast
and movement, are not known because no data are available for noise levels above 115, 100,
and 90 dB(A), respectively. All that can be said with certainty in the case of simple motor
effects, for instance, is that laboratory studies have not found impairment at 115 dB(A).
The actual point where adverse effects appear is unknown; it may be as low as 116 dB(A)
or, as with visual discrimination, effects ray not appear as high as the pain threshold.
Hence, caution should be used in these regions (identified by the white boxes with the
question marks) and it should be assumed that effects are possible.

The effect of 120-dB(A) noise on complex tasks is much more straightforward, as 120 dB(A)
is above the no-effect level of 100 dB(A), indicating that performance of complex tasks will
be affected.

The conservative way to determine if noise is excessive is to use the concept of the no-effect
level. Applying this concept, effects are assumed to occur just above the highest level at
which effects have not been experimentally observed. As an example, the exposure
threshold for ensuring that familiar noise does not affect performance of complex tasks is
100 dB(A) (see Figure 3.5). This is considered the no-effect level. Given the data that are
available, it is not possible to set no-effect levels for any of the simple tasks on the left side
of Figure 3.5. The lack of a no-effect level does not present a problem in these situations,
however, because other effects are likely to occur at the highest levels where these simple
tasks are unaffected. In other words, although simple motor tasks are unaffected at 115
dB(A), other, potentially more serious, effects are certain to occur at this level-
communication will be impossible, workers will be annoyed, and temporary and permanent
hearing damage becomes a danger (these effects are all discussed in later sections of this
chapter). These other effects render moot the question of whether performance of motor
tasks is affected.

Figure 3.6 shows the effects of unfamiliar noise on task performance. Simple tasks and S o
vigilance (also considered a simple task) are affected above 95 and 100 dB(A), See Vol. 2,
respectively. These are no-effect levels. Tasks that are more complex (transforming Section 4.7.4.
letters, reading, and balance) can be affected at lower levels. It is especially important to
note the low levels of noise that can disrupt reading. Unwanted speech is particularly
problematic; reading time and comprehension can suffer in the presence of speech at levels
as low as 40 dB(A).

3.3.3 Noise and Annoyance

Noise, whether familiar or unfamiliar, can be annoying. Figure 3.7 plots the relationship
between decibel level and the percentage of workers who are highly annoyed by continuous
noise. Above 85 dB(A), all workers who are not familir with the noise are likely to be
annoyed. Annoyance has an important effect on social interactions, particularly when a
team effort is required to complete a job. If noise-induced annoyance leads to a breakdown
in teamwork, errors may result.
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Figure 3.7 Annoyance curve. This figure shows the relationship between level of unfamiliar noise and the
percentage of workers likely to be annoyed by that noise. This relationship is presented conservatively. It is likely
that as many as 100% of all workers will be annoyed at 85 dB(A) (adapted from Schultz, 1978).
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3.3.4 Noise and Temporary Threshold Shift (TTS) See Vol. 2,

Exposure to high levels of noise, or any sound, can cause a temporary threshold shift Section 4.3.2.

(TTS). TTS is a change in the threshold at which noise can be detected by the human
ear. For an unaffected worker, there is no shift in hearing ability, meaning that the worker
can hear sounds above a threshold shift of 0 dB. If, for example, a worker is exposed to a
noise of sufficient intensity to generate TTS, the threshold of hearing will temporarily
increase from 0 to 30 dB(A). A worker suffering from TTS may also experience degraded
task performance, as his hearing will be impaired. For example, he will be less able to hear
shouted warnings and alarms, which could lead to an error.

Figure 3.8 shows the effect of loudness and exposure time on TTS. The measurements
depicted in Figure 3.8 were taken two minutes after exposure to the noise. Increased noise
levels, exposure durations, or both lead to more severe TTS; exposure to 105 dB(A) noise
for 100 minutes will lead to a TTS of 40 dB(A). TTS disappears once the worker is no
longer exposed to the noise. Workers will recover from TTS in less than 16 hours if the
TTS does not exceed 40 dB, meaning that a worker will be impaired during and after work
but will return to normal while sleeping that night.

It is important to recognize the limitations of Figure 3.8, which is based on average hearing
losses among large populations of people. Figure 3.8 describes the results of noise exposure
on groups of people and is not designed to predict the effect of noise exposure on individual
workers. Figure 3.8 is based on intermittent noise, which is different from continuous noise
at a constant decibel level. One cannot generalize these predicted losses to other kinds of
noise. The TTS predictions also break down if TTS exceeds 40 dB(A), the time interval
over which the exposure to noise is measured is less than five minutes, or the hearing loss is
not measured two minutes after the exposure. Finally, Figure 3.8 applies only to individuals
with unimpaired hearing. Despite these limitations, Figure 3.8 is the best guide available for
estimating TTS.

3.3.5 Noise-Induced Permanent Threshold Shift (NIPTS) See Vol. 2,

Prolonged exposure to noise, or any sound, can lead to a permanent loss of hearing. Section 4.3.3.

Such permanent losses are known as noise-induced permanent threshold shift (NIPTS).
The causal relationship between TTS and NIPTS is still under investigation. Researchers do
not know all the links between the two hearing loss problems. NIPTS can result from
continuous noise or impulse noise, as discussed in Sections 3.3.5.1 and 3.35.2, respectively.

3.3.5.1 Continuous Noise

The loss of hearing as one ages is typical. Figure 3.9 presents the permanent hearing loss
for different age groups of industrial workers given the level of exposure to noise and the
workers' age. The prevalence of hearing loss among 20- to 29-year-olds exposed to 80
db(A) or less over their working life is less than 3%; in other words, approximately 3% of
all 20- to 29-year-olds will naturally lose at least 15% of,their hearing. By age 59, at least
22% of the general population loses 15% of its hearing! Long-term exposure to noise above
80 dB(A) will lead to greater loss for all age groups. This loss of hearing can affect
performance in many ways; for example, workers may not hear spoken instructions or
alarms from a distance.
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Figure 3.8 Temporary threshold shift. Temporary threshold shift (ITS) is a temporary increase in the threshold
at which a sound can be perceived. "TS occurs after exposure to excessive noise. This figure depicts the shift in
the threshold of detecting a 4000-Hz sound two minutes after exposure to a noise band centered at 1700 Hz. The
different lines correspond to different noise levels. For example, exposure to a 90-dB noise for 100 minutes will
cause a 20-dB T-S at 4000 Hz (adapted from Ward, Glorig, & Sklar, 1959).
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Because NIPTS is a long4erm problem, it is important to set safe levels of noise
exposure over a working life. A conservative standard for noise exposure is the
American Conference of Government Industrial Hygienists' Threshold Limit Values
(TLVs) shown in Table 32. The TLVs address ". . . sound pressure levels and durations
of exposure that represent conditions under which it is believed that nearly all workers may
be exposed repeatedly without adverse effects on their ability to hear and understand
normal speech."* It is important to note that the TLVs specifically address instances
where communication is affected because the noise level has temporarily or permanently
damaged the ear; the TLVs do not address instances where communication is impaired
because the noise may obscure a sound that the worker must hear, as discussed earlier (in
Section 33.1).

Table 3.2 ACGIII-TLV standards for continuous noise
(American Conference of Governmental Industrial Hygienists, 1987)

Duration per Day Noise Level

16 hours 80 dB(A)
8 hours 85 dB(A)
4 hours 90 dB(A)
2 hours 95 dB(A)
I hours 100 dB(A)

30 minutes 105 dB(A)
15 minutes 110 dB(A)
7 minutes, 30 seconds 115 dB(A)

See Vol. 2,
Section 4.2.'1.

Other standards for noise exposure do exist. The Occupational Safety and Health
Administration's Permissible Exposure Limits (PELs) are another accepted standard. The PELs
are 5 dB(A) above the TLV limit for each duration. For instance, workers can be exposed to 90
dB(A) for 8 hours a day under the PELs, as opposed to the 85-dB(A) limit in the TLVs.

If a worker spends his or her entire shift being exposed to a constant level of noise, then
Table 32 can be used directly; for example, for an 8-hour shift, the constant noise level should
not exceed 85 dB(A). If a worker is exposed to varying noise levels throughout a shift, it is
necessary to calculate a time-weighted average exposure for that worker. Because noise levels
will vary throughout a nuclear power plant (as shown in Table 3.4), time-weighted averages will
be needed to calculate exposures for workers who move throughout the plant during a shift (e.g.,
maintenance personnel, auxiliary operators).

Equation 3.2 is used to calculate the time-weighted average exposure, which is a sum of the ratios
of the duration of each exposure (D.) to the permissible time at that exposure (T,). If the sum
exceeds 1, then the individual is considered to be overexposed. All on-the-job noise exposures
exceeding 80 dB(A) should be used in this calculation. Fortunately, there are dosimeters that a
worker can wear all day that conveniently compute exposures in this manner.

"American Conference of Governmental Industrial Hygienists. (1987). Threshold Limit Values and Biological

Exposure Indices for 1987-1988, p. 79. Cincinnati, OH: American Conference of Governmental Industrial Hygienists.
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Exposure = E.(D,/,) EtEquation 3.2

For example, assume that, on a given day during an outage, a maintenance worker spends a total
of 90 minutes under the overhead cranes at the entrance of the turbine building, which emit a
continuous 95-dB(A) noise. He also spends three 20-minute intervals inside the containment
building, where the noise level is 90 dB(A). Throughout the day he is in and out of the tool
room and locker areas, where the noise level is 80 dB(A), for a total of 120 minutes. He spends
the remaining time completing paperwork at his office desk, where the noise level is 75 dB(A).

Exposure = Z(D/ Tý)
= (90/120) + (60/240) + (120/960)
= 0.75 + 0.25 + 0.125
= 1.125

The exposure is computed by dividing the duration of each exposure by the permissible duration.
The first term of the equation above pertains to the time spent under the 95-dB(A) crane. The
permissible exposure (from Table 32) is 120 minutes. The worker was actually exposed to the
crane's noise for 90 minutes. The second term pertains to the 60 minutes spent in the
containment building, where permissible exposure (to 90 dB[A]) is 240 minutes. The final term
pertains to the 120 minutes spent in the tool room, where the worker was exposed to 80 dB(A);
the limit for 80 dB(A) is 16 hours, or 960 minutes. The time spent at the office is not taken into
account because it is below 80 dB(A). The results indicate that the worker was overexposed to
noise, because the value of the exposure is greater than 1. This overexposure, if typical, will
likely lead to NIPTS. Section 3.5 discusses the steps that may be taken to reduce exposure.

3.3.5.2 Impulse Noise

Hearing can also be impaired by bursts of noise, such as from a jack hammer. Such bursts, if
they occur at intervals greater than 1 second, are called impulse noise. Even when the TLVs are
not exceeded, bursts of impulse noise may momentarily affect performance of inspection or
vigilance tasks, tracking of a pointer, or mental arithmetic. (Because impulse noise is considered
to be unfamiliar noise, the direct effects of impulse noise on task performance are addressed in
Figure 3.6.) Temporary tinnitus, or ringing of the ears, is a common result of exposure to
excessive impulse noise.

Therefore, in addition to computing the time-weighted average exposure and comparing it to the
TLVs, it is also important to identify possible excursions above the TLVs resulting from impulse
noise. Exposure to impulse noise is described by the number of impulses at a given decibel level.
Impulse noise should not exceed the limits presented in Table 3.3. No impulse noise exposures
in excess of 140 dB(A) should be permitted under any circumstances.
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Table 3.3 The ACGIH-TLV standards for imipulse noise
(American Conference of Governmental Industrial Hygienists, 1987)

Permitted Number of

Noise Level Impulses per Day

120 dB (A) 10,000
130 dB (A) 1000
140 dB(A) 100

Impulse noise can be considered along with continuous noise when determining permissible
exposures during a workday by simply dividing the exposure by the permissible exposure. The
only difference is that the permissible exposure for continuous noise is measured in hours, while
the permissible exposure for impulse noise is measured in the number of impulses.

The calculation in the previous example can be modified to include impulse noise. Assume that,
instead of being exposed to 60 minutes of 90-dB(A) noise, the worker is exposed to 500 130-
dB(A) impulses. His other exposures to noise remain the same. The total exposure is now
calculated as follows:

Exposure = (90/ 120) + (120/ 960) + (500/ 1000)
= 0.75 + 0.125 + 0.50
= 1.375

The last term of the equation (i.e., 500/11000) reflects the exposure to the impulse noise; the
exposure of 500 impulses is divided by the maximum permissible exposure of 1000 impulses.
Because the sum of the exposures is greater than 1, the worker is overexposed.

3.4 An Example

Workers who perform tasks in nuclear power plants may be subject to some or ali of the effects
discussed in the preceding sections. For example, maintenance personnel working on an
operating turbine may be subject to masking of speech and annoyance; task performance may
also be affected. These problems may be exacerbated by a loss of hearing that has occurred as a
result of exposure to noise over a working life. Consequently, when assessing the effects of noise,
the likelihood of all of these effects must be considered. This section presents the approach that
can be useful for assessing the presence of the effects discussed in this chapter.

This particular example addresses the noise levels in the turbine building. Noise levels can
reduce workers' ability to concentrate and do their jobs well. This section describes the steps
that should be taken to determine the severity of this, or any, noise problem.

3.4.1 Step One: Measure Noise Levels and Characterize Tasks

The first step is to obtain measures of the noise levels at work stations and other areas of the
turbine building. These measurements are best taken by an industrial hygienist, who will prepare
an industrial hygiene noise survey. The area samples taken during an industrial hygiene noise
survey will yield a scaled map of the facility that notes the noise levels throughout the areas
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measured. Table 3.4 presents the results of a hypothetical survey of noise exposures recorded
throughout the turbine building of a nuclear power plant when the turbine is running.

Table 3.4 shows the average noise level over an eight-hour period. Noise levels vary widely
throughout the turbine building. This variation underscores the importance of obtaining a
comprehensive survey in each plant. In almost all locations, noise is at or above the TLV of 85
dB(A) for eight hours. It is also important to characterize the tasks that will be performed in the
turbine building. In this case, such a broad range of activity occurs in the turbine building that it
will be necessary to consider all of the effects disc~issed in Section 3.3.

3.4.2 Step Two: Evaluate the Effects of Noise on Performance

The second step is to evaluate potential disruption of communication, performance of tasks, and
degree of annoyance induced by the noise levels collected in Step One. To do so, determine the
tasks that are performed in the various areas surveyed and, using Section 3.3, determine if
performance of those tasks is likely to be affected by the exposures that Will be encountered.

" Impairment of communication is likely if the noise levels exceed the levels in Figure 3.4.
A check of Figure 3.3 reveals that effects on communication are likely to occur
throughout the turbine building. The noise level of 85 dB(A) by the A and B train
outlets, for example, will require that workers standing approximately 9 inches apart
must speak in a louder-than-normal voice, and that workers standing approximately
3 feet apart must shout to be heard. These noise levels are likely to make teamwork
difficult.

* Next, check to determine whether effects on task performance are likely. The noise in
the turbine building is a steady roar. Experienced workers can be expected to be used to
this noise, hence it should be considered familiar noise. Figure 3.5 is thus relevant. One
should assess the noise level in an area and the tasks being performed when deciding
whether decrements in task performance are likely. To continue with the previous
example, the 85-dB(A) noise by the A and B train outlets should not affect simple or
complex task performance. But in many of the louder areas (e.g., by the feedwater
heaters or the A and B embedded crossovers), decrements in performance of simple
tasks are possible and performance decrements for more complex tasks (e.g.,
remembering short numbers) are likely. Depending on the tasks that are performed in
these areas, problems in task performance may result.

* The area noise levels should also be compared to the expected percentage of highly
annoyed workers, as estimated in Figure 3.7. In this case, many if not all workers are
likely to be bothered by the noise levels throughout the turbine building; for example,
the 85-dB(A) noise by the A and B train outlets is also likely to annoy all workers. In
these situations it is equally important to determine an acceptable degree of noise-
induced annoyance. Irritated workers will have more difficulty working together. Using
the degree of teamwork necessary as a guide, it is necessary to estimate the acceptable
percentage of highly annoyed workers for specific tasks.

It may be necessary to adjust these noise levels for situations that were not measured during the
survey. For example, assume that the AO control shack contains an air compressor that
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Table 3.4 Area noise exposure levels that may be present in a turbine building

Turbine, 80-Foot Level Range (dB[A])

By ammonia/ hydrazine day tanks 87
By air compressors 83-89
By A and B embedded crossovers 91-95
By A and B train outlets 85
By anion/cation resin tanks 83-87
By maintenance bay area 87-92
Along walkway by condensers 91

Turbine, 100-Foot Level Range (dB[A])

By feedwater heaters 95-105
South end of 3A-3C and 4A-4C heaters 84-87
By L07 load centers 85
By hydrogen facility and control panels 87-93
North end of 3A-3C and 4A-4C heaters 85-90

Turbine, 120-Foot Level Range (dB[A])

Inside lunchroom area 84
By the contractor trailer and AO control shack 80
Main floor by steam heaters 90-91
Turbine deck walkway 90-91
Main floor by generator 88
Inside maintenance area 86
By generator end 86
Main floor by generator 88-91
Main floor by steam heaters 88-91
Turbine deck walkway 90-92
Center; turbine deck between turbines 92

Corridors Range (dB[A])

80' level; North 60
100' level; North 75
100' level; South 80
120' level; North, main floor 75
120' level; South, main floor 84
120' level; North, upper walkways 80
140' level; North 85
140' level; South 80
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runs intermittently. When it is running, the air compressor emits 83 dB(A). To determine the noise
level in the AO shack when the air compressor is running, it is necessary to add the measured level
in the AO shack (80 dB[A]) to noise generated by the compressor (83 dB[A]). Recall that Figure
3.1 is an aid for adding decibels. Calculate the difference between the two levels, which is 3 dB(A).
Figure 3.1 shows that approximately 2 dB(A) should be added to the larger of the two decibel levels;
thus, the sound level with the compressor running is 85 dB(A).

3.4.3 Step Three: Calculate and Assess Workers' Exposures

Step Two addressed noise levels based on areas of the plant. This step helped assess the
likelihood of impaired task performance based on the noise level in an area and on the tasks that
were performed in the areas. Step Two did not provide much information about workers'
exposures, however, because workers are likely to move throughout the plant and be exposed to
different sound levels throughout a shift. Hence, step three describes an assessment of noise
based on job title (rather than areas of the plant).

It is first necessary to determine workers' exposures. Although this information could be
calculated using Equation 3.2, that approach is clumsy (because workers would have to log their
movements throughout the day) and likely contain some degree of error (because the logs and
the recorded noise levels may be inaccurate). The clearly preferred method is to equip each
worker with a noise dosimeter. The use of noise dosimetry is highly analogous to the use of
radiation dosimetry.

It is useful to examine exposure by job title. This would be done by averaging the exposure
levels for workers in each job title. Table 3.5 shows, for this example, average exposure for
workers by job title. (These exposures are hypothetical.) It is important to realize that this step
deals with effects on groups of workers rather than effects on individual workers; so the results of
this step could be used to determine that, for instance, radiation protection technicians as a
whole were overexposed and steps should be taken to protect them as a group. Step Four, which
follows, deals with effects on individual workers.

When looking at Table 3.5, a variety of general conclusions regarding the effects of noise on
communication, task performance, annoyance, TTS, and NIPTS can be drawn. The following
paragraphs discuss these conclusions.

The first column of Table 3.5 presents the 8-hour time-weighted average exposures for various
job titles. Looking at this information alone, one might conclude that all categories of workers
often work in situations where communication is impaired (see Figure 3.3) and where noise may
cause some degree of annoyance (see Figure 3.7). These conclusions are valid. However, one
might also judge that no likelihood for TTS or NIPTS exists, because the average is in all cases
below the 8-hour TLV of 85 db(A) and that task performance (with the possible exception of
reading) will remain unaffected (see Figures 3.5 and 3.6). These are erroneous conclusions, as
further examination of Table 3.5 will reveal.
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Table 3.5 Personal noise exposures by job title

Range of
8-Hr Time- Time-Weighted Percent Peak

Weighted Average Exposure" Above 85 Exposur
Job Title (db[A]) dB(A) e(db[A])

Exposure (db[A])

Mechanics 74 62-81 0 120
Electricians 79 73-88 27 134
Utility Workers 76 64-84 0 132
Control Technicians 69 54-85 6 117
Auxiliary Operators 81 66-105 25 138
Operations Support 76 65-82 0 115
Chemistry 73 65-95 10 110
Radiation Protection 73 63-84 0 125

*The low figure here is the average of the low for each worker; similarly, the high figure is the
average of the high for each worker.

The second column, which presents the range of time-weighted exposures, shows the average
range for each job classification. This column provides additional information: auxiliary
operators, on average, are exposed to daily highs of 105 dB(A). This is quite loud; if these
exposures exceed 30 minutes, they alone will push an auxiliary operator's time-weighted average
exposure above the TLV. They will also impair many types of task performance, will render
communication impossible, and may induce TTS. Chemists are also exposed to daily highs that
may have similar effects. It is also noteworthy that communication will be impaired at the low
end of each of these ranges (see Figure 3.3), indicating that workers may confront
communication problems constantly during the work day.

The third column shows the average percent of time spent above the 85 dB(A) for each job title.
Although the range of exposure for electricians seems relatively low, 27% of their time is spent
above 85 dB(A). In this region, annoyance and impaired communication are quite likely and task
performance may be affected, particularly if the noise is unfamiliar and the task is complex.

Finally, the fourth column shows the peak exposure for the individual worker in each category
with the highest exposure. A peak exposure is defined as the highest exposure that is sustained
for 15 minutes. These figures are all quite high, indicating that there may be an exposure
problem, and thus a performance problem, for some workers in all categories. TTS is also likely
at these levels.

This discussion points out the dangers of using a simple average to determine if a category of
workers is overexposed (i.e., their time-weighted average is above the TLV in Table 32). One
brief, intense exposure can "swamp" lower exposures and lead to an overexposed condition. To
consider an extreme example, a worker can be exposed to complete silence throughout the day
except for one 150-dB(A) burst of impulse noise. Although the average exposure will be very
nearly zero, the worker will be overexposed.
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3.4.4 Step Four: Obtain and Analyze Annual Audiometry Data

While Step Three provided important information on groups of workers by job title, it does not
provide much useful information on the effects of exposures to individual workers. Even the
time-weighted exposure averages are flawed indicators. They do reveal if workers are
overexposed and therefore at risk of sustaining hearing loss, but a time-weighted exposure will
not provide a complete exposure history for the worker over his or her entire career; as a result,
time-weighted exposures are of little use in assessing the actual amount of NIPTS. Only personal
audiometry data will indicate if the individual is suffering from NIPTS. In other words, rather
than calculating exposures, workers' hearing should be tested for TTS or NIPTS to obtain a
definitive measure. These tests are performed annually by trained professionals, such as
occupational nurses. Patterns in hearing loss, analyzed by job title and workstation, can be used
to verify the efficacy of the plant's current noise protection program.

3.5 Suggested Remediation

If the combined noise levels exceed the levels in Section 3.3, then action may be advisable to
control the noise exposure. This section presents available industrial practices for overcoming
performance deficits from exposure to noise. This information may help the NRC assess licensee
practices for mitigating noise. It may be possible to use quieter work processes, alter or enclose
equipment, or use sound-absorbing materials to prevent the spread of noise by isolating the
source. Alternatively, one can isolate the worker and enforce a hearing conservation program.

3.5.1 Quieting the Work Process

The best method of reducing the effects of noise is to reduce it at its source.

* The preferred solution is to reduce the vibration that is causing the noise by isolating or
dampening the vibration with machine mountings.

" The speed of the operating machinery can be altered.

* The frequency of the noise can be altered.

* The resonance of the vibrating objects can be reduced.

3.5.2 Alter or Enclose Equipment

If the equipment cannot be silenced, the next step is to reduce the transmission of sound to the
workers.

High-frequency noise can be reduced by increasing the distance of the noise source from
the worker. This technique is less effective for low frequencies.

Noise can be reduced by placing barriers between the source and the worker. Sound-
absorbing materials can absorb 70% of the noise that strikes them. These materials are
effective for both low and high frequencies.
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3.5.3 Protect the Worker

If the noise cannot be reduced at the source, the next step is to isolate the worker from the
noise.

* Sound-proofed rooms can be constructed to protect the worker.

" Ear protection is a last resort because it can obscure important sounds as well as noise,
but may be necessary when engineering controls are being developed or are not
available. Be aware, however, that ear protection can impair verbal communication.

" The amount of time that workers spend in noisy environments can be limited.
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4 HEAT

Workers in nuclear power plants may be exposed to excessive heat when working in an area such
as the turbine building or when working outdoors in warm climates. Working in excess heat can
make workers ill, increase errors in mental performance, and increase errors on perceptual-motor
tasks that rely on accurate perception and movement, such as manually tracking a pointer on a
gauge. Working in heat is also uncomfortable. Heat can be parti-cularly problematic when
workers are in confined spaces with little airflow. As with other environmental conditions,
human errors due to exposure to excess heat may affect plant safety to the extent that plant
safety depends on reliable human performance.

This chapter is divided into five sections:

* The basic terms and concepts used in this chapter are defined in Section 4.1.

* An overview of the effects of heat on performing tasks is presented in Section 42.

" The effects of heat on human performance are discussed in more detail in Section 4.3.

" An example of a situation in a nuclear power plant involving exposure to heat is
presented in Section 4.4.

* Ways of reducing the effects of heat are discussed in Section 4.5.

4.1 Basic Concepts

Heat is a form of energy that is produced by the vibration of molecules. Heat (or
temperature) is typically measured in degrees Fahrenheit (*F) or degrees Celsius (°C).

See Vol. 2,
Section 5.1.

The average person determines the temperature by simply looking at a thermometer; this
person is measuring the air temperature, which is also known as the dry-bulb temperature.
But air temperature does not take into account the other factors, such as humidity and air
velocity, that affect human performance in heat, necessitating other, more complex, means
of measuring temperature:

* Simple measurement of air temperature is inadequate in an industrial setting,
because what matters is the effect of that temperature on the worker. This effect is
assessed by measuring the worker's deep-body temperature, either orally or rectally
using a thermometer. Deep-body temperature is affected by a variety of factors
besides air temperature, including the humidity, the amount of radiant heat (e.g.,
from sunlight or a hot wall), the clothes being worn, and the presence or absence of
air movement.

" It is easier to estimate deep-body temperature than to measure it. The preferred
index for estimating deep-body temperature is the wet-bulb globe temperature See Vol. 2,

(WBGT). Compact, portable area heat stress monitors are available to compute Section 5.1.2.3.

the WBGT index. The WBGT index is a weighted average of the ambient or
dry-bulb temperature, the natural wet-bulb temperature, and globe temperature.
The units display indoor or outdoor WBGT as well as any of the individual sensor
temperatures used to compute the index. In addition, these units can monitor a hot
environment from a remote location.

4-1



* Another estimate for deep-body temperature is the effective temperature (ET), I
which is determined from a chart. The ET is useful when assessing the effect of See Vol. 2,t
heat exposure on discomfort. ET is defined by various combinations of dry-bulb Section 5.1.2.1.

temperatures, air velocity, and humidity that would provide the same thermal
sensation to the occupants. Therefore, one needs to measure dry-bulb temperature,
wet-bulb temperature, and air speed to find an ET. Methods for correcting for
radiant heat exchange are also included. The WBGT, as a general measure of heat
stress, is preferred over the ET because the WBGT is designed for broader
applications not necessarily near the comfort zone and was not based on a subjec-
tive scale using sedentary clothed subjects.

" The dew point temperature is the temperature at which water vapor begins to
condense. Psychrometers and WBGT instruments both measure wet-bulb and dry-
bulb temperatures. These two measures define the relative humidity and dew point
on a display, psychometric chart, or table.

" The operative temperature is a weighted average of the air temperature and the
radiant temperature. As the name implies, radiant temperature (and therefore,
operative temperature) takes into account radiated heat (e.g., from the sun or a
space heater). The operative temperature depends on measuring radiant heat and
is otherwise known as black globe temperature. A thermometer is placed inside a
black globe at the desired location. The temperature is measured by the thermom-
eter after thermal equilibrium has been established, in about 20 minutes. At
equilibrium, heat loss or gain by convection is balanced by heat loss or gain by
radiation.

In addition to these temperature indices, the following concepts are important to under-
standing the material in this chapter:

The metabolic rate, the heat generated by the body, can be measured in
kilocalories\ hour (kcal\ hr).* Table 4.1 gives the number of kilocalories expended
per hour by a 154-pound worker for various light, moderate, and heavy tasks. It
may be helpful to refer to this table when using the figures in Section 4.3.

* The relative humidity is the ratio of the amount of water vapor in the air to the
total amount of water vapor the air could hold at that temperature.

* An occupational assessment of heat exposure would not be complete without
accounting for the effects of clothing a worker is wearing. Workers are continually
generating heat through metabolism and some of this heat is trapped by clothing.
The clothing thermal unit (clo) quantifies the insulating properties of clothing. A
worker in 68"F (20"C) air wearing one clo will be warm, or as comfortable as an
unclothed worker at 81*F (270 C). Therefore 1 clo affords 13*F (7"C) of protection
(the difference between 68 and 81*F [20* and 27"C]). Table 42 lists the clo values
for various items of clothing. To estimate the clo value of a particular ensemble,
add the clo values for each item and multiply br 0.82.

A ldlocalorie is 1000 calories. Some confusion may result because the calories reported on food labels often are
actually kilocalofies. Sometimes a idlocalotie is referred to as a Calorie (with a capital C), but this distinction is not
always maintained.

4-2



Table 4.1 Metabolic rates of typical tasks

Metabolic

Activity Rate

Light

Reclining 72 kcal/hr

Seated quietly 90 kcal/hr

Sedentary activity or standing while relaxed 110 kcal/ hr

Light industrial work (e.g., monitoring instruments in the control 150 kcal/hr
room)

Moderate

Walking at 3 miles/hr 240 kcal/hr

Medium industrial work (e.g., nailing, operating heavy construction 250 kcal/hr
machinery, lifting light boxes, truck driving, pushing tool carts)

Heavy

Riding a bicycle at 13 miles/hr 480 kcal/hr

Digging 510 kcal/hr

Climbing stairs briskly 660 kcal/hr

Jogging at 7 miles/hr 840 kcal/hr

4.2 Overview of How Heat Interferes with Performance

Exposure to excess heat can affect task performance in four ways. These effects are
presented in the order in which they would appear as temperature increases. The least
severe effects appear at lower temperatures.

* Heat can make workers uncomfortable. Workers may be distracted by this discom-
fort and may commit errors. This effect is discussed in Section 43.1.

* Heat can affect perceptual/motor tasks, again leading to errors. This effect is
discussed in Section 43.1.

" Heat can affect performance of mental tasks involving attention, memory, verbal
reasoning skills, logic, and arithmetic and lead to errors. This effect is discussed in
Section 43.3.

* Excess exposure to heat can cause heat stress. In the beginning stages of heat
stress, a worker can become confused and can perform actions that may be
detrimental to plant safety. In severe heat stress, a worker becomes unconscious
and may even die. This effect is discussed in Section 4.3.4.
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Table 4.2 Clo units for individual items of clothinge

Men Women

Itemb Clo Itemb Clo

Underwear

Long underwear upper
Long underwear lower
T-shirt

Sleeveless

Briefs

Shirt

Heavy long sleeve
short sleeve

Light long sleeve
short sleeve

(plus 5% for tie or turtleneck)

Heavy vest

Light vest

Heavy sweater

Light sweater

Heavy jacket

Light jacket

Heavy trousers

Light trousers

Socks
Knee-high
Ankle length

Shoes
Boots
Oxfords
Sandals

0.10
0.10
0.09
0.06

0.06

029
0.25

022
0.14

0.29

0.15

0.37

020

0.49

022

0.32

026

0.10
0.04

0.08
0.04
0.02

Full slip
Half slip

Long underwear upper
Long underwear lower

Bra and panties

Heavy blouse
Light blouse

Heavy dress
Light dress

Heavy skirt

Light skirt

Heavy sweater

Light sweater

Heavy jacket

Light jacket

Heavy slacks

Light slacks

Stockings
Any length
Pantyhose

Shoes
Boots
Pumps
Sandals

0.19
0.13

0.10
0.10

0.05

029
020

0.70
022

022

0.10

0.37

0.17

0.37

0.17

0.44

026

0.01
0.01

0.08
0.04
0.02

Source: Sprague and Munson, 1978.

'To calculate the c1o value for a clothing ensemble,
and multiply the total by 0.82.

add the individual cio values of each item the worker is weanng

b'Athough it is generally accepted that someone who is cold should wear a hat, it was not possible to find a do value
for a hat during a search of the literature.
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When considering heat, it is important to note that other environmental conditions com-
bined with heat may affect performance on the job. For example, the heat in the turbine
building is also accompanied by noise and vibration. This combination may exacerbate poor
performance. Therefore, workers in nuclear power plants sometimes may be subject to
more severe conditions than the subjects examined in laboratory studies whose results are
used as a basis for the information in the folowing section.

4.3, Effects of Heat

This section discusses the effects of heat exposure. Although these effects have been
thoroughly studied, it is important to be aware of several ways in which workers vary that
can affect their tolerance to heat. The first is heat acclimation, which is discussed in
Section 4.3.4; workers who are accustomed to heat can better tolerate it. Another factor is
age; workers over 45 are less able to tolerate heat. Workers who weigh less will have a
greater surface area for their body mass, allowing them to dissipate heat more efficiently.
Workers who are dehydrated or who are not physically fit will also have difficulty tolerating
heat.

4.3.1 Heat and Comfoirt

Thermal comfort is based on a worker's perception of air temperature, humidity, and air
movement and on the amount of clothing he or she is wearing. If workers are uncom-
fortable, errors in task performance become more likely. These errors can affect plant
safety.

See Vol. 2,

See Vol. 2,

The American Society of Heating, Refrigerating, and Air Conditioning Engineers
(ASHRAE) comfort standard is based on a personal evaluation of temperature. The
comfort standard directly applies to performance in heat since uncomfortable workers may
be distracted and may not work at their best. The standard is designed to approximate
conditions that are comfortable to 94% of exposed workers and assumes that sedentary or
near-sedentary work is performed. This standard is depicted in Figure 4.1.

If airflow is greater than 50 ft/ min, Figure 4.1 is too restrictive. Figure 42 depicts an
extension of the summer comfort zone to accommodate airflows greater than 50 ft/ min.
These are the relatively light air velocities likely to be encountered indoors. As a point of
reference, a light breeze outdoors (according to the modern Beaufort scale, which is used by
meteorologists) is approximately 350 to 600 feet/ minute. Figure 42 shows that workers
wearing summer clothing can be comfortable at temperatures of approximately 82*F (28*C)
if the airflow is approximately 150 ft/ min.

Clothing and physical activity can also affect comfort; their effects are shown in Figure 4.3.
Use Figure 4.3 to predict or assess likely comfort levels if (1) the airflow is less than 30
ft/ min, (2) it is more reasonable to quantify clothing in clos rather than decide whether the
summer or winter zones from Figures 4.1 and 42 apply, and (3) workers are physically
active. The three curves illustrate how a person must remove clothing and/or decrease
activity to be comfortable. For example, a worker exerting himself at an activity level of 225
kcal/ hr, which is considered moderate work, and wearing clothing with an insulating value
of 0.5 dlo would be comfortable at a temperature of approximately 65*F (18*C). If the
temperature rose, the worker would either have to remove clothing or reduce activity to
remain comfortable.
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Figure 4.1 ASHRAE summer and winter comfort zones. The comfort zones are described by the dew point
temperature and the humidity. In the summer comfort zone, workers wearing light clothing will be comfortable; in
the winter comfort zone, workers wearing heavy indoor clothing (e.g., sweaters) will be comfortable. If the effective
temperature (ET) is known, humidity and dew point can be disregarded-simply determine if the ET is within the
bounds at the top of the graph. These comfort zones assume that workers are performing sedentary or near-
sedentary work; Figure 4.3 should be used if workers are more active. These comfort zones also assume that
airflow is less than 50 ft/min; use Figure 4.2 if airflow is greater than 50 ft/min. (adapted from Rohles & Konz,
1987).
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Figure 4.2 Effect of air temperature and velocity on the ASHRAE summer comfort zone. This graph shows
how the summer comfort zone from Figure 4.1 is extended to account for air velocity. If air velocity exceeds 50
ft/min, workers will be comfortable in the higher temperatures in the extended summer zone. At 160 ft/min, workers
are comfortable in effective temperatures as high as 82OF (280C) (adapted from Rohles & Konz, 1987). This figure
should be used only for sedentary or near-sedentary work.
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figure assumes an airflow of less than 30 ft/min and should not be used if the operative temperature is below 590F

(150C). See Table 4.1 for assistance in classifying the activity level (adapted from Rohles & Konz, 1987).
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4.3.2 Heat and Perceptual/Motor Tasks

Exposure to heat has adverse effects on performance of perceptual/ motor tasks such as
tracking, vigilance, pattern matching, and manipulation of objects. Figure 4.4 shows the
effects of heat on perceptual/ motor task performance.

See Vol. 2,
Section5..

Figure 4.4 presents the no-effect level; below this curve, no effects have been observed on
performance of perceptual motor tasks. Above this curve, adverse effects are more likely to
occur. The conservative approach used in this handbook indicates that exposures above the
no-effect level may lead to performance deficits. Perceptual/ motor effects occur at lower
temperatures than effects on performance of mental or simple tasks, which are discussed in
Section 43.3. Exposure time also has a greater effect on performance of perceptual/ motor
tasks; performance deteriorates for the first two hours of exposure, then levels off, with
effects appearing at about 69*F (21*C). Adverse effects are always present above 88*F
(31-C) WBGT.

4.3.3 Heat and Simple Mental Tasks

Exposure to excessive heat can affect the ability to perform simple mental tasks (e.g.,
arithmetic computations, logical reasoning, recalling from memory and reaction time).
Figure 4.5 shows the effects of heat on mental performance. Like Figure 4.4, Figure 4.5
shows the no-effect level.

It is interesting to note that adverse effects appear abruptly after approximately 30 minutes
of exposure. For exposures below 30 minutes, temperature has no effect within the range
studied. Between 30 and 100 minutes, effects appear at temperatures that are gradually
lower. Beyond 100 minutes, effects level off at approximately 86*F (30*C) WBGT.

4.3.4 Heat Stress

Exposure to excess heat can make a worker physically ill, particularly when the worker is
exerting himself, working in a humid environment (which reduces the effectiveness of
perspiration), or wearing heavy clothes. Heat can have three types of effects on workers'
health; collectively, these effects can be referred to as heat stress.

See Vol. 2,
[ectin 5.5~.4

See Vol. 2,
Secion5..2.

* Heat stroke occurs when a worker's body can no longer dissipate heat and the
worker becomes overheated. Deep-body temperature can rise to levels of 104*F
(41*C) or above. Workers suffering from heat stroke will develop a headache, feel
weak, may become confused, and may lose consciousness. Immediate medical care
is necessary to reduce the worker's body temperature.

* Heat exhaustion occurs when sweating leads to excessive dehydration. Workers
suffering from heat exhaustion will become confused and weak and will feel
nauseous. Treatment consists of replacing the lost fluids, orally or, in severe cases,
intravenously.

* Heat cramps occur when the body loses too much salt through sweating. They are
treated by replacing the lost salt.
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Figure 4.4 Perceptual/motor task performance during heat exposure. This figure presents the no-effect curve
for perCeptual/motor task performance for combinations of WBGT and exposure time. At combinations of WBGT
and exposure time below the curve, adverse effects have not been observed in experimental studies. At
combinations above the curve, effects have been observed in some (but not necessarily all) studies. The
conservative approach used in this handbook dictates that combinations of time and temperature above the curve
should be avoided (derived from data presented in Ramsey & Kwon, 1988). However, there is much greater
evidence of decrement above 88°F than below for all exposure times.
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Figure 4.5 Simple mental task performance during heat exposure. This figure presents the no-effect curve for
simple mental task performance given WBGT and exposure time. At combinations of WBGT and time below the
curve, effects have not been observed in experimental studies. At combinations above the curve, effects have
been observed in some (but not necessarily all) studies. The conservative approach used in this handbook dictates
that combinations of time and temperature above the curve should be avoided (derived from data presented in
Ramsey & Kwon, 1988).
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Excessive exposure to heat can have other effects on safety as well; for example, workers can slip and fall on
pools of sweat or perspiration can obscure vision. Although heat stress is a direct threat to worker safety, it
also has an effect on plant safety; workers suffering from heat stroke or exhaustion, for instance, can become
confused and may make mistakes.

The National Institute of Occupational Safety and Health (NIOSH) heat standard,
presented in Figure 4.6, is designed to protect workers who are not acclimated to heat See Vol. 2,
from heat stress. This standard is known as the Recommended Heat Stress Alert Limits Setion 5.4.
(or smply RALs).

A different standard applies to acclimated workers. Acclimation refers to the physiologic
and psychologic changes a worker experiences that enable him to better withstand heat.
Complete acclimation requires 12 to 14 days of exposure to heat during a working shift.
Figure 4.7 presents the recommended heat stress exposure limits (RELs), which should be
used for acclimated workers.

4.4 An Example

Tasks performed in nuclear power plants frequently are more complex than those discussed
in Sections 4.3.1 through 4.3.4. Many tasks requiring both mental performance (e.g.,
attention or memory) and perceptual/ motor skill are performed in hot and humid condi-
tions that may be beyond the limits of comfort (or safety). In such cases, if recommended
limits are exceeded, performance deficits are likely to appear.

To see how the effects of heat would be analyzed, consider an example. At a boiling water
reactor heat can affect workers who have to manually inject standby liquid control (SLC)
during an anticipated transient without scram (ATWS). Because this task entails strenuous
work, such as dragging and carrying hoses, and is performed in the reactor building, which
is very hot, effects on task performance are likely. Because the objective of this task is to
shut down the reactor when other methods have failed to do so, impaired task performance
is likely to affect plant safety.

(1) The first step is to characterize the task and determine which aspects of performing
the task are likely to be affected by heat. Comfort is likely to be affected, due to
the high temperatures in the reactor building. The task has a perceptual motor
component as well; for example, workers must hook the hoses up to pumps. The
task also has a mental component-workers must perform mental calculations to
determine how much SLC has been pumped into the reactor core. Finally, due to
the heat and the workers' level of exertion, heat stress is possible.

(2) The second step is to determine the temperature in the areas of the reactor
building where tasks are performed. Because the figures in this chapter use
different measures of temperature, it will be necessary to measure the wet-bulb
globe temperature (WBGT) and the operative temperature (OT), and calculate the
effective temperature (ET). Assume that, in the hottest area (by a large steam pipe
where hoses must be hooked up and mental calculations performed), temperature is
measured at 90*F (32"C) WBGT, 95"F (35"C) ET, and 93"F (34"C) OT. These
temperatures reflect an environment characterized by high air temperature, high
radiant temperature, high humidity, and no air movement. Methods for measuring
WBGT and OT and calculating ET are described in Section 4.1.
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that do not exceed this standard. To use this figure, determine the kcal/hr workers will be expending (see Table
4.1). Next, determine the WBGT in the work area. The curves show the work/rest schedules that are acceptable
given the kilocalories expended and the WBGT. Workers should rest in an area where the temperature is below
75°F (24°C). This figure applies to a standard worker of 154 Ibs; (70 kg) body weight and assumes 30 ft/min air
movement. If workers are acclimated to heat, use Figure 4.7.
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movement. If workers are not acclimated to heat, use Figure 4.6.

4-14



(3) Next, the workers' exertion level must be estimated. Table 4.1 should be used as a
guide. Because SLC injection is performed in an emergency situation, it is a safe
assumption that workers will be hurrying to perform this task. Because they will be
carrying hoses around as they hurry, the work can be presumed to be heavy activity
(see Table 4.1). The question is, where within the heavy activity category does
performance of this task lie? Because the task will take longer than a few minutes,
the workers will tend to pace themselves to avoid overexertion. The question then
becomes, what is a realistic level of sustained activity for nuclear power plant
workers in this situation? It is probably below 660 kcal/hr, because a typical
worker could not climb stairs for a sustained period of time (say, 30 minutes). A
level of 480 kcal/ hour would be more realistic, because the worker could ride a
bike at 13 miles/hr for 30 minutes. To be conservative, this estimate is rounded up
to 500 kcal/hr. (Note, however, that this estimate does not take heat into account;
see the next step.)

(4) The next step is to check if workers will be comfortable. Because of the high
temperature and humidity, there is reason to suspect that they will be uncomfort-
able. Because workers are active, Figures 4.1 and 42 do not apply. (Figure 42 is
also inapplicable because there is no airflow.) Figure 4.3 should be used. Accord-
ing to Figure 4.3, the OT of 93°F (34°C) and the exertion level of 500 kcal/hr are
both off the scale; hence, workers will be very uncomfortable. They will probably
be unable to work at the estimated pace of 500 kcal/hr.

(5) The next step is to evaluate the effects of the heat on performance of perceptu-
al/ motor tasks-namely, hooking the hoses to their couplings. Consultation of
Figure 4.4 reveals that 90°F (32 0C) WBGT is above the no-effect line, meaning that
errors are likely regardless of exposure time.

(6) The effects on simple mental task performance should now be assessed. In this
example, workers must perform mental calculations to determine how much SLC
has been pumped into the core. According to Figure 4.5, no effects occur below
exposures of roughly 30 minutes, regardless of temperature; however, if workers
were exposed to 900 F (32°C) WBGT for 30 minutes or longer, effects would then
become likely.

(7) Finally, the risk of heat stress should be assessed. It is a reasonable assumption
that, because workers will be taken from other activities to perform this emergency
task, they will not be acclimated to the heat. Figure 4.6 should therefore be used.
Given the temperature in the work area (90°F [32°C] WBGT) and the workers'
exertion level (500 kcal/ hr), workers will be near the maximum exposure limit and
at risk of heat stress if they work for more than a few minutes without rest. Even if
the workers were heat-acclimated they would still be at risk of heat stress (see
Figure 4.7), because the maximum exposure line is the same on both graphs.

This example described a situation where workers are clearly at risk of committing an error
and may be in physical danger. At a minimum, the task will take a long time to perform
due to the frequent rest breaks that will be necessary; this delay could affect safety.
Recommendations for comfort, perceptual/motor performance, and heat stress were all
exceeded.
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4.5 Suggested Remediation V Vol. 2,
I Section 5.8.

This section presents available industrial practices for overcoming performance deficits
from exposure to heat. This information may help the NRC assess licensee practices for
overcoming the effects of heat. If workers are exposed to heat that exceeds the levels in
Section 4.3, the following actions can reduce the impact on heat performance. M,

Engineering the problem is always the preferred solution since it is the most
permanent solution. However, engineering solutions take time and are frequently
found to be infeasible. These solutions include insulation, ventilation, and air
conditioning.

" Administrative controls are used when engineering controls are infeasible. This
option entails making decisions regarding when specific tasks should be performed
during a work day, who should do them, and the maximum length of exposure time
for workers engaged in physical, perceptual/motor and mental tasks. Implementing
a work/rest schedule is also an administrative control.

* Steps can be taken to increase workers' ability to tolerate or acclimate to heat.
These medical controls improve the tolerance of workers to heat exposure through
acclimation programs, physical fitness programs, and drinking an adequate amount
of water.

* A variety of protective garments can be worn to help mitigate the effects of heat.
These garments include water-cooled garments, air-cooled garments, wetted over-
garments, and ice packet vests. Ice packet vests are currently used in nuclear power
plants. Such protective clothing, however, can interfere with normal physiologic
functions and workers' performance (White & Hodous, 1987). For example,
although research on cooling vests found them to be effective in reducing body
temperatures, they generally are not accepted by workers since they constrict body
movement. Respirators can also help to offset physiologic strain, but can impair
task performance. Workers also show resistance to using these devices.
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5 COLD

Exposure to cold may impair task performance. In cool temperatures, workers are mildly
uncomfortable. As temperature drops further, this discomfort is followed by a decrease in
manual dexterity and flexibility. Prolonged exposure to cold can lead to hypothermia. One
sign of hypothermia is impaired mental functioning.

This chapter is divided into five sections:

" The basic terms and concepts used in this chapter are defined in Section 5.1.

* The manner in which cold interferes with performance is introduced in Section 5.2.

" The effects of cold on performance are discussed in more detail in Section 5.3.

* An example of a situation in a nuclear power plant involving exposure to cold is
presented in Section 5.4.

* Ways of reducing the effects of cold are discussed in Section 5.5.

5.1 Basic Concepts SeeVol12

For the purposes of this chapter, cold temperatures are assumed to be air temperatures of Scin61

69*F (210C) and lower. The following methods of measuring temperature are important for
understanding the material in this chapter:

" The air temperature is the temperature measured by a dry-bulb thermometer.

* The air temperature alone is an inadequate predictor of the effects of cold on human
performance. The air temperature must be adjusted for air velocity based on the
wind chill index. Table 5.1 shows how air velocity reduces the equivalent
temperature. The index is easily determined by measuring the wind velocity using a
hand-held wind gauge and a dry-bulb thermometer. These two parameters are used
to define the wind chill index on commonly available charts.

" Researchers consider hand skin temperature to be a more accurate measure of the
effects of cold on manual dexterity than air temperature. Hand skin temperature
cannot be predicted reliably from air temperature. Further, because the brain relies
heavily on temperatures perceived by the hands when regulating body temperature,
hand and finger temperature can also be good indicators of comfort. The average
hand skin temperature is measured by placing temperature sensors on the back and
front of a worker's hand. The readings transmitted by a thermocouple to a
preamplifier are processed and displayed individtialiy or can be averaged over each
location on the hand. Measurement of hand skin temperature is impractical in an
industrial setting, such'as a nuclear power plant. This chapter does discuss hand skin
temperature, however, because it is a superior predictor of performance and because,
in some cases, an important effect cannot be linked to an air temperature because of
a lack of data.
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5.2 Overview of How Cold Interferes with Performance

Humans normally maintain a constant deep-body temperature of approximately 990F (37 0C).
At air temperatures below 77°F (25°C), workers must expend effort to maintain an adequate
deep-body temperature. At temperatures below 69°F (21°C), cold will begin to affect task
performance in the following ways:

Workers react to cool temperatures by experiencing mild discomfort. Discomfort
can contribute to errors by reducing the attention that workers devote to tasks.
Section 5.3.1 discusses this effect.

Table 5.1 Wind chill (Ramscy, 1975)

Wind Actual Air Temperature (OF)
Speed 5
(mph) 50 40 30 20 10 0 -10 -20 -30 -40

Calm 50 40 30 20 10 0 -10 -20 -30 -40

5 48 36 27 17 -5 -5 -15 -25 -35 -46

10 40 29 18 5 -8 -20 -30 -43 -55 -68

15 35 23 10 -5 -18 -29 -42 -55 -70 -83

20 32 18 4 -10 -23 -34 -50 -64 -79 -94

25 30 15 -1 -15 -28 -38 -55 -72 -88 -105

30 28 13 -5 -18 -33 -44 -60 -76 -92 -109

35 27 11 -6 -20 -35 -48 -65 -80 -96 -113

40 26 10 -7 -21 -37 -52 -68 -83 -100 -117

45 25 9 -8 -22 -39 -54 -70 -86 -103 -120

50 25 8 -9 -23 -40 -55 -72 -88 -105 -123

See Vol. 2,
Sections 62

& 6.3.

At colder temperatures, manual dexterity is impaired.
effect.

Section 5.3.2 discusses this

Extreme exposure to cold can lead to hypothermia. Hypothermia, besides
threatening a worker's life, can cause confusion and clumsiness, which may lead to
errors and in turn affect plant safety. Section 5.3.3 discusses this effect.

When considering cold, it is important to note that other environmental conditions
combined with cold may affect performance on the job.r For example, a worker in the cold
at night might also be working without adequate illuminance. This combination may
exacerbate poor performance. Therefore, workers in nuclear power plants sometimes may
be subject to more severe conditions than the subjects evaluated in laboratory studies that
provide the information in the following section.

5-2



5.3 Effects of Cold

When assessing the effects of cold on workers, it is important to consider several factors.
The first factor is the temperature, adjusted for air velocity by Table 5.1 to account for wind
chill. The second factor is the type of task being performed. When considering the risk of
hypothermia, duration of exposure must also be considered; however, because of individual
variability and other factors, the correlation between exposure time and hypothermia is not
strong. The clothing the worker is wearing will also have an effect; the effects of clothing
are discussed in Section 5.5.3. Finally, individual differences also play a role in the
performance of workers exposed to cold. Some workers can function more effectively in the
cold than others. This variation is difficult to predict or measure. The information in this
chapter is based on average results across study populations that should be representative of
workers.

Table 52 will be used throughout this chapter. It presents the lowest temperature above
which no effects have been observed. The temperatures in Table 5.2 are to be interpreted
as no-effect levels for the various impacts of cold on performance (i.e., temperatures below
these limits will result in some performance decrements). Table 52 presents the air or
hand skin temperatures at which various effects appear (due to incomplete data, both
temperatures are not presented for all effects). Hand skin temperature is discussed in this
section because there are sparse data relating air temperature to a loss of skin sensitivity,
the onset of pain, and the loss of finger discrimination, three important effects. The
temperatures listed in Table 52 indicate that the effects of cold first appear at temperatures
that may seem relatively high.

5.3.1 Cold and Mild Discomfort

The variation in perceived cold for different people exposed to the same air temperature
indicates that the worker's own assessment of comfort is the only reliable index of
discomfort due to cold. As air temperatures drop below 69"F (21TC), or hand and finger
temperatures drop below 75"F (24TC), mild discomfort becomes likely. While mild
discomfort is not likely to lead to immediate deficits in performance, performance may be
impaired if workers are distracted by prolonged discomfort.

There is some evidence to suggest, however, that cool temperatures can improve
performance by increasing alertness. Temperature is a potential stressor that can increase
arousal, but a decrease in temperature is not guaranteed to improve performance. As
discussed in Section 3.32, a stressor that moves an under-aroused worker to a point closer
to the peak of his arousal curve (see Figure 3.4) will improve performance; but if a stressor
pushes a worker past the peak of his arousal curve, that stressor will adversely affect task
performance.

Thermal discomfort has been identified as a problem in nuclear power plants. According to
a report by the Electric Power Research Institute (EPRI),* cool temperatures are the most
frequently cited environmental stressor by workers in control rooms. The workers who are

*Electric Power Research Institute. (1990, February). Control Room Operator Alertness and Performance in Nuclear

Power Plants. (Report No. NP-6748). Palo Alto, CA: Electric Power Research Institute.
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Table 5.2 Temperatures above which no cold effects occur

Air Hand Skin

Temperature Temperature

General Discomfort 690F 750F

Effects of Cold on the Hands

Skin Sensitivity 75"F

Numbness 54"F 68"F

Pain 61*F

Finger Discrimination 370 F

Grip Strength 14*F

Task Performance

Fine Manual Tasks 64"F 55 0F

Tracking 550F

Gross Manual Tasks 54"F 59 0F

most likely to be bothered usually work night shifts; these complaints are probably
associated with nocturnal drops in body temperature. The sedentary nature of control room
jobs is also likely to contribute to complaints that the control room is too cool.

Air temperatures in control rooms are maintained at 66-69"F (19-21"C) to keep
computerized machinery cool and to keep workers more alert. If control room operators
are under-aroused, a decrease in temperature may improve task performance. The authors
of the EPRI report suggest that the advantages of maintaining alert workers outweigh the
disadvantages of the mild discomfort induced by the cool temperatures. Therefore, the
study recommended that control room temperatures be maintained between 66 and 69"F (19
and 21*C) and that workers dress warmly and move frequently to counteract any discomfort.

In contrast, other studies suggest arousal is best achieved by fluctuating the air temperature
at the work station. Localized heaters could be turned on and off for 10 minutes every
hour.

5.3.2 Cold and Manual Dexterity See Vol. 2,
Sections 6.1.1,
6.1.2, & 6.5.4.

Cold reduces manual dexterity. The effects of cold on manual dexterity were first studied in
1922 by researchers who examined ammunition workers. These researchers found that
minor cuts occurred less frequently when temperatures were above 69"F (20"C). Cuts were
34% more frequent when the temperature was below 55"F (13"C), suggesting that poor
dexterity at low temperatures contributed to cuts.
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Any task that requires the use of the hands requires manual dexterity. As temperatures
drop, effects on manual dexterity become more pronounced. When temperatures first drop,
sensation is lost in the fingers, followed by numbness and pain at lower temperatures, which
result in a general loss in dexterity and flexibility. Grip strength decreases at colder
temperatures. Accuracy and speed of manual tracking may also be affected. Training or
familiarity with manual tasks does not reduce the effect of cold exposure on manual
dexterity.

As shown in Table 52, at hand skin temperatures of 75"F (24"C), sensitivity in the hands is
reduced (note that this level coincides with the discomfort level). Numbness and pain follow
relatively quickly at 68"F (20"C) and 61*F (16"C) hand temperature; numbness has also
been found at 54"F (12TC) air temperature. The threshold of finger discrimination is 37"F
(3"C) hand skin temperature. Losses in grip strength do not appear until air temperatures
fall below 14*F (-10*C).

This loss in sensation and the onset of numbness and pain mark the onset of a loss in
manual dexterity. The seriousness of this loss depends on the task being performed. The
numbness appearing at air temperatures of 54"F (12"C) may make it difficult to perform
some tasks, such as picking up small items (e.g., tacks, nails, or screws). Studies have shown
other fine manual tasks affected at air temperatures of 64"F (18"C) and hand temperatures
of 55TF (13"C). Gross manual tasks, which involve less precise movements of larger objects,
are affected at air temperatures of 54"F (12"C) and hand temperatures of 59"F (15"C).
Effects on grip strength occur at levels below those where dexterity is affected. These
effects should be assumed to be likely at temperatures at or below these temperatures.

Clothing has a major impact on these effects; an unclothed person will suffer a much
greater decrement at cold temperatures than will a person who is dressed warmly. Air
temperature will not account for the effects of clothing, but hand temperature will. Hand
temperature is even a better predictor for some types of performance than is body
temperature (which does account for the effects of clothing), because workers with cold
hands show significant impairment, whether their bodies are warm or cold. In one study, no
decrements were found when body temperature was cooled to the extremely low
temperature of 78°F (26°C), so long as hand temperature was maintained at 81°F (270C). It
is important to remember, though, that decrements in manual dexterity cannot be
eliminated by maintaining hand warmth if the task requires movement of the arms or legs;
in other words, wearing gloves to maintain hand temperature is not a sufficient step to
ensure manual dexterity if the worker is climbing a ladder-the worker's performance will
suffer because his arms and legs are cold.

It is also important to consider the rate of cooling; researchers have found that the speed at
which manual tasks can be performed is considerably impaired when the temperature drops
gradually. This result suggests that errors are most likely at dusk and in other situations
when the temperature is dropping slowly.

Cold also affects manual tracking. (Although manual tracking does include a psychomotor
component, it is considered for the purposes of this discussion to be primarily related to
manual dexterity.) Table 52 shows that manual tracking is affected at 550F (13"C) air
temperature.

5.3.3 Hypothermia

Hypothermia occurs when a worker can no longer maintain an adequate deep-body
temperature. In the early stages of hypothermia, victims will experience lethargy,
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clumsiness, confusion, and irritability. Hallucinations and slowed or arrested respiration will
follow. In extreme cases, the heart beat will slow and become irregular, and will finally
stop.

The confused, uncoordinated state that characterizes the onset of hypothermia can lead to
worker errors and thus affect the safety of the plant. Unfortunately, there are no
occupational studies of mental performance in cold air, so the no-effect level for this
confusion is unknown. Although not directly applicable to nuclear power plant workers, the
best available data in this area come from studies of Navy divers who were immersed in
cold water. When exposed to water temperatures of 39°F (4°C), these divers experienced
adverse performance on a number of mental measures, including verbal reasoning, short-
term memory, arithmetic, and performance of assembly tasks. It should be noted, however,
that it is difficult to distinguish the effects of cold from those of water. Other studies have
shown that vigilance and simple reaction time are unaffected by cold before the onset of
hypothermia.

Table 5.3 shows the likelihood of hypothermia given temperature and exposure time. In the
presence of wind, these temperatures must be adjusted to account for wind chill, as
specified in Table 5.1. It is important to realize that these zones represent approximate
divisions and that effects do not abruptly appear or disappear when conditions shift from
one danger level to another. The "little danger" zone may still be dangerous if the skin is
wet or if exposure times exceed 5 hours.

Table 5.3 Risk of hypothermia (Ramsey, 1975)

Temperature I Danger Level

-230F (-31 0C) and above Little Danger - The maximum danger is a
false sense of security, although exposures
over 5 hours may be dangerous.

-72"F to -240F (-58 0C to -30 0C) Increasing Danger - Danger of freezing
exposed flesh within 1 minute.

-73"F (-590C) and below Great Danger - Flesh may freeze within

30 seconds.

5.4 An Example

When considering the effects of cold on tasks that are performed in nuclear power plants, it
is important to consider discomfort, decrements in manual dexterity, and the potential for
hypothermia. This section presents an example where all three of these effects are
considered.

This example is concerned with electricians working on 'breakers in the switchyard on an
especially cold day. Because the switchyard is outdoors, workers are not protected from
extremes of temperature and wind. An error made by a worker that causes a breaker to
trip, for example, could lead to a loss of off-site power, an event with safety implications.

(1) The first step is to characterize the task. This task does have a manual dexterity
component, as workers may be using hand tools. A tool dropped inside a breaker
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could cause a short and trip the breaker. As for any task performed in cold, effects
on comfort and the risk of hypothermia should also be evaluated.

(2) The temperature and wind velocity should be measured. On this particular day, the
temperature is 20*F (-7"C) and the wind is blowing at 20 miles/hr.

(3) Next, adjust the temperature to account for the wind chill. According to Table 5.1,
the equivalent temperature is -10TF (-23"C).

(4) The next step is to check whether the worker is comfortable. The equivalent
temperature of -10*F (-23°C) is well below the comfort level of 69"F (21"C) air
temperature.

(5) Effects on manual dexterity should now be assessed. The air temperature limit for
numbness of 54"F (12"C) is clearly exceeded by the equivalent temperature of -10*F
(-23 0C). The limits for fine and gross manual tasks, grip strength, and manual
tracking are also exceeded by wide margins (see Table 52). However, recall that
clothing can moderate these effects. Sensible precautions are advisable-the worker
should dress very warmly and should attempt the task with the awareness that
performance may be affected. Gloves should be worn, unless they will impair
performance of the task.

(6) At a temperature of -10*F (-23"C), the worker is in the little-danger zone in Table
5.3. However, it should be assumed that he is at risk because, as stated in the
paragraph introducing Table 5.3, effects do not abruptly appear as the temperature
moves from one zone to another. Thus, the worker should be dressed warmly, with
all exposed flesh covered.

5.5 Suggested Remediation

This section presents available industrial practices for overcoming performance deficits from
exposure to cold. This information may help the NRC assess licensee practices for
overcoming the effects of cold. Engineering solutions are preferred because they are the
most permanent. However, these solutions do not address immediately pressing problems
and frequently are not feasible. In such situations, administrative controls and warm
clothing become necessary.

5.5.1 Engineering Controls

Engineering methods increase the amount of heat received by the worker or insulate the
worker from the cold. The following are examples of engineering controls:

0 The area around the workstation can be heated, if the warm air can be retained.
Electric resistance heat combined with a fan is simple, economical, and pollution-
free. Space heaters using fuel oil can be used if they are equipped with fire safety
features. However, some heaters pollute the airf with carbon monoxide, nitrogen
dioxide, carbon dioxide, and sulphur dioxide. This pollution is dangerous, especially
if there is no air exchange with clean air. If it is important that machinery be kept
cool or that workers remain alert, intermittent heating can be used, as discussed in
Section 5.3.1.
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* Warming huts, such as transportable, heated rooms, can be provided near cold areas.
The room need only be warmed to 70°F (21C). Short rest breaks in the warm
room, lasting three to five minutes, should be effective.

" Workers can be sheltered from the wind with wind breaks.

" Tool handles can be insulated to reduce cold transmitted to the hands.

* Cold surfaces such as walls, valves, and pipes can be insulated to increase the radiant
temperature felt by the workers. This is an efficient way to warm the cold
environment experienced by the worker.

* Radiant heaters can be provided in outside windy areas, such as a lo'ding dock.
These units do not heat the air, but only the person who is working in a fixed
location.

5.5.2 Administrative Controls

Administrative controls are introduced when engineering controls are insufficient to reduce
the effects of excess cold on work performance. These controls entail decisions on when
specific tasks should be done during a work day, who should do them, and the maximum
length of exposure time for workers engaged in physical and mental tasks. Examples of
administrative controls include the following:

* Hard work and outside maintenance can be scheduled during warmer seasons or
during the day.

" More workers can be assigned to a job, so that it will not take as long and workers
will not be exposed to cold for as long.

" Workers can be permitted to set their own rate of work during the course of a job
and to take breaks in a warm area when they feel the need.

5.5.3 Protective Clothing

Extra clothing provides good insulation. In addition to wearing a jacket and insulated pants,
workers working in the cold can take the following precautions:

* Hats can be worn. Blood vessels in the head do not constrict; therefore, workers
lose heat rapidly when the head is uncovered.

* Gloves or mittens can be worn. However, tasks requiring finger dexterity may be

difficult to perform while wearing gloves.

* Warm shoes or socks can be worn.

Table 4.2, which lists the clo values for various items of clothing, can be used to help
evaluate the effects of clothing. Knowing that I clo affords 13*F (7"C) of protection and
that a worker at 69"F (21"C) is comfortable, it is possible to calculate clo value of the
ensemble a worker must be wearing to stay warm. For example, a worker exposed to a
temperature of 43"F (6.1"C) would have to wear 2 clo to stay warm (because 2 clo generate
26"F of warmth and 26"F + 43"F = 69"F).

5-8



6 LIGHTING

Poor lighting interferes with the ability to see, to inspect objects for defects, and to
distinguish colors. Adequate lighting is essential to the performance of most tasks in
nuclear power plants.

This chapter is divided into five sections:

" The basic terms and concepts used in this chapter are defined in Section 6.1.

* The effects of lighting on performance are introduced in Section 62.

* The effects of light on performance are discussed in more detail in Section 6.3.

* An example of a situation in a nuclear power plant involving exposure to poor
lighting is presented in Section 6.4.

* Ways of reducing the effects of poor lighting are discussed in Section 6.5.

6.1 Basic Concepts See Vol.'2,

Physically, light is a small part of the spectrum of electromagnetic radiation. Physicists

consider light both as waves and as particles called photons. For this discussion, it is
convenient to consider light as a wave, with the wavelength of the light (i.e., the distance
between successive crests of the wave) determining its color.

This chapter discusses three types of activities that require lighting:

" Reading refers to the ability to discriminate meaning from printed matter.

* Inspection is a search for defects that involves a comparison of an object's
appearance to an ideal form.

" General visibility refers to the ability to discriminate objects, determine color,
determine depth, and determine contrast.

The measurement of light involves a variety of concepts, each of which is measured
differently and has its own set of units.

* Intensity (or candle power) is the measure of the energy radiated by a light source
in all directions, as shown in Figure 6.1. Intensity is measured in lumens. A 100-
watt incandescent lamp radiates 1740 lumens.

" The amount of light striking an object, such as the surface of a wall or the human
eye, is the i/luminance, as shown in Figure 6.2. Illuminance is expressed in lux,
where I lux equals 1 lumen/meter'. Illuminance can also be expressed in
footcandles, where one footcandle equals 10.76 lux. Illuminance varies inversely with
the square of the distance from the light source, as shown in Equation 6.1.

illuminance = intensity/distance' Equation 6.1
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Figure 6.1 Intensity. Intensity is the energy radiated in all directions by a light source. Intensity is measured in
lumens.

Figure 6.2 Illuminance. Illuminance is the amount of light energy that strikes an object, in this case the human
eye. Illuminance is equal to the intensity of the light divided by the distance from the source squared. Illuminance
decreases with distance, as depicted by the decreasing thickness of the arrow. Illuminance is measured in lux.
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Figure 6.3 Luminance. Luminance is the amount of energy reflected by an object, in this case a wall. In this
figure, the luminance is depicted by the thinner line. The illuminance is depicted by the heavier, wedge-shaped
line. The wall in this example does not reflect all of the light that falls upon it. Luminance also does not vary
with distance, as evidenced by the line depicting luminance being of constant width. Luminance is an
approximation of the psychological concept of brightness.

Hand-held illumination (light) meters, located at task locations or on horizontal
work-planes for general lighting, express the amount of light in footcandles or lux.
The instrument should be color corrected to account for the response of the eye to
light, cosine corrected to compensate for light reflected from the light-detecting cell
surface, and calibrated for accuracy every time it is used. A luminance meter (see
below) can be used to measure illumination if a target of known reflectance is
measured (illumination = luminance/ reflectance).

Luminance is the perceived brightness of an object, as shown in Figure 6.3. Objects
that reflect light are considered luminescent objects. Luminance does not vary with
distance. Luminance is the product of the illuminance that falls on an object and the
reflectance of that object, which is the percent of light that falls on an object that is
reflected back. This relationship is shown in Equation 62.

luminance = illuminance x reflectance Equation 62

Luminance is expressed in candelas/ meter2 or foot-lamberts (ftL). One ftL equals
3.43 candelas/ meter. Luminance (brightness) meters are also hand-held portable
meters. Luminance of surfaces also can be measured using an illumination meter if
the reflectance of the surface is known. Reflectance can be independently measured
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using a Baumgartner reflectometer; however field surveys usually compare unknown
surfaces with color chips of known reflectance.

* Contrast is a measure of luminance difference between object luminance (or
reflectance) relative to the background luminance (or reflectance) as shown in
Equation 6.3.

contrast = (luminance, -luminance,.,)/ luminance.,, Equation 6.3

* An object's size is also important; if objects are too small they cannot be seen,
regardless of the light level. A utseful measure of size is the visual angle, which is the
angle subtended at the eye, as shown in Figure 6.4. Visual angle (0) takes into
account an object's actual size as well as its distance from the observer. People can
see an object that subtends an angle of I second or more. (A second is 1/60 of a
minute, and a minute is 1/60 of a degree.)

Figure 6.4 Visual angle subtended at the eye. The visual angle is a measure of the size of an object on the
retina of the eye. The visual angle (6) takes the size of an object and its distance from the viewer into account.
As shown in this figure, a two-foot hammer at six feet subtends the same visual angle (200) as a six-foot person
at 18 feet. If the object moves closer or grows larger, the visual angle increases. This drawing is not to scale.
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0 The Snellen fraction is a convenient method of expressing visual acuity and is the
notation associated with an eye chart. The Snellen fraction takes an object that a
person can just see at 20 feet and compares that distance (20 feet) to the distance
from which a person with normal vision could see the same object. If a person has
20/10 vision, he can see an object at 20 feet that a person with normal vision could
not see unless he was 10 feet from it; 20/10 vision is better than average. If a
person has 20/30 vision he could see an object at 20 feet that a person with normal
vision could see at 30 feet; 20/30 vision is worse than average. By definition, 20/20
vision is average.

Light is measured by a photometer. Many photometers require a separate attachment to
measure illuminance, but can measure luminance directly. Measurement of illuminance will
vary with the distance between the light source and the probe; measurement of luminance
will be constant at any distance.

In addition to these units of measure, the concepts discussed in the following sections are
also important in helping understand the effects of light on human performance.

6.1.1 Color

Color is determined by the wavelength of light. Color is described by three characteristics:

Hue is determined by the wavelength a colored surface selectively reflects. Violet
colors start at about 400 nanometers*, blending into blues at about 450 nanometers,
followed by greens at around 500 nanometers, yellow-oranges at about 600
nanometers, and reds at about 700 nanometers.

* Saturation is determined by the purity of the color. In physical terms, saturation is
defined by the bandwidth of the light absorbed and reflected by an object. The
narrower the bandwidth, the more saturated, or pure, the color is.

* Value is described by its intensity or degree of lightness or darkness.

6.1.2 Adaptation to Light

Our eyes adapt to changes in the light level, but humans can have difficulty seeing while
their eyes are in the process of adapting. For example, it is normal to experience a sudden
blindness upon first entering a dark movie theater from brilliant sunshine. Vision will then
gradually return as the eye adapts to the lower light level. Complete adaptation to very low
levels of illuminance requires 20 to 40 minutes. At higher levels of illuminance, adaptation
requires 2 to 3 minutes.

Red light eases the adaptation process. Workers exposed to low illuminance levels (e.g., x-
ray workers, dark room workers, and pilots) or others -hho look at dim or low-contrast
displays work under red lights to ease adaptation.

See Vol. 2,
Section 7.3.

A nanometer is one billionth of a meter.
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6.1.3 Age [ee Vol.72

Tbe ranges of illuminance within existing Illuminating Engineering Society standards, which Seto7.

will be presented in Section 6.3, will adequately meet most workers' needs. However, the
age of the worker is one individual difference that cannot be ignored-the potential effect of
age on task performance under various illuminance levels can be substantial. Figure 6.5
depicts the loss in visual acuity as humans age.

Irreversible changes in vision take place as a person ages beyond 40 years. More light is
absorbed by the eye. Less available light actually enters the eye due to increased scattering
of light through the lens; the average 60-year-old receives approximately one-third the
amount of retinal illuminance that a 20-year-old receives. The effect of glare is greater.
Older people are less able to accommodate to low light levels. Color discrimination in the
blue region deteriorates, and even the pupil diameter is reduced. This explains why older
workers need higher illuminance levels that younger workers may perceive as unnecessary.
However, above 100 lux (approximately 10 footcandles) any improvement in general visibility
(i.e., visual tasks that do not involve reading or inspection) is marginal in older workers.

The effect of age on vision raises the question of whether the lighting standards
recommended in this chapter should be re-evaluated to account for chronic (i~e., long-term)
effects from aging. Current engineering standards do not accommodate the aging worker.
Therefore, when implementing remedial actions, consideration should be given to correcting
the task as well as lighting levels to accommodate the expected age-range of workers.

6.2 Overview of How Poor Lighting Interferes with

Performance

Poor lighting can affect task performance in three ways:

" Poor lighting can reduce visibility, making it difficult to see. This effect is discussed

in Section 6.3.1.

" Poor lighting can affect workers' ability to discriminate among colors. This effect is

discussed in Section 6.32.

* Poor lighting can induce glare, which is annoying and impairs vision. Flickering
lights can also cause problems in performance. These effects are discussed in
Section 6.3.3.

The first effect, visibility, is affected primarily by the amount of light that is available. The
second and third effects, color discrimination and glare, are affected primarily by the quality
of the light that is available.

When considering lighting, it is important to note that other environmental conditions
combined with poor lighting may affect performance on' the job. For example, a worker in
a poorly lit corner of the turbine building might also be exposed to noise, heat, and
vibration.- This combination may exacerbate poor performance. Therefore, workers in
nuclear power plants sometimes may be subject to more severe conditions than the subjects
examined in laboratory situations that are used as a basis for the information in the
following section.
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Figure 6.5 Loss of visual acuity with age. This graph shows the loss in vision, expressed in the Snellen
fraction, that normally occurs as humans age.

From the effects of age on selected visual functions: Dark adaptation, visual acuity, stereopsis, and brightness contrast
by D. d. Pitts, in R. Sekular, D. Kline, & K. Dismukes (Edo.), Aging and Human Visual Function. Copyright © 1982 by A.
R. Use. Reprinted by permission of Wiley-Usa, a division of John Wiley and Sons, Inc.

6.3 Effects of Lighting

Industrial standards for adequate lighting in various situations are presented in this section.
Exposure-effect curves (see, for example, Figure 2.4) are not used in this chapter since graphs
depicting the relationship between poor lighting levels and percent errors for visual tasks are
not available nor are they as necessary as in the case of vibration or heat. Existing
Illuminating Engineering Society (IES) recommendations can be used to compensate for the
adverse effects identified in this chapter. Therefore, the lighting levels discussed concur with
the IES standards.

6.3.1 Lighting and Visibility See Vol. 2,

Suitable lighting levels for maintaining adequate visibility in nuclear power plants are

presented in this section. These levels are taken from IES standards. The IES takes into
account the type of task, the reflectance or contrasts of the objects viewed, the consequences of
any errors, the duration of the task, and the presence or absence of windows in the area where
the task is being performed.
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Visibility is best when a large, bright, stationary object is being viewed and when its
luminance contrasts with the background. There are three ways to compensate in situations
where visual acuity is poor: (1) increase the intensity of the light source, (2) decrease the
distance from the light source, or (3) increase the contrast between the background illuminance
and the object.

The discussion in this section concentrates on compensating for poor acuity by increasing the
intensity of the light source. If lighting is increased to the levels discussed in this chapter,
some people will find the lighting satisfactory while others will still be dissatisfied. This fact
demonstrates that there is considerable individual variation in visual capability; for example, as
discussed in Section 6.1.3 older people need greater lighting to see adequately.

Table 6.1 lists recommended luminance levels for indicator, panel, and procedure lighting.
Since luminance levels refer to the perceived brightness of an object, they are different from
the rest of this section, which recommends illuminance levels. Illuminance levels represent the
measured amount of light falling on an object. The first column in this table lists the type of
activity. The second column lists the type of lighting that should be used. The third column
indicates the recommended luminance of the markings on the indicator, panel, or procedure.
The fourth column indicates whether the contrast level should be fixed or adjustable (by some
type of a dimmer).

Table 6.1 Recommended luminance levels for indicator, panel, and procedure lighting

Recomnmendations

Type of Activity Ltuninallce of
____________________ Lighting Technique Markings (ML) j Contrast

Indicator reading, dark Red flood, 0.02-0.1 Adjustable
adaptation necessary backlighting, or both,

according to operator
choice

Indicator reading, dark White flood 1-20 Adjustable
adaptation not necessary___________ ___________

Reading of legends on control Red backlighting, red 0.02-0.1 Adjustable
consoles, dark adaptation flood, or both,
necessary according to operator

choice

Reading of legends on control White flood 1-20 Fixed or
consoles, dark adaptation not adjustable
necessary__________________

Possible exposure to bright White flood 10-20 Fixed
flashes ______

Procedure reading, dark Red or white flood 0.1-1.0 (on Adjustable
adaptation necessary according to operator white portions

choice of procedure) _______

Procedure reading, dark White flood 5-20 Fixed or
adaptation not necessary IIIadjustable
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Tables 6.2 through 6.4 (IES, 1993) represent ranges of recommended maintained illuminance
levels for the nuclear power plant-related tasks and activities shown. Within each table, a
column titled "Illuminance Category" refers to differences in procedures to be followed to
determine the appropriate minimum level of maintained illuminance for specific conditions of
tasks, activities and personnel. (These procedures are discussed in further detail below.)

The IES makes reference to nine categories of tasks and activities labelled A-I. Since the tasks
and activities discussed in this report are those appropriate to nuclear power plants, there are
no cases of Illuminance Categories A, or G through I, referred to herein. The characteristics
of the tasks and activities in Categories B-C are such that they require that a general level of
illumination be provided throughout the task area. Such tasks typically remain constant
throughout time and space. Categories D-F, however, are for tasks and activities which remain
generally fixed at one location for meaningful visual performance, although tasks may change
considerably from one location to another within a given space. Each task or activity within
Categories D-F, therefore, calls for a particular illuminance level for satisfactory visual
performance, and so each task should be lighted accordingly. Thus, categories D through F
should be applied to the appropriate task areas only.

To determine the appropriate minimum level of maintained illuminance for a given location,
activity or task, the three-step procedure described below should be followed. Note that each
Illuminance Category in Tables 6.2 through 6.4 provides a range of illuminances which
permits the user to establish an illuminance appropriate to the characteristics of the task and
the operating personnel. Tables 6.5 and 6.6 contain the weighting factors to be used in
selecting the specific illuminance within the range of values provided in Tables 6.2 through 6.4
(IES, 1993).

Step 1. DEFINE THE VISUAL TASK. Determine the type of activity, from the first column
of Tables 6.2 through 6.4, for which the lighting level is to be determined.

Step 2. ESTABLISH MINIMUM ACCEPTABLE ILLUMINANCE LEVELS. From the
range of illuminances shown in the third or fourth column of Tables 6.2 through 6.4, establish
a minimum acceptable illuminance level for a giv'en task/activity by performing the following
steps.

Step 3A. FOR TASKS/ACTIVITIES IN ILLUMINANCE CATEGORIES B AND C:

a. Determine the ages of the occupants.

b. Determine the room surface reflectances.

c. Apply the values given in Table 6.5 to the data obtained in steps (a) and (b) and
determine the appropriate weighting factors.

d. Add the two weighting factors algebraically, taking into account the signs of the
integers.

e. If the total factor is -2, use the lowest of the three illuminances in Tables 6.2 through
6.4. If the total factor is +2, use the highest of the three illuminances in Tables 6.2
through 6.4. Otherwise use the middle illuminance figure.

6-9



Step 3B. FOR TASKS/ACTIVITIES IN ILLUMINANCE CATEGORIES D THROUGH F:

a. Determine the reflectance of the task background.

b. Determine the ages of the occupants.

c. Determine the importance of speed and/or accuracy.

d. Apply the values given in Table 6.6 to the data obtained in steps (a) through (c) above
and determine the appropriate weighting factors.

e. Add the three weighting factors algebraically, taking into account the signs of the
integers.

f. If the total weighting factor is -2 or -3, use the lowest of the three illuminances in
Tables 6.2 through 6.4. If the total factor is +2 or +3, use the highest of the three
illuminances. Otherwise, use the middle illuminance.

Note - For performance of tasks or activities in Illuminance Categories D through F, it is recommended that
200 lux (20 footcandles) be regarded as the minimum acceptable horizontal illuminance for the general non-task
areas.

Table 6.2 - Range of recommended illuminances for control room activities.

Illuminance
Area/activity in control room category LUX Footcandles

Main Control Boards D 200-300-500 20-30-50

Auxiliary Control Panels D 200-300-500 20-30-50

Operators' Station E 500-750-1000 50-75-100

Maintenance and Wiring Areas D 200-300-500 20-30-50

Emergency Operations Lighting C 100-150-200 10-15-20

Instrument Reading D 200-300-500 20-30-50

The data shown in Table 6.2, and the values given in Tables 6.5 and 6.6 have been derived from the IES Lighting Handbook. The tasks
and activities selected for inclusion in these figures am those that are appropriate to nuclear power plants. (Adapted from LES Lizhtinq
Handbook: Reference & Application. 1993. Illuminating Society of North America, 120 Wall Street, 17th Floor, New York, N.Y. 10005,
(212) 248-5000: Author. Used by permission.)
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In some cases, greater improvement in reading is obtained by increasing type size rather
than by improving the lighting. If the type size is too small, improvement in lighting alone
will not make the type easier to read. Experts recommend that an object (such as a letter of
type) subtend a visual angle of 0.1720 to be discernable by 90% of the population and a
visual angle of 0.4010 to be discernable by virtually 100% of the population.*

Proper lighting should reduce the time required to inspect an object, although increasing the
amount of illuminance is not always the answer. Too much illuminance will reduce contrast
and increase glare, which increases the search time. Direct lighting may not always
improve inspection time, since inspection often requires a wider distribution of light. For
additional information on inspection lighting levels, see Volume 2, Section 7.5.

See Vol. 2,

Section 7.4.

See Vol. 2,
Section 7.5.

Table 6.3 - Range of recommended illuminances for reading tasks.

Illuminance
Area/activity category LUX Footcandles

[Reading tasks

Xerograph (Photocopy) D 200-300-500 20-30-50

CRT Screens B 50-75-100 5-7.5-10

Keyboard Reading D 200-300-500 20-30-50

Number 3 Pencil and Softer Leads E 500-750-1000 50-75-100

Ball Point Pen D 200-300-500 20-30-50

Felt Tip Pen D 200-300-500 20-30-50

8 and 10 Point Type D 200-300-500 20-30-50

Typed Originals D 200-300-500 20-30-50

Drafting: Blue Line E 500-750-1000 50-75-100

The data shown in Table 6.3 and the values given in Tables 6.5 and 6.6 have been derived from the IES Lighting
Handbook. The tasks and activities selected for inclusion in these figures are those that are appropriate to nuclear
power plants. (Adapted from [ES Lighting Handbook: Reference & Application. 1993. Illuminating Society of North

America, 120 Wall Street, 17th Floor, New York, N.Y. 10005, (212) 248-5000: Author. Used by permission.)

*The following formulas can be used to calculate the minimum object size that can be discerned by 90%
and 100% of the population (S,. and S,..) given the viewing distance (D): S,,=0.003D and
S.,, = 0.007D.
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Table 6.4 - Range of recommended illuminances for inspection/assembly activities and for
in-plant areas in a nuclear power plant.

Illuminance
Area/activity category LUX Footcandles

Inspection/assembly

Simple D 200-300-500 20-30-50

Difficult F 1000-1500-2000 100-150-200

Rough Bench or Machine Work D 200-300-500 20-30-50

In-plant areas

Turbine Building D 200-300-500 20-30-50

Auxiliary Building C 100-150-200 10-15-20

Laboratory E 500-750-1000 50-75-100

Storage Room C 100-150-200 10-15-20

ESF Equipment D 200-300-500 20-30-50

Diesel Generator Building D 200-300-500 20-30-50

Fuel Handling Building D 200-300-500 20-30-50

Reactor Building D 200-300-500 .20-30-50

Stairways and Corridors B 50-75-100 5-7.5-10

The data shown in Table 6.4 and the values given in Tables 6.5 and 6.6 have been derived from the [ES Lighting
Handbook. The tasks and activities selected for inclusion in these figures are those that are appropriate to nuclear
power plants. (Adapted from IES Lighting Handbook: Reference & Application. 1993. Illuminating Society of North
America, 120 Wall Street, 17th Floor, New York, N.Y. 10005, (212) 248-5000: Author. Used by permission.)

Finally, different kinds of lighting influence the inspection time. For example, tungsten
lighting is not as effective as fluorescent lighting for several inspection tasks, such as removing
defective ball bearings, checking the length of steel rods, and comparing two columns of
numbers. Tungsten lighting may be inferior in these situations because it produces more glare,
which induces fatigue. Fluorescent lighting significantly improves inspection time and reduces
error rates on all tasks but clerical tasks.
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Table 6.5 Weighting factors to be considered in selecting specific illuminance within ranges of
values for illuminance categories A through C (Adapted from thd IES Lighting
Handbook: Reference & Application, 1993. Illuminating Society of North America,
120 Wall Street, 17th Floor, New York, N.Y. 10005, (212) 248-5000: Author. Used by
permission.)

Weighting factor
Room and occupant
characteristics -1 0 + I

Occupants ages Under 40 40-55 Over 55

Room surface reflectances* Greater than 70 per cent 30 to 70 per cent Less than 30 per cent

Table 6.6 Weighting factors to be considered in selecting specific illuminance within ranges of
values for illuminance categories D through I (Adapted from the IES Lighting
Handbook: Reference & Application, 1993. Illuminating Society of North America,
120 Wall Street, 17th Floor, New York, N.Y. 10005, (212) 248-5000: Author. Used by
permission.)

Weighting Factor
Task and worker
characteristics -1 0 + 1

Workers ages Under 40 40-55 Over 55

Speed and/or accuracy** Not important Important Critical

Reflectance of task Greater than 70 per cent 30 to 70 per cent Less than 30 per cent
background***

* Average weighted surface reflectances, including wall, floor and ceiling reflectances, if they encompass a large portion of the

task area or visual surround.
** In determining whether speed and/or accuracy is not important, important or critical, the following questions need to be

answered: What are the time limitations? How important is it to perform the task rapidly? Will errors produce an unsafe
condition or product? Will errors reduce productivity and be costly?
*** The task background is that portion of the task upon which the meaningful visual display is exhibited.

See Vol. 2,
Section 7.6.6.3.2 Lighting and Color Judgement

The perception of color is important in nuclear power plants, as many procedures, tags, and control markings
are color coded. Perception of color is affected by the light source, the size of the object being viewed, and the
status of the eye (e.g., is the worker adapting to low illuminance levels?). The worker's age also may be a
factor. Older workers are less proficient at color discrimination, particularly among blues and greens.

The Commission Internationale de i'Ecoairage (CIE) general color rendering index (CRI) quantifies humans'
ability to distinguish between colors using different light sources. Table 6.7 provides CRIs for some widely
used lamps. A CRI of 100 is perfect, but errors are uncommon when the CRI is above 80. High-pressure
sodium discharge lamps have the lowest CRI, while artificial daylight fluorescent lamps have the highest CRI.
The latter were designed for color judgement work. Given these CRIs, the choice of a light source then
depends on the importance of discriminating between colors for the specific type of work being undertaken. If
color discrimination is likely to be an issue, then choose lights with high CRIs.

6-13



Table 6.7 Color and color rendering characteristics of common light sources

CIE General Color
Test Lamp Designation Rendering Index (CR1)"

Fluorescent Lamps

Warm white 52
Warm white deluxe 73
White 57
Cool white 62
Cool white deluxe 89
Daylight 74
Three-component A 83
Three-component B 82
Simulated D5o 95
Simulated D55  98
Simulated D65  91
Simulated Dm 93
Simulated D75  93

Mercury, clear 15

Mercury, improved color 32

Metal halide, clear 60

Xenon, high pressure arc 94

High-pressure sodium 21

Low-pressure sodium 44

DXW tungsten halogen 100

Source: Illuminating Engineering Society of North America, 120 Wall Street, 17th Floor, New York, N.Y. 10005, (212) 248-5000 (1993).

'A CRI of 100 is perfect. CRIs are indicated on a light's packaging.

Alternatives to the CRI include the Color Discrimination Index and the CIE Colormetric System.
These alternatives are more cumbersome than the CRI but also more accurate, as they discriminate
among different qualities of light. A discussion of all these units of measurement is presented in
Volume 2, Section 7.6.

Special consideration should be given to color judgement in dark rooms or at dusk when reflected light
(i.e., luminance) is below 3 candelas/meter1 . At this luminance level, the cone cells of the eye are less
able to discriminate among colors and the eye begins to rely on the rod cells, which do not discriminate
color well. Perception of hue thus suffers. Consequently, there may be a need to increase luminance
levels for color discrimination in dark areas.

At higher illuminance levels, the IES's recommended light levels vary with the type of lamp. For
example, 300 lux should be adequate for good color judgement work in industrial environments
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where fluorescent lighting predominates, but illuminance levels up to 4,000 lux may be necessary
under incandescent lighting.

6.3.3 Glare and Flicker

Glare occurs when the level of luminance (reflected light) is annoying. Glare may reduce
contrast, interfering with acuity, reading, and inspection. Visual fatigue from poor
contrast and glare are common complaints among workers who monitor CRT terminals
under poor lighting conditions. Glare typically results from the poor quality of light rather
than from too much or too little light.

See Vol. 2,
Section 7.7.

Glare can be dramatically reduced by moving the location of a light source away from a
worker's line of vision. In fact, the glare from a 100-watt tungsten filament light bulb causes
an 84% loss in visual discrimination when placed five degrees away from the observer's line
of vision, but the loss of visual discrimination can be reduced to 42% when the light is
placed 40 degrees away from the line of sight.

The IES has adopted a standard procedure for computing discomfort glare ratings (DGRs)
for interior lighting. The method for estimating a DGR is detailed in the IES handbook.
The DGR summarizes in one number the capacity of lighting to produce discomfort. It
takes into account the size of the room; the reflectance of surfaces; the illuminance level;
the number, type, sizes, and CRIs of the lights; the location of the worker; and the type of
furniture or equipment in the room. One of the more important factors incorporated into
the index is the age of the worker, since older people are substantially more affected by
glare. The DGR can be converted into a visual comfort probability (VCP). The VCP is a
percentage of occupants who would rate the lighting system as comfortable, even in the least
advantageous position in the room. The IES considers a VCP of 70 satisfactory for
eliminating glare and discomfort.

Flickering lights also cause visual discomfort and eye fatigue when reading. Flicker is
caused by oscillations in the electrical current powering a fluorescent light. When a light is
powered by a current of approximately 60 Hz, flicker is not perceived even at bright
illuminance levels. (It is important to realize that 60 Hz refers to the frequency of the
current powering the light, not the frequency of the light itself.) Workers can see flicker
below 60 Hz.

6.3.4 Ultraviolet Light See Vol. 2,

The ultraviolet portion of the spectrum, which humans cannot see, is very dangerous to Section 7.1.

the eyes, which is why people are taught not to look directly at the sun or into a welding
operation. Exposure to ultraviolet light can induce fatigue and disrupt visually dependent
tasks. Extreme exposures can burn the retina and potentially form cataracts. Likewise,
reflective light from mirrors, white sand, or water may also cause white spots in the back of
the retina and exacerbate irritation and even conjunctivitis. For these reasons, goggles have
been designed to selectively reflect wavelengths less thah 300 nanometers, which are within
the ultraviolet range. If workers wear these goggles, ultraviolet light cannot enter the eye.
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6.4 An Example

This section presents an example that considers the effects of lighting in a realistic situation.
Auxiliary operators may have difficulty starting the diesel generators locally during a loss of
off-site power because the emergency lighting in the vicinity of the diesel generators is not
particularly strong. Such poor lighting might lead to errors that could compromise plant
safety.

(1) The first step is to characterize the task performed by an operator who is starting the
diesel generators locally following a loss of off-site power. The recommended
illuminance levels for general visibility should be met so that the operator can see his
way around the diesel generator area. The recommended levels for reading should
be met so that the operator can read the procedure he will be following and any
gauges or controls. The recommended levels for inspection should be met because
the operator must check for oil leaks. Color judgement is not required in this task,
as the alarms and controls by the diesel generator typically are not color coded.
Because emergency lighting consists of several bright spotlights, glare and shadows
are likely to be problems, as the area will not be evenly lit.

(2) The second step is to measure the illuminance levels under emergency lighting.
These levels tend to be around 400 lux in well-lit areas. However, many areas are
considerably darker than 400 lux; in many shadows, illuminance levels are below 100
lux. The method for measuring illuminance levels is described in Section 6.1.

(3) The next step is to determine if illuminance levels are adequate for general visibility;
in other words, will the operator have enough light for tasks other than reading and
inspection? Table 6.4 should be used. Inspection and reading aside (which will be
considered in Steps 4 and 5), the work can be characterized as rough work (e.g.,
manipulating controls). In Table 6.4, rough work is in Illuminance Category D. This
category has a range of 200-300-500 lux (20-30-50 footcandles). To determine the
minimum maintained illuminance level appropriate to the specific characteristics of
the this task, Table 6.6 should be used. The worker's age is 43; therefore, the
weighting factor for this characteristic is 0. While speed is not particularly essential
(the task will take about 30 minutes), accuracy is critical because any errors made by
the operator will have serious consequences, because the plant is without outside
power. The weighting factor for this characteristic, then, is + 1. Reflectances of task
background seem to be unusually low, because of glare from the spotlights and
excessive shadows. This weighting factor is + 1. As outlined in the steps in Section
6.3.1, these factors should be added algebraically (i.e., (0) + (+1) + (+1) = +2). A
total weighting factor of +2 indicates that the highest of the range of three
illuminances should be used, resulting in a level of 500 lux. The measured level of
400 lux falls short of the recommended level. The areas in shadows (100 lux or less)
fall even further short of the recommended level.

(4) The next step is to determine whether illuminance levels are adequate for procedure
reading. Figure 6.3 should be used. If it is assumed that the procedures are
photocopied originals with corrections written in pencil, this task would fall into
Illuminance Category E. This category has a range of 500-750-1000 lux (50-75-100
footcandles). Again, Table 6.6 should be used. The worker's age has a weighting
factor of 0, as previously mentioned. Accuracy is again critical (+ 1). The
reflectances are low (+1). Therefore, the same equation applies to this step,
resulting in a total weighting factor of +2. The lighting level for this range is
1000 lux. This level is well above the measured illuminance level.
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(5) The next step is to determine whether illuminance levels are adequate for inspecting
for oil leaks in the diesel generators. This is classified as a difficult inspection task,
which is rated as Illuminance Category F. This category has a range of 1000-1500-
2000 lux (100-150-200 footcandles). Since the worker's age, reflectances, and
accuracy requirements are critical, the weighting factors remain the same. Therefore,
the total weighting factor is once again +2. The lighting level for this range is
2000 lux for a Category F task. Again, this level is well above the measured
illuminance level.

(6) Because color judgement is not required in this task, there is no need to assess the
color rendering indices of the lights used.

(7) Glare has the potential for being problematic. A subjective assessment of glare
should be made. If it appears that glare is a problem, a lighting engineer should
calculate a discomfort glare rating (DGR) to quantitatively assess the situation.

6.5 Suggested Remediation

This section presents proven industrial practices for overcoming problems of inadequate
lighting. This information may help the NRC assess licensee practices for overcoming the
effects of inadequate lighting. These practices address problems in the quantity of light and
the quality of light. If the problem is in the quantity of light, the best solution is to increase
the level of illuminance.

Most problems with the quality of light are related to glare. To reduce direct glare from

lights there are several steps one can take:

* Lights with low discomfort glare ratings can be chosen.

" The luminance (reflected light) of lights can be lowered by using more low-intensity
lights rather than fewer high-intensity lights.

" Lights can be located as far away as possible from the worker's line of vision.

* The luminance around a glare spot can be increased so that the brightness ratio is
less.

" Barriers (e.g., hoods, visors, or shades) can be used to shield glare spots.

To reduce glare from windows:

* Windows can be located at least three feet above the floor.

" Awnings or overhanging ledges outside above the windows can be provided.

" Blinds on the windows can be used to alter the angles of light from outside.

* The contrast between lights in the room and the light from the windows can be
minimized by equally spacing lights around the whole room.

To reduce reflected glare from surfaces:

0 Luminance levels can be kept as low as possible.
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" Good illuminance levels can be chosen.

* Diffused light can be used.

" Lights can be positioned so that reflected light cannot enter directly into the workers'
eyes.

" Matte surfaces can be used to reduce reflectance.
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GLOSSARY

acceleration The rate of change per second. Used to characterize the violence of vibration.
Measured in meters/second'.

acclimation Long-term adjustments of the body in response to changes in the environment
such as in hot or cold climates.

ACGIH American Conference of Governmental Industrial Hygienists. This organization
developed the Threshold Limit Values (TLVs), which are intended to prevent long-term
hearing loss.

acuity The sharpness or clearness of perception.

adaptation Changes in sensitivity of the body's senses resulting from repeated exposure to
heat, cold, vibration, noise, or light. For example, pilots in the dark adapt to low illuminance
levels.

air temperature The temperature measured by a thermometer in the shade. Also known
as dry-bulb temperature.

air velocity The speed of air moving across a surface. Often expressed in feet per minute.

ambient light or sound The amount of light or sound surrounding a person.

amplitude The degree of displacement from a resting state of a sound or vibration wave.

angular size The angle of a projected image subtended at the eye, defined by the two lines
drawn from the top and bottom of the viewed object to the focal point in the eye. Another
name is the visual angle theta (0).

arousal The state of being alert. Workers will perform best when they are neither under-
aroused (i.e., bored) nor over-aroused (i.e., highly agitated).

ASHRAE The American Society of Heating, Refrigerating, and Air Conditioning
Engineers. This organization sets comfort standards for exposure to cold.

attention Directed or focused thought using a portion of available capacity to process
information.

axis A spatial coordinate system used to describe the direction of energy. For example, in
the case of vibration the "x" axis is chest to back, "y" is right to left, and "z" is head to
foot. The rotational axes include roll (about the x-axis), pitch (about the y-axis), and yaw
(about the z-axis).

brightness The psychological perceptual attribute of light intensity. Sometimes brightness
is used as a synonym for surface luminance.

calorie A physical measure of heat energy.

chronic A chronic effect is a long-term effect. Chronic effects of overexposure to
environmental conditions are considered health effects.
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clerical tasks Tasks that typically constitute clerical work, such as typing. These tasks
typically require a certain amount of manual dexterity.

clo Clothing thermal unit. The heat trapping or insulating characteristic of a worker's
clothing.

cognitive Emphasizes obtaining, organizing, and using information. Cognitive tasks involve
memory and decision making.

comfort standard A standard that is intended to preserve worker comfort. MIL-STD-1472
defines comfort boundaries for vibration (adopting the ISO standard). The ASH RAE
thermal comfort standard defines summer and winter comfort zones for heat and cold.
Annoyance curves exist for noise, and the visibility comfort standard is used to address
excess glare from light.

compensation The body's ability to adjust to abnormal exposures by returning the body to
homeostasis or normal working condition.

complex harmonic vibration A repeating motion having more than one peak per cycle.

contrast The measure of the relative difference in luminance between object luminance and
background luminance. Objects are visible because they contrast with their backgrounds.

decibel (dB) A measure of the intensity of a sound. A decibel is a logarithmic ratio that
compresses the measurement scale and makes it more manageable. Decibels are weighted
by the A, B, and C scales to approximate the frequency response of the human ear. The A-
weighted decibel scale (dBIIA]) is the most commonly used.

decrement A loss of ability to function, usually occurring in small degrees and over a
period of time.

deep-body temperature Temperature at the innermost portion of the body. Also known as
core temperature.

discomfort The state of being physically uncomfortable. Discomfort is often measured by
recording subjective evaluations of individuals.

dry-bulb temperature The standard way air temperature is measured.

ET Effective temperature scale. An index of subjective warmth. ET relates equivalent
levels of warmth as a function of dry-bulb, and wet-bulb temperature, air velocity, and
relative humidity of the air. The greater the humidity, the greater the ET.

fatigue The state of being tired or weary, usually from some repetitive labor or insufficient
rest.

foot-lambert A measurement for light equal to the amount of light reflected from a
surface.

frequency The number of oscillations occurring per unit time. Used to specify the speed of
a vibration or the pitch of a sound. Measured in hertz (Hz); 1 Hz equals 1 cycle per
second.
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grip strength A measure of manual performance in which the strength of one's hand grip
is measured by determining the amount of pressure exerted.

heat acclimation Allowing the body to adjust to heat by starting with exposures of short
duration and increasing the exposure over periods of days until the maximum exposure is
reached.

heat stress An adverse physiological effect due to exposure to excessive temperature.

hertz (Hz) A measure of frequency used in the measurement of sound and vibration; one
Hz equals one cycle per second.

hue A characteristic of color determined by the wavelength of the light reflected by a
surface. See saturation and value.

illuminance The amount of light falling on a surface, measured in footcandles or lux.

intensity The measure of energy radiated by a light source in all directions. Also used to
informally characterize the violence of a vibration.

ISO International Organization for Standardization. This organization set the limits for
vibration described in this handbook. (The acronym is not OS.)

kcal/hour Kilo-calories per hour. An amount of heat that can raise the temperature of one
kilogram of water one degree centigrade in one hour.

light Visible electromagnetic radiation of energy within a narrow range of wavelengths (400
to 700 nanometers).

long-term memory A repository for information that people want to remember to a long
time.

loudness Loudness is a subjective perception of the intensity of a sound.

lumen A measurement of incident light; the amount of light energy given off by one candle-
power of steady intensity.

luminance The amount of light reflected from a surface corresponding to the perceived
brightness of an object.

lux A unit of measure of illuminance. A one-candlepower light source one meter from a
surface produces one lux of light on that surface.

manual dexterity Refers to the degree to which a person has the needed strength and
flexibility in one or both arms to perform a task. Manual dexterity tasks range from those
involving gross hand manipulations (e.g., turning a large screwdriver) to fine hand
manipulations (e.g., tying a knot in a length of thread).

manual tracking A visual-motor skill that requires individuals to coordinate their eyes and
hands while tracing or following a moving target.

masking The ability of an unwanted noise to obscure what one wants to hear. For
example, an alarm will mask speech.
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mean The arithmetic average value.

mental tasks Tasks that primarily require cognitive activity (thinking) to perform, such as
decision making, judgements, and problem-solving.

metabolic rate (mets) A measure of physical activity based on the influence of an activity
on the speed of metabolism.

metabolism The chemical process in living cells in which food is broken down to provide
energy.

MILSTD Military standard. The rules or regulations that govern an item, process, or
piece of equipment used by the military.

NIOSH National Institute of Occupational Safety and Health. NIOSH developed the
standard for preventing heat stress that is recommended in this handbook.

NIPTS Noise-induced permanent threshold shift. A permanent loss of hearing initially in
the high frequency ranges gradually spreading to lower frequencies.

no-effect level The highest level of exposure where there have been no performance or
health effects observed in laboratory research. The conservative approach taken in this
handbook makes the assumption that effects are possible at exposures above the no-effect
level.

noise Unwanted sound. In physical terms, noise is a product of changes in pressure
received by the ear and sent to the brain as chemical-electric signals to be translated.

object vibration Vibration of an object being viewed by an observer.

occupational standard A standard that accounts for the fact that workers are exposed to
various environmental conditions for eight hours a day over a 40-year working life-span.

octave A range of frequencies where the higher frequency is twice the lower frequency.

perceptual/motor task Tasks that call upon both perceptual and motor capabilities.

pitch The movement of an object about its x-axis. Also the frequency of a sound.

quantitative Numeric evaluations.

radiation The process of energy transmission through a medium. For example, a warm
body radiates heat into the air.

RALs Recommended Heat Stress Alert Limits. A scale designed to protect unacclimated
workers from heat stress.

random vibration Vibration whose motion occurs without pattern.

reaction time The amount of time required for an individual to react in some recordable
way to a stimulus.
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relative humidity The amount of moisture in the air relative to the maximum amount of
moisture the air could hold at that temperature.

RELs Recommended Heat Stress Exposure Limits. A scale designed to protect acclimated
workers from heat stress.

rms Root mean square. An averaging measure of numbers of wave amplitudes. The sum

of the squares of instantaneous displacement for the different wave amplitudes.

roll The movement of an object about its y-axis.

saturation The purity of a color. Pure colors contain very few hues (i.e., they consist of
very few wavelengths of light). See hue and value.

segmental vibration The amount of vibration transmitted to the arm or hand, or to other
segments of the body.

short-term memory A repository for information that was processed shortly beforehand.
Information in short-term memory is forgotten unless it is transferred to long-term memory.
An example of a short-term memory task would be to recall a recent phone number, a
shopping list, or a recent conversation.

simple harmonic vibration A repeating motion having one peak per cycle.

simple reaction time The amount of time required for an individual to respond to a
stimulus (e.g., to push a button in response to a light or sound stimulus).

stimulus Physical energy or information that produces a sensory-perceptual experience.

stress A condition of the body when mental, chemical, or physical circumstances cause

tension.

stressor A stimulus that causes stress.

theta The symbol (8) often used for the angle subtended by the retinal image
corresponding to a viewed object or pattern.

tinnitus A high-pitched ringing sound heard in the ears when no actual ringing sound is
present.

tracking tasks Tasks where the goal is to visually or manually follow an object that is
changing position.

TS Temporary threshold shift. Short-term loss of hearing due to over-exposure to noise.

value The intensity of a color. See hue and saturation,

verbal reasoning Problem-solving tasks that rely on language.

vibration The rapid movement of an object back and forth from a motionless state.
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vigilance The ability to maintain attention over a long period of time in order to detect a
change in a stimulus. A vigilance task typically requires an individual to respond to
infrequent and random changes.

visual acuity The ability to see fine details of an object.

visual discrimination The ability to discriminate the smallest difference in detail,
brightness, or space between various stimuli.

visual inspection Activity involving a visual search of objects for defects.

WBGT Wet-bulb globe temperature. A heat-stress index based on three parameters: dry-
bulb, wet-bulb, and black globe temperature.

whole-body vibration Vibration that affects the whole body, such as when sitting on a
moving vehicle, train, or tractor, or walking on a vibrating metal grating.
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