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Preface

Tlis second edition of Chemical Process Safety is de-
signed to enhance the process of teaching and applying the fundamentals of chemical process
safety. It is appropriate for an industrial reference, a senior-level undergraduate course, or a
graduate course in chemical process safety. It can be used by anyone interested in improving
chemical process safety, including chemical and mechanical engineers and chemists. More ma-
terial is presented than can be accommodated in a 3-credit course, providing instructors with
the opportunity to emphasize their topics of interest.

The primary objective of this textbook is to encapsulate the important technical funda-
mentals of chemical process safety. The emphasis on the fundamentals will help the student
and practicing scientist to understand the concepts and apply them accordingly. This applica-
tion requires a significant quantity of fundamental knowledge and technology.

The second edition has been rewritten to include new process safety technology and new
references that have appeared since the first edition was published in 1990. It also includes our
combined experiences of teaching process safety in both industry and academia during the past
10 years.

Significant modifications were made to the following topics: dispersion modeling, source
modeling, flammability characterization, explosion venting, fundamentals of electrostatics, and
case histories. This new edition also includes selected materials from the latest AICHE Center
for Chemical Process Safety (CCPS) books and is now an excellent introduction to the CCPS
library.

This second edition also includes more problems (now 30 per chapter). A complete set of
problem solutions is available to instructors using the book in their curriculum. These changes
fulfill the requests of many professors who have used this textbook.

We continue to believe that a textbook on safety is possible only with both industrial and
academic inputs. The industrial input ensures that the material is industrially relevant. The

xiii



xiv Preface

academic input ensures that the material is presented on a fundamental basis to help professors
and students understand the concepts. Although the authors are (now) both from universities,
one has over 30 years of relevant experience in industry (J. F. L.) and the other (D. A. C.) has
accumulated significant industrial experience since the writing of the first edition.

Since the first edition was published, many universities have developed courses or course
content in chemical process safety. This new emphasis on process safety is the result of the pos-
itive influences from industry and the Accreditation Board for Engineering and Technology
(ABET). Based on faculty feedback, this textbook is an excellent application of the funda-
mental topics that are taught in the first three years of the undergraduate education.

Although professors normally have little background in chemical process safety, they
have found that the concepts in this text and the accompanying problems and solutions are easy
to learn and teach. Professors have also found that industrial employees are enthusiastic and
willing to give specific lectures on safety to enhance their courses.

This textbook is designed for a dedicated course in chemical process safety. However, we
continue to believe that chemical process safety should be part of every undergraduate and
graduate course in chemistry and chemical and mechanical engineering, just as it is a part of all
the industrial experiences. This text is an excellent reference for these courses. This textbook
can also be used as a reference for a design course.

Some will remark that our presentation is not complete or that some details are missing.
The purpose of this book, however, is not to be complete but to provide a starting point for
those who wish to learn about this important area. This book, for example, has a companion text
titled Health and Environmental Risk Analysis that extends the topics relevant to risk analysis.

We thank many of our friends who continue to teach us the fundamentals of chemical
process safety. Those who have been especially helpful include G. Boicourt and J. Wehman of
the BASF Corporation; W. Howard and S. Grossel, who have extensive industrial experience
and are now consultants; B. Powers from Dow Chemical Company; D. Hendershot from Rohm
and Haas; R. Welker of the University of Arkansas; R. Willey of Northeastern University; and
R. Darby of Texas A&M University.

We also continue to acknowledge and thank all the members of the Undergraduate Ed-
ucation Committee of the Center for Chemical Process Safety and the Safety and Loss Pre-
vention Committee of the American Institute of Chemical Engineers. We are honored to be
members of both committees. The members of these committees are the experts in safety; their
enthusiasm and knowledge have been truly educational and a key inspiration to the develop-
ment of this text.

Finally, we continue to acknowledge our families, who provided patience, understanding,
and encouragement throughout the writing of the first and second editions.

We hope that this textbook helps prevent chemical plant and university accidents and
contributes to a much safer future.

Daniel A. Crowl and Joseph F. Louvar
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CHAPTER 1

Introduction

In 1987, Robert M. Solow, an economist at the Massa-
chusetts Institute of Technology, received the Nobel Prize in economics for his work in deter-
mining the sources of economic growth. Professor Solow concluded that the bulk of an econ-
omy'’s growth is the result of technological advances.

It is reasonable to conclude that the growth of an industry is also dependent on techno-
logical advances. This is especially true in the chemical industry, which is entering an era of more
complex processes: higher pressure, more reactive chemicals, and exotic chemistry.

More complex processes require more complex safety technology. Many industrialists
even believe that the development and application of safety technology is actually a constraint
on the growth of the chemical industry.

As chemical process technology becomes more complex, chemical engineers will need a
more detailed and fundamental understanding of safety. H. H. Fawcett said, “To know is to sur-
vive and to ignore fundamentals is to court disaster.”! This book sets out the fundamentals of
chemical process safety.

Since 1950, significant technological advances have been made in chemical process safety.
Today, safety is equal in importance to production and has developed into a scientific discipline
that includes many highly technical and complex theories and practices. Examples of the tech-
nology of safety include

¢ hydrodynamic models representing two-phase flow through a vessel relief,
¢ dispersion models representing the spread of toxic vapor through a plant after a release,
and

'H. H. Fawcett and W. S. Wood, Safety and Accident Prevention in Chemical Operations, 2d ed. (New York:
Wiley, 1982), p. 1.



2 Chapter 1 » Introduction

¢ mathematical techniques to determine the various ways that processes can fail and the
probability of failure.

Recent advances in chemical plant safety emphasize the use of appropriate technological tools
to provide information for making safety decisions with respect to plant design and operation.

The word “safety” used to mean the older strategy of accident prevention through the use
of hard hats, safety shoes, and a variety of rules and regulations. The main emphasis was on
worker safety. Much more recently, “safety” has been replaced by “loss prevention.” This term
includes hazard identification, technical evaluation, and the design of new engineering features
to prevent loss. The subject of this text is loss prevention, but for convenience, the words “safety”
and “loss prevention” will be used synonymously throughout.

Safety, hazard, and risk are frequently-used terms in chemical process safety. Their defini-
tions are

* Safety or loss prevention: the prevention of accidents through the use of appropriate tech-
nologies to identify the hazards of a chemical plant and eliminate them before an accident
oceurs.

® Hazard: achemical or physical condition that has the potential to cause damage to people,
property, or the environment.

¢ Risk:ameasure of human injury, environmental damage, or economiclossin terms of both
the incident likelihood and the magnitude of the loss or injury.

Chemical plants contain a large variety of hazards. First, there are the usual mechanical
hazards that cause worker injuries from tripping, falling, or moving equipment. Second, there
are chemical hazards. These include fire and explosion hazards, reactivity hazards, and toxic
hazards.

As will be shown later, chemical plants are the safest of all manufacturing facilities. How-
ever, the potential always exists for an accident of catastrophic proportions. Despite substan-
tial safety programs by the chemical industry, headlines of the type shown in Figure 1-1 continue
to appear in the newspapers.

1-1 Safety Programs

A successful safety program requires several ingredients, as shown in Figure 1-2. These ingre-
dients are

* System

¢ Attitude

¢ Fundamentals
¢ Experience

¢ Time

*You
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Train with chemicals plun

Hundreds
flee leaking
chlorine gas

Figure 1-1 Headlines are indicative of the public’s concern over chemical safety.

First, the program needs a system (1) to record what needs to be done to have an out-
standing safety program, (2) to do what needs to be done, and (3) to record that the required
tasks are done. Second, the participants must have a positive attitude. This includes the willing-
ness to do some of the thankless work that is required for success. Third, the participants must
understand and use the fundamentals of chemical process safety in the design, construction,
and operation of their plants. Fourth, everyone must learn from the experience of history or
be doomed to repeat it. It is especially recommended that employees (1) read and understand

Fundamentals
Attitude Experience

Figure 1-2 The ingredients of a success-
ful safety program. »
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case histories of past accidents and (2) ask people in their own and other organizations for their
experience and advice. Fifth, everyone should recognize that safety takes time. This includes
time to study, time to do the work, time to record results (for history), time to share experiences,
and time to train or be trained. Sixth, everyone (you) should take the responsibility to contribute
to the safety program. A safety program must have the commitment from all levels within the
organization. Safety must be given importance equal to production.

The most effective means of implementing a safety program is to make it everyone’s re-
sponsibility in a chemical process plant. The older concept of identifying a few employees to be
responsible for safety is inadequate by today’s standards. All employees have the responsibil-
ity to be knowledgeable about safety and to practice safety.

It is important to recognize the distinction between a good and an outstanding safety
program.

* A good safety program identifies and eliminates existing safety hazards.
* An outstanding safety program has management systems that prevent the existence of
safety hazards.

A good safety program eliminates the existing hazards as they are identified, whereas an out-
standing safety program prevents the existence of a hazard in the first place.

The commonly used management systems directed toward eliminating the existence of
hazards include safety reviews, safety audits, hazard identification techniques, checklists, and
proper application of technical knowledge.

1-2 Engineering Ethics

Most engineers are employed by private companies that provide wages and benefits for their
services. The company earns profits for its shareholders, and engineers must provide a service
to the company by maintaining and improving these profits. Engineers are responsible for min-
imizing losses and providing a safe and secure environment for the company’s employees. En-
gineers have a responsibility to themselves, fellow workers, family, community, and the engi-
neering profession. Part of this responsibility is described in the Engineering Ethics statement
developed by the American Institute of Chemical Engineers (AICHE), shown in Table 1-1.

1-3 Accident and Loss Statistics

Accident and loss statistics are important measures of the effectiveness of safety programs.
These statistics are valuable for determining whether a process is safe or whether a safety pro-
cedure is working effectively.

Many statistical methods are available to characterize accident and loss performance.
These statistics must be used carefully. Like most statistics they are only averages and do not
reflect the potential for single episodes involving substantial losses. Unfortunately, no single
method is capable of measuring all required aspects. The three systems considered here are
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Table 1-1 American Institute of Chemical Engineers Code of Professional Ethics

Fundamental principles

Engineers shall uphold and advance the integrity, honor, and dignity of the engineering profession by

1. using their knowledge and skill for the enhancement of human welfare;
2. being honest and impartial and serving with fidelity the public, their employers, and clients;
3. striving to increase the competence and prestige of the engineering profession.

Fundamental canons

1. Engineers shall hold paramount the safety, health, and welfare of the public in the performance of
their professional duties.

2. Engineers shall perform services only in areas of their competence.

3. Engineers shall issue public statements only in an objective and truthful manner.

4. Engineers shall act in professional matters for each employer or client as faithful agents or trustees,
and shall avoid conflicts of interest.

5. Engineers shall build their professional reputations on the merits of their services.

6. Engineers shall act in such a manner as to uphold and enhance the honor, integrity, and dignity of the
engineering profession.

7. Engineers shall continue their professional development throughout their careers and shall provide
opportunities for the professional development of those engineers under their supervision.

¢ OSHA incidence rate,
e fatal accident rate (FAR), and
» fatality rate, or deaths per person per year.

All three methods report the number of accidents and/or fatalities for a fixed number of work-
ers during a specified period.

OSHA stands for the Occupational Safety and Health Administration of the United States
government. OSHA is responsible for ensuring that workers are provided with a safe working
environment. Table 1-2 contains several OSHA definitions applicable to accident statistics.

The OSHA incidence rate is based on cases per 100 worker years. A worker year is as-
sumed to contain 2000 hours (50 work weeks/year X 40 hours/week). The OSHA incidence
rate is therefore based on 200,000 hours of worker exposure to a hazard. The OSHA incidence
rate is calculated from the number of occupational injuries and illnesses and the total number
of employee hours worked during the applicable period. The following equation is used:

OSHA incid ¢ Number of injuries and
madence rate -y esses X 200,000

b o _ 11
(based on injuries Total hours worked by (-1

all employees during

and illness)

period covered.
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Term

Definition

First aid

Incident rate

Lost workdays

Medical treatment

Occupational injury

Occupational illness

Recordable cases
Recordable fatality cases

Recordable nonfatal
cases without lost
workdays

Recordable lost workday
cases due to restricted
duty

Recordable cases with
days away from work

Recordable medical cases

Any one-time treatment and any follow-up visits for the purpose of obser-
vation of minor scratches, cuts, burns, splinters, and so forth that do not
ordinarily require medical care. Such one-time treatment and follow-up
visits for the purpose of observation are considered first aid even though
provided by a physician or registered professional personnel.

Number of occupational injuries and/or illnesses or lost workdays per 100
full-time employees.

Number of days (consecutive or not) after but not including the day of
injury or illness during which the employee would have worked but could
not do so, that is, during which the employee could not perform all or any
part of his or her normal assignment during all or any part of the workday
or shift because of the occupational injury or illness.

Treatment administered by a physician or by registered professional per-
sonnel under the standing orders of a physician. Medical treatment does
not include first aid treatment even though provided by a physician or
registered professional personnel.

Any injury such as a cut, sprain, or burn that results from a work accident
or from a single instantaneous exposure in the work environment.

Any abnormal condition or disorder, other than one resulting from an oc-
cupational injury, caused by exposure to environmental factors associated
with employment. It includes acute and chronic illnesses or diseases that
may be caused by inhalation, absorption, ingestion, or direct contact.

Cases involving an occupational injury or occupational illness, including
deaths.

Injuries that result in death, regardless of the time between the injury and
death or the length of the illness.

Cases of occupational injury or illness that do not involve fatalities or lost
workdays but do result in (1) transfer to another job or termination of
employment or (2) medical treatment other than first aid or (3) diagnosis
of occupational illness or (4) loss of consciousness or (5) restriction of
work or motion.

Injuries that result in the injured person not being able to perform their
regular duties but being able to perform duties consistent with their
normal work.

Injuries that result in the injured person not being able to return to work
on their next regular workday.

Injuries that require treatment that must be administered by a physician or
under the standing orders of a physician. The injured person is able to re-
turn to work and perform his or her regular duties. Medical injuries in-
clude cuts requiring stitches, second-degree burns (burns with blisters),
broken bones, injury requiring prescription medication, and injury with
loss of consciousness.

Ynjury Facts, 1999 ed. (Chicago: National Safety Council, 1999), p. 151.
20SHA regulations, 29 CFR 1904.12.
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An incidence rate can also be based on lost workdays instead of injuries and illnesses. For
this case

Number of lost

OSH: 1n§1dericetrate _ workdays X 200,000 12
{(based on los " Total hours worked by -
workdays)

all employees during
period covered.

The definition of a lost workday is given in Table 1-2.

The OSHA incidence rate provides information on alf types of work-related injuries and
illnesses, including fatalities. This provides a better representation of worker accidents than
systems based on fatalities alone. For instance, a plant might experience many small accidents
with resulting injuries but no fatalities. On the other hand, fatality data cannot be extracted
from the OSHA incidence rate without additional information.

The FAR isused mostly by the British chemicalindustry. This statisticis used here because
there are some useful and interesting FAR data available in the open literature. The FAR re-
ports the number of fatalities based on 1000 employees working their entire lifetime. The em-
ployees are assumed to work a total of 50 years. Thus the FAR is based on 10% working hours.
The resulting equation is

Number of

fatalities X 10°
FAR = 13
Total hours worked by all (1-3)

employees during period covered.

The last method considered is the fatality rate or deaths per person per year. This system
isindependent of the number of hours actually worked and reports only the number of fatalities
expected per person per year. This approach is useful for performing calculations on the general
population, where the number of exposed hours is poorly defined. The applicable equation is

Number of

i fatalities per year
Fatality rate = . (1-4)
Total number of people in

applicable population.

Both the OSHA incidence rate and the FAR depend on the number of exposed hours.
An employee working a ten-hour shift is at greater total risk than one working an eight-hour
shift. A FAR can be converted to a fatality rate (or vice versa) if the number of exposed hours
is known. The OSHA incidence rate cannot be readily converted to a FAR or fatality rate be-
cause it contains both injury and fatality information.
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Table 1-3 Accident Statistics for Selected Industries

OSHA incident rate

(cases involving

days away from FAR

work and deaths) (deaths)
Industry 1985 19982 19863 1990+
Chemicals and allied products 0.49 0.35 4.0 1.2
Motor vehicles 1.08 6.07 1.3 0.6
Steel 1.54 1.28 8.0
Paper 2.06 0.81
Coal mining 2.22 0.26 40 7.3
Food 3.28 1.35
Construction 3.88 0.6 67 5.0
Agricultural 453 0.89 10 3.7
Meat products 527 0.96
Trucking 7.28 2.10
All manufacturing 1.68 1.2

L Accident Facts, 1985 ed. (Chicago: National Safety Council, 1985), p. 30.

2Injury Facts, 1999 ed. (Chicago: National Safety Council, 1999), p. 66.

3Frank P. Lees, Loss Prevention in the Process Industries (London: Butterworths, 1986), p. 177.
4Frank P. Lees, Loss Prevention in the Process Industries, 2d ed. (London: Butterworths, 1996}, p. 2/9.

Example 1-1
A process has a reported FAR of 2. If an employee works a standard 8-hr shift 300 days per year,
compute the deaths per person per year.

Solution
Deaths per person per year = (8 hr/day) x (300 days/yr) X (2 deaths/10® hr)

=48 x 1075,

Typical accident statistics for various industries are shown in Table 1-3. A FAR of 1.2
is reported in Table 1-3 for the chemical industry. Approximately half these deaths are due to
ordinary industrial accidents (falling down stairs, being run over), the other half to chemical
exposures.?

The FAR figures show that if 1000 workers begin employment in the chemical industry,
2 of the workers will die as a result of their employment throughout all of their working life-
times. One of these deaths will be due to direct chemical exposure. However, 20 of these same

2T. A. Kletz, “Eliminating Potential Process Hazards,” Chemical Engineering (Apr. 1, 1985).
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Table 1-4 Fatality Statistics for Common Nonindustrial Activities 2

FAR Fatality rate
(deaths/10® (deaths per
Activity hours) person per year)
Voluntary activity
Staying at home 3
Traveling by
Car 57 17 x107°
Bicycle 96
Air 240
Motorcycle 660
Canoeing 1000
Rock climbing 4000 4x107°
Smoking (20 cigarettes/day) 500 x 107°
Involuntary activity
Struck by meteorite 6x 1071
Struck by lightning (U.K.) 1x1077
Fire (UK.) 150 x 1077
Run over by vehicle 600 x 1077

'Frank P. Lees, Loss Prevention in the Process Industries (London: Butterworths, 1986), p. 178.
2Frank P. Lees, Loss Prevention in the Process Industries, 2d ed. (London: Butterworths,
1996), p. 9/96.

1000 people will die as a result of nonindustrial accidents (mostly at home or on the road) and
370 will die from disease. Of those that perish from disease, 40 will die as a direct result of
smoking.3

Table 1-4 lists the FARs for various common activities. The table is divided into volun-
tary and involuntary risks. Based on these data, it appears that individuals are willing to take a
substantially greater risk if it is voluntary. It is also evident that many common everyday activ-
ities are substantially more dangerous than working in a chemical plant.

For example, Table 1-4 indicates that canoeing is much more dangerous than traveling by
motorcycle, despite general perceptions otherwise. This phenomenon is due to the number of
exposed hours. Canoeing produces more fatalities per hour of activity than traveling by motor-
cycle. The total number of motorcycle fatalities is larger because more people travel by motor-
cycle than canoe.

Example 1-2
If twice as many people used motorcycles for the same average amount of time each, what will hap-
pen to (a) the OSHA incidence rate, (b) the FAR, (c) the fatality rate, and (d) the total number of
fatalities?

3Kletz, “Eliminating Potential Process Hazards.”
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Solution
a. The OSHA incidence rate will remain the same. The number of injuries and deaths will
double, but the total number of hours exposed will double as well.
b. The FAR will remain unchanged for the same reason as in part a.
¢. The fatality rate, or deaths per person per year, will double. The fatality rate does not depend
on exposed hours.
d. The total number of fatalities will double.

Example 1-3
If all riders used their motorcycles twice as much, what will happen to (a) the OSHA incidence rate,
(b) the FAR, (c) the fatality rate, and (d) the total number of fatalities?

Solution
a. The OSHA incidence rate will remain the same. The same reasoning applies as for Example
1-2, part a.
b. The FAR will remain unchanged for the same reason as in part a.
. The fatality rate will double. Twice as many fatalities will occur within this group.
. The number of fatalities will double.

=)

Example 1-4
A friend states that more rock climbers are killed traveling by automobile than are killed rock
climbing. Is this statement supported by the accident statistics?

Solution

The data from Table 1-4 show that traveling by car (FAR = 57) is safer than rock climbing (FAR =
4000). Rock climbing produces many more fatalities per exposed hour than traveling by car. How-
ever, the rock climbers probably spend more time traveling by car than rock climbing. As a result,
the statement might be correct but more data are required.

Recognizing that the chemical industry is safe, why is there so much concern about chemi-
cal plant safety? The concern has to do with the industry’s potential for many deaths, as, for
example, in the Bhopal, India, tragedy. Accident statistics do not include information on the
total number of deaths from a single incident. Accident statistics can be somewhat misleading
in this respect. For example, consider two separate chemical plants. Both plants have a proba-
bility of explosion and complete devastation once every 1000 years. The first plant employs a
single operator. When the plant explodes, the operator is the sole fatality. The second plant em-
ploys 10 operators. When this plant explodes all 10 operators succumb. In both cases the FAR
and OSHA incidence rate are the same; the second accident kills more people, but there are a
correspondingly larger number of exposed hours. In both cases the risk taken by an individual
operator is the same.

It is human nature to perceive the accident with the greater loss of life as the greater trag-
edy. The potential for large loss of life gives the perception that the chemical industry is unsafe.

4Kletz, “Eliminating Potential Process Hazards.”
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500

/ 10,000

Number of Accidents Figure 1-3 The accident pyramid.

Loss data> published for losses after 1966 and in 10-year increments indicate that the to-
tal number of losses, the total dollar amount lost, and the average amount lost per incident have
steadily increased. The total loss figure has doubled every 10 years despite increased efforts by
the chemical process industry to improve safety. The increases are mostly due to an expansion
in the number of chemical plants, an increase in chemical plant size, and an increase in the use
of more complicated and dangerous chemicals.

Property damage and loss of production must also be considered in loss prevention. These
losses can be substantial. Accidents of this type are much more common than fatalities. This is
demonstrated in the accident pyramid shown in Figure 1-3. The numbers provided are only ap-
proximate. The exact numbers vary by industry, location, and time. “No Damage” accidents
are frequently called “near misses” and provide a good opportunity for companies to determine
that a problem exists and to correct it before a more serious accident occurs. It is frequently
said that “the cause of an accident is visible the day before it occurs.” Inspections, safety re-
views and careful evaluation of near misses will identify hazardous conditions that can be cor-
rected before real accidents occur.

Safety is good business and, like most business situations, has an optimal level of activity
beyond which there are diminishing returns. As shown by Kletz S if initial expenditures are made
on safety, plants are prevented from blowing up and experienced workers are spared. This re-
sults in increased return because of reduced loss expenditures. If safety expenditures increase,
then the return increases more, but it may not be as much as before and not as much as achieved
by spending money elsewhere. If safety expenditures increase further, the price of the product
increases and sales diminish. Indeed, people are spared from injury (good humanity), but the
cost is decreased sales. Finally, even higher safety expenditures result in uncompetitive prod-
uct pricing: The company will go out of business. Each company needs to determine an appro-
priate level for safety expenditures. This is part of risk management.

From a technical viewpoint, excessive expenditures for safety equipment to solve single
safety problems may make the system unduly complex and consequently may cause new safety

5Large Property Damage Losses in the Hydrocarbon-Chemical Industries: A Thirty-Year Review (New
York: J & H Marsh & McLennan Inc., 1998), p. 2.
ST. A. Kletz, “Eliminating Potential Process Hazards.”
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Table 1-5 All Accidental Deaths!

Type of death 1998 Deaths
Motor-vehicle
Public nonwork 38,900
Work 2,100
Home 200
Subtotal 41,200 (43.5%)
Work
Nonmotor-vehicle 3,000
Motor-vehicle 2,100
Subtotal 5,100 (5.4%)
Home
Nonmotor-vehicle 28,200
Motor-vehicle 200
Subtotal 28,400 (30.0%)
Public? 20,000
Subtotal 20,000 (21.1%)
Total accidental deaths 92,2003

Unjury Facts, 1999 ed. (Chicago: National Safety Council, 1999), p. 2.

2Public accidents are any accidents other than motor-vehicle accidents that occur in the
use of public facilities or premises (swimming, hunting, falling, etc.) and deaths resulting
from natural disasters even if they happened in the home.

3The true total is lower than the sum of the subtotals because some accidents are in more

than one category.

problems because of this complexity. This excessive expense could have a higher safety return
if assigned to a different safety problem. Engineers need to also consider other alternatives
when designing safety improvements.

Itisalso important to recognize the causes of accidental deaths, as shown in Table 1-5. Be-
cause most, if not all, company safety programs are directed toward preventing injuries to em-
ployees, the programs should include off-the-job safety, especially training to prevent accidents
with motor vehicles.

When organizations focus on the root causes of worker injuries, it is helpful to analyze
the manner in which workplace fatalities occur (see Figure 1-4). Although the emphasis of this
book is the prevention of chemical-related accidents, the data in Figure 1-4 show that safety
programs need to include training to prevent injuries resulting from transportation, assaults,
mechanical and chemical exposures, and fires and explosions.

1-4 Acceptable Risk

We cannot eliminate risk entirely. Every chemical process has a certain amount of risk associ-
ated with it. At some point in the design stage someone needs to decide if the risks are “accept-
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Falls
(n =702)

Exposure due to
harmful
substances and
environments
(n = 572)

Fires and
explosions
(n = 205)

13

Worker

Highway struck by higt?\:;ly Aircraft | Other
vehicle
Homicide Suicide
Struck by
object Other
Electrocutions| Other
| ] | I ]
5 10 15 30 35 40 45

Accidents (%)

Figure 1-4 The manner in which workplace fatalities occurred in 1998. The total number of
workplace fatalities was 6026. Source: News, USDL 99-208 (Washington, DC: US Department
of Labor, Aug. 4, 1999).

able.” Thatis, are the risks greater than the normal day-to-day risks taken by individuals in their
nonindustrial environment? Certainly it would require a substantial effort and considerable
expense to design a process with a risk comparable to being struck by lightning (see Table 1-4).
Is it satisfactory to design a process with a risk comparable to the risk of sitting at home? For
asingle chemical process in a plant composed of several processes, this risk may be too high be-
cause the risks resulting from multiple exposures are additive.”

"Modern site layouts require sufficient separation of plants within the site to minimize risks of multiple

€xposures.
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28% More Good Than Horm
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Figure 1-5 Results from a public opinion survey asking the question “Would you say chemicals
do more good than harm, more harm than good, or about the same amount of each?” Source:
The Detroit News.

Engineers must make every effort to minimize risks within the economic constraints of the
process. No engineer should ever design a process that he or she knows will result in certain
human loss or injury, despite any statistics.

1-5 Public Perceptions

The general public has great difficulty with the concept of acceptable risk. The major objection
is due to the involuntary nature of acceptable risk. Chemical plant designers who specify the
acceptable risk are assuming that these risks are satisfactory to the civilians living near the
plant. Frequently these civilians are not aware that there is any risk at all.

The results of a public opinion survey on the hazards of chemicals are shown in Fig-
ure 1-5. This survey asked the participants if they would say chemicals do more good than harm,
more harm than good, or about the same amount of each. The results show an almost even
three-way split, with a small margin to those who considered the good and harm to be equal.

Some naturalists suggest eliminating chemical plant hazards by “returning to nature.”
One alternative, for example, is to eliminate synthetic fibers produced by chemicals and use
natural fibers such as cotton. As suggested by Kletz,® accident statistics demonstrate that this
will result in a greater number of fatalities because the FAR for agriculture is higher.

8T. A. Kletz, “Eliminating Potential Process Hazards.”
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Table 1-6 Three Types of Chemical Plant Accidents

Type of Probability Potential for Potential for

accident of occurrence fatalities economic loss

Fire High Low Intermediate

Explosion Intermediate Intermediate High

Toxic release Low High Low
Example 1-5

List six different products produced by chemical engineers that are of significant benefit to mankind.

Solution
Penicillin, gasoline, synthetic rubber, paper, plastic, concrete.

1-6 The Nature of the Accident Process

Chemical plant accidents follow typical patterns. It is important to study these patterns in or-
der to anticipate the types of accidents that will occur. As shown in Table 1-6, fires are the most
common, followed by explosion and toxic release. With respect to fatalities, the order reverses,
with toxic release having the greatest potential for fatalities.

Economic loss is consistently high for accidents involving explosions. The most damaging
type of explosion is an unconfined vapor cloud explosion, where a large cloud of volatile and
flammable vapor is released and dispersed throughout the plant site followed by ignition and
explosion of the cloud. An analysis of the largest chemical plant accidents (based on worldwide
accidents and 1998 dollars) is provided in Figure 1-6. As illustrated, vapor cloud explosions ac-

Other
3%

Explosions
30%

Vapor Cloud
Explosions
36%

Figure 1-6 Types of loss for large hydrocarbon-
chemical plant accidents. Source: Large Property
Damage Losses in the Hydrocarbon-Chemical Indus-
tries: A Thirty-Year Review (New York: Marsh Inc.,
1998), p. 2. Used by permission of Marsh Inc.
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countfor thelargest percentage of these large losses. The “other” category of Figure 1-6 includes
losses resulting from floods and windstorms.

Toxic release typically results in little damage to capital equipment. Personnel injuries,
employee losses, legal compensation, and cleanup liabilities can be significant.

Figure 1-7 presents the causes of losses for the largest chemical accidents. By far the
largest cause of loss in a chemical plant is due to mechanical failure. Failures of this type are
usually due to a problem with maintenance. Pumps, valves, and control equipment will fail if
not properly maintained. The second largest cause is operator error. For example, valves are
not opened or closed in the proper sequence or reactants are not charged to a reactor in the
correct order. Process upsets caused by, for example, power or cooling water failures account
for 11% of the losses.

Human error is frequently used to describe a cause of losses. Almost all accidents, except
those caused by natural hazards, can be attributed to human error. For instance, mechanical
failures could all be due to human error as a result of improper maintenance or inspection. The
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Figure 17 Causes of losses in the largest hydrocarbon-chemical plant accidents. Source:
Large Property Damage Losses in the Hydrocarbon-Chemical Industries: A Thirty-Year Review
(New York: J & H Marsh & McLennan Inc., 1998), p. 2. Used by permission of Marsh Inc.
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Figure 1-8 Hardware associated with largest losses. Source: A Thirty-Year Review of One
Hundred of the Largest Property Damage Losses in the Hydrocarbon-Chemical Industries
(New York: Marsh Inc., 1987). Reprinted by permission.

term “operator error,” used in Figure 1-7, includes human errors made on-site that lead di-
rectly to the loss.

Figure 1-8 presents a survey of the type of hardware associated with large accidents. Pip-
ing system failure represents the bulk of the accidents, followed by storage tanks and reactors.
An interesting result of this study is that the most complicated mechanical components (pumps
and compressors) are minimally responsible for large losses.

The loss distribution for the hydrocarbon and chemical industry over 5-year intervals is
shown in Figure 1-9. The number and magnitude of the losses increase over each consecutive
10-year period for the past 30 years. This increase corresponds to the trend of building larger
and more complex plants.

The lower losses in the last 5-year period, compared to the previous 5 years between 1987
and 1996, is likely the result of governmental regulations that were implemented in the United
States during this time; that is, on February 24, 1992, OSHA published its final rule “Process
Safety Management of Highly Hazardous Chemicals.” This rule became effective on May 26,
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Figure 1-9 Loss distribution for onshore accidents for 5-year intervals over a 30-year period.
(There were also 7 offshore accidents in this 30-year period.) Source: Large Property Damage
Losses in the Hydrocarbon-Chemical Industries: A Thirty-Year Review (New York: J & H Marsh
& McLennan Inc., 1998), p. 2. Used by permission of Marsh inc.

1992. The impact of these regulations occurred in subsequent years. Other countries are adopt-
ing similar regulations.

Accidents follow a three-step process. The following chemical plant accident illustrates
these steps.

A worker walking across a high walkway in a process plant stumbles and falls toward the
edge. To prevent the fall, he grabs a nearby valve stem. Unfortunately, the valve stem shears off
and flammable liquid begins to spew out. A cloud of flammable vapor rapidly forms and is ig-
nited by a nearby truck. The explosion and fire quickly spread to nearby equipment. The result-
ing fire lasts for six days until all flammable materials in the plant are consumed, and the plant
is completely destroyed.

This disaster occurred in 19699 and led to an economic loss of $4,161,000. It demonstrates
an important point: Even the simplest accident can result in a major catastrophe.

Most accidents follow a three-step sequence:

e initiation (the event that starts the accident),
* propagation (the event or events that maintain or expand the accident), and
e termination (the event or events that stop the accident or diminish it in size).

In the example the worker tripped to initiate the accident. The accident was propagated by the
shearing of the valve and the resulting explosion and growing fire. The event was terminated
by consumption of all flammable materials.

90ne Hundred Largest Losses: A Thirty-Year Review of Property Losses in the Hydrocarbon-Chemical
Industries (Chicago: M & M Protection Consultants, 1986), p. 3.
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Table 1-7

Defeating the Accident Process

Step

Desired
effect Procedure

Initiation

Propagation

Termination

Diminish Grounding and bonding
Inerting
Explosion proof electrical
Guardrails and guards
Maintenance procedures
Hot work permits
Human factors design
Process design
Awareness of dangerous properties of chemicals

Diminish Emergency material transfer
Reduce inventories of flammable materials
Equipment spacing and layout
Nonflammable construction materials
Installation of check and emergency shutoff valves

Increase Firefighting equipment and procedures
Relief systems
Sprinkler systems
Installation of check and emergency shutoff valves

Safety engineering involves eliminating the initiating step and replacing the propagation
steps with termination events. Table 1-7 presents a few ways to accomplish this. In theory, ac-

cidents can

be stopped by eliminating the initiating step. In practice this is not effective: It is

unrealistic to expect elimination of all initiations. A much more effective approach is to work
on all three areas to ensure that accidents, once initiated, do not propagate and will terminate
as quickly as possible.

Example 1-6

The following accident report has been filed 1

Failure of a threaded 14" drain connection on a rich oil line at the base of an absorber tower
in a large (1.35 MCF/D) gas producing plant allowed the release of rich oil and gas at 850 psi
and —40°F. The resulting vapor cloud probably ignited from the ignition system of engine-
driven recompressors. The 75" high X 10" diameter absorber tower eventually collapsed across
the pipe rack and on two exchanger trains. Breaking pipelines added more fuel to the fire. Se-
vere flame impingement on an 11,000-horsepower gas turbine—driven compressor, waste heat
recovery and super-heater train resulted in its near total destruction.

Identify the initiation, propagation, and termination steps for this accident.

0One Hundred Largest Losses, p. 10.
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Solution

Initiation: Failure of threaded 1%" drain connection

Propagation: Release of rich oil and gas, formation of vapor cloud, ignition of vapor cloud by re-
compressors, collapse of absorber tower across pipe rack

Termination: Consumption of combustible materials in process

As mentioned previously, the study of case histories is an especially important step in the
process of accident prevention. To understand these histories, it is helpful to know the defini-
tions of terms that are commonly used in the descriptions (see Table 1-8).

1-7 Inherent Safety

An inherently safe plant!1.12 relies on chemistry and physics to prevent accidents rather than
on control systems, interlocks, redundancy, and special operating procedures to prevent acci-
dents. Inherently safer plants are tolerant of errors and are often the most cost effective. A pro-
cess that does not require complex safety interlocks and elaborate procedures is simpler, eas-
ier to operate, and more reliable. Smaller equipment, operated at less severe temperatures and
pressures, has lower capital and operating costs.

In general, the safety of a process relies on multiple layers of protection. The first layer
of protection is the process design features. Subsequent layers include control systems, inter-
locks, safety shutdown systems, protective systems, alarms, and emergency response plans. In-
herent safety is a part of all layers of protection; however, it is especially directed toward pro-
cess design features. The best approach to prevent accidents is to add process design features
to prevent hazardous situations. An inherently safer plant is more tolerant of operator errors
and abnormal conditions.

Although a process or plant can be modified to increase inherent safety at any time in its
life cycle, the potential for major improvements is the greatest at the earliest stages of process
development. At these early stages process engineers and chemists have the maximum degree
of freedom in the plant and process specifications, and they are free to consider basic process
alternatives, such as changes to the fundamental chemistry and technology.

The major approach to inherently safer process designs is divided into the following
categories:

e intensification

e substitution

® attenuation

e limitation of effects

s simplification/error tolerance

1LCCPS, Guidelines for Engineering Design for Process Safety (New York: American Institute of Chem-
ical Engineers, 1993).

12CCPS, Inherently Safer Chemical Processes: A Life Cycle Approach (New York: American Institute of
Chemical Engineers, 1996).
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Table 1-8 Definitions for Case Histories!

Term Definition

Accident The occurrence of a sequence of events that produce unintended injury, death,
or property damage. “Accident” refers to the event, not the result of the event.

Hazard A chemical or physical condition that has the potential for causing damage to
people, property, or the environment.

Incident The loss of containment of material or energy; not all events propagate into
incidents; not all incidents propagate into accidents.

Consequence A measure of the expected effects of the results of an incident.

Likelihood A measure of the expected probability or frequency of occurrence of an event.

This may be expressed as a frequency, a probability of occurrence during some
time interval, or a conditional probability.

Risk A measure of human injury, environmental damage, or economic loss in terms of
both the incident likelihood and the magnitude of the loss or injury.

Risk analysis The development of a quantitative estimate of risk based on an engineering eval-
uation and mathematical techniques for combining estimates of incident conse-
quences and frequencies.

Risk assessment The process by which the results of a risk analysis are used to make decisions,
either through a relative ranking of risk reduction strategies or through compari-
son with risk targets.

Scenario A description of the events that result in an accident or incident. The description
should contain information relevant to defining the root causes.

LCCPS, Guidelines for Consequence Analysis of Chemical Releases (New York: American Institute of Chemical Engi-
neers, 1999).

These five categories are the predominant ones used since the development of this con-
cept. Some companies add or subtract categories to their program to fine-tune their under-
standing and application. In an attempt to make these categories more understandable, the fol-
lowing four words have recently been recommended to describe inherent safety:

* minimize (intensification)

* substitute (substitution)

* moderate (attenuation and limitation of effects)
e simplify (simplification and error tolerance).

The types of inherent safety techniques that are used in the chemical industry are illus-
trated in Table 1-9 and are described more fully in what follows.

Minimizing entails reducing the hazards by using smaller quantities of hazardous sub-
stances in the reactors, distillation columns, storage vessels, and pipelines. When possible, haz-
ardous materials should be produced and consumed in situ. This minimizes the storage and
transportation of hazardous raw materials and intermediates.
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Table 1-9 inherent Safety Techniques

Type Typical techniques
Minimize Change from large batch reactor to a smaller continuous reactor
(intensification) Reduce storage inventory of raw materials

Improve control to reduce inventory of hazardous intermediate chemicals
Reduce process hold-up

Substitute Use mechanical pump seals vs. packing
(substitution) Use welded pipe vs. flanged
Use solvents that are less toxic
Use mechanical gauges vs. mercury
Use chemicals with higher flash points, boiling points, and other less hazardous
properties
Use water as a heat transfer fluid instead of hot oil

Moderate Use vacuum to reduce boiling point
(attenuation Reduce process temperatures and pressures
and limitation Refrigerate storage vessels

of effects) Dissolve hazardous material in safe solvent

Operate at conditions where reactor runaway is not possible
Place control rooms away from operations

Separate pump rooms from other rooms

Acoustically insulate noisy lines and equipment

Barricade control rooms and tanks

Simplify Keep piping systems neat and visually easy to follow
(simplification Design control panels that are easy to comprehend
and error Design plants for easy and safe maintenance
tolerance) Pick equipment that requires less maintenance

Pick equipment with low failure rates

Add fire- and explosion-resistant barricades

Separate systems and controls into blocks that are easy to comprehend and
understand

Label pipes for easy “walking the line”

Label vessels and controls to enhance understanding

Vapor released from spills can be minimized by designing dikes so that flammable and
toxic materials will not accumulate around leaking tanks. Smaller tanks also reduce the haz-
ards of a release.

While minimization possibilities are being investigated, substitutions should also be con-
sidered as an alternative or companion concept; that is, safer materials should be used in place
of hazardous ones. This can be accomplished by using alternative chemistry that allows the use
of less hazardous materials or less severe processing conditions. When possible, toxic or flam-
mable solvents should be replaced with less hazardous solvents (for example, water-based paints
and adhesives and aqueous or dry flowable formulations for agricultural chemicals).

Another alternative to substitution is moderation, that is, using a hazardous material un-
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der less hazardous conditions. Less hazardous conditions or less hazardous forms of a material
include (1) diluting to a lower vapor pressure to reduce the release concentration, (2) refriger-
ating to lower the vapor pressure, (3) handling larger particle size solids to minimize dust, and
(4) processing under less severe temperature or pressure conditions.

Containment buildings are sometimes used to moderate the impact of a spill of an espe-
cially toxic material. When containment is used, special precautions are included to ensure
worker protection, such as remote controls, continuous monitoring, and restricted access.

Simpler plants are friendlier than complex plants because they provide fewer opportuni-
ties for error and because they contain less equipment that can cause problems. Often, the
reason for complexity in a plant is the need to add equipment and automation to control the
hazards. Simplification reduces the opportunities for errors and misoperation. For example,
(1) piping systems can be designed to minimize leaks or failures, (2) transfer systems can be
designed to minimize the potential for leaks, (3) process steps and units can be separated to
prevent the domino effect, (4) fail-safe valves can be added, (5) equipment and controls can
be placed in a logical order, and (6) the status of the process can be made visible and clear at
all times.

The design of an inherently safe and simple piping system includes minimizing the use of
sight glasses, flexible connectors, and bellows, using welded pipes for flammable and toxic chem-
icals and avoiding the use of threaded pipe, using spiral wound gaskets and flexible graphite-
type gaskets that are less prone to catastrophic failures, and using proper support of lines to
minimize stress and subsequent failures.

1-8 Four Significant Disasters

The study of case histories provides valuable information to chemical engineers involved with
safety. This information is used to improve procedures to prevent similar accidents in the future.

The four most cited accidents (Flixborough, England; Bhopal, India; Seveso, Italy; and
Pasadena, Texas) are presented here. All these accidents had a significant impact on public per-
ceptions and the chemical engineering profession that added new emphasis and standards in
the practice of safety. Chapter 13 presents case histories in considerably more detail.

The Flixborough accident is perhaps the most documented chemical plant disaster. The
British government insisted on an extensive investigation.

Flixborough, England

The accident at Flixborough, England, occurred on a Saturday in June 1974. Although it
was not reported to any great extent in the United States, it had a major impact on chemical
engineering in the United Kingdom. As a result of the accident, safety achieved a much higher
priority in that country.

The Flixborough Works of Nypro Limited was designed to produce 70,000 tons per year
of caprolactam, a basic raw material for the production of nylon. The process uses cyclohexane,
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which has properties similar to gasoline. Under the process conditions in use at Flixborough
(155°C and 7.9 atm), the cyclohexane volatilizes immediately when depressurized to atmo-
spheric conditions.

The process where the accident occurred consisted of six reactors in series. In these re-
actors cyclohexane was oxidized to cyclohexanone and then to cyclohexanol using injected air
in the presence of a catalyst. The liquid reaction mass was gravity-fed through the series of re-
actors. Each reactor normally contained about 20 tons of cyclohexane.

Several months before the accident occurred, reactor 5 in the series was found to be leak-
ing. Inspection showed a vertical crack in its stainless steel structure. The decision was made to
remove the reactor for repairs. An additional decision was made to continue operating by con-
necting reactor 4 directly to reactor 6 in the series. The loss of the reactor would reduce the
yield but would enable continued production because unreacted cyclohexane is separated and
recycled at a later stage.

The feed pipes connecting the reactors were 28 inches in diameter. Because only 20-inch
pipe stock was available at the plant, the connections to reactor 4 and reactor 6 were made us-
ing flexible bellows-type piping, as shown in Figure 1-10. It is hypothesized that the bypass pipe
section ruptured because of inadequate support and overflexing of the pipe section as a result
of internal reactor pressures. Upon rupture of the bypass, an estimated 30 tons of cyclohexane
volatilized and formed a large vapor cloud. The cloud was ignited by an unknown source an es-
timated 45 seconds after the release.

The resulting explosion leveled the entire plant facility, including the administrative
offices. Twenty-eight people died, and 36 others were injured. Eighteen of these fatalities oc-
curred in the main control room when the ceiling collapsed. Loss of life would have been sub-
stantially greater had the accident occurred on a weckday when the administrative offices were
filled with employees. Damage extended to 1821 nearby houses and 167 shops and factories.
Fifty-three civilians were reported injured. The resulting fire in the plant burned for over 10 days.

This accident could have been prevented by following proper safety procedures. First, the
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—y 9 —1
3 RN
5 -
, 2
\‘\‘-::/ 6

Temporary Pipe Section

Figure 1-10 A failure of a temporary pipe section replacing reactor 5 caused the Flixborough
accident.
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bypass line was installed without a safety review or adequate supervision by experienced engi-
neering personnel. The bypass was sketched on the floor of the machine shop using chalk! Sec-
ond, the plant site contained excessively large inventories of dangerous compounds. This in-
cluded 330,000 gallons of cyclohexane, 66,000 gallons of naphtha, 11,000 gallons of toluene,
26,400 gallons of benzene, and 450 gallons of gasoline. These inventories contributed to the fires
after the initial blast. Finally, the bypass modification was substandard in design. As a rule, any
modifications should be of the same quality as the construction of the remainder of the plant.

Bhopal, India

The Bhopal, India, accident, on December 3, 1984, has received considerably more at-
tention than the Flixborough accident. This is due to the more than 2000 civilian casualties that
resulted.

The Bhopal plant is in the state of Madhya Pradesh in central India. The plant was par-
tially owned by Union Carbide and partially owned locally.

The nearest civilian inhabitants were 1.5 miles away when the plant was constructed. Be-
cause the plant was the dominant source of employment in the area, a shantytown eventually
grew around the immediate area.

The plant producéd pesticides. An intermediate compound in this process is methyl iso-
cyanate (MIC). MIC is an extremely dangerous compound. It is reactive, toxic, volatile, and
flammable. The maximum exposure concentration of MIC for workers over an 8-hour period
is 0.02 ppm (parts per million). Individuals exposed to concentrations of MIC vapors above 21
ppm experience severe irritation of the nose and throat. Death at large concentrations of vapor
is due to respiratory distress.

MIC demonstrates a number of dangerous physical properties. Its boiling point at atmo-
spheric conditionsis 39.1°C, and it has a vapor pressure of 348 mm Hg at 20°C. The vaporis about
twice as heavy as air, ensuring that the vapors will stay close to the ground once released.

MIC reacts exothermically with water. Although the reaction rate is slow, with inadequate
cooling the temperature will increase and the MIC will boil. MIC storage tanks are typically re-
frigerated to prevent this problem.

The unit using the MIC was not operating because of a local labor dispute. Somehow a
storage tank containing a large amount of MIC became contaminated with water or some other
substance. A chemical reaction heated the MICto a temperature past its boiling point. The MIC
vapors traveled through a pressure relief system and into a scrubber and flare system installed
to consume the MIC in the event of arelease. Unfortunately, the scrubber and flare systems were
not operating, for a variety of reasons. An estimated 25 tons of toxic MIC vapor was released.
The toxic cloud spread to the adjacent town, killing over 2000 civilians and injuring an estimated
20,000 more. No plant workers were injured or killed. No plant equipment was damaged.

The exact cause of the contamination of the MIC is not known. If the accident was caused
by a problem with the process, a well-executed safety review could have identified the problem.
The scrubber and flare system should have been fully operational to prevent the release. Inven-
tories of dangerous chemicals, particularly intermediates, should also have been minimized.
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Methyl isocyanate route
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Figure 1-11 The upper reaction is the methyl isocyanate route used at Bhopal. The lower re-
action suggests an alternative reaction scheme using a less hazardous intermediate. Adapted
from Chemical and Engineering News (Feb. 11, 1985), p. 30.

The reaction scheme used at Bhopal is shown at the top of Figure 1-11 and includes the
dangerous intermediate MIC. An alternative reaction scheme is shown at the bottom of the fig-
ure and involves a less dangerous chloroformate intermediate. Another solution is to redesign
the process to reduce the inventory of hazardous MIC. One such design produces and con-
sumes the MIC in a highly localized area of the process, with an inventory of MIC of less than
20 pounds.

Seveso, ltaly

Seveso is a small town of approximately 17,000 inhabitants, 15 miles from Milan, Italy.
The plant was owned by the Icmesa Chemical Company. The product was hexachlorophene, a
bactericide, with trichlorophenol produced as an intermediate. During normal operation, a
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small amount of TCDD (2,3,7,8-tetrachlorodibenzoparadioxin) is produced in the reactor as
an undesirable side-product.

TCDD is perhaps the most potent toxin known to humans. Animal studies have shown
TCDD to be fatal in doses as small as 10~° times the body weight. Because TCDD is also in-
soluble in water, decontamination is difficult. Nonlethal doses of TCDD result in chloracne, an
acne-like disease that can persist for several years.

On July 10, 1976, the trichlorophenol reactor went out of control, resulting in a higher
than normal operating temperature and increased production of TCDD. An estimated 2 kg of
TCDD was released through a relief system in a white cloud over Seveso. A subsequent heavy
rain washed the TCDD into the soil. Approximately 10 square miles were contaminated.

Because of poor communications with local authorities, civilian evacuation was not
started until several days later. By then, over 250 cases of chloracne were reported. Over
600 people were evacuated, and an additional 2000 people were given blood tests. The most se-
verely contaminated area immediately adjacent to the plant was fenced, the condition it re-
mains in today.

TCDD is so toxic and persistent that for a smaller but similar release of TCDD in Du-
phar, India, in 1963 the plant was finally disassembled brick by brick, encased in concrete and
dumped into the ocean. Less than 200 g of TCDD was released, and the contamination was
confined to the plant. Of the 50 men assigned to clean up the release, 4 eventually died from
the exposure. .

The Seveso and Duphar accidents could have been avoided if proper containment sys-
tems had been used to contain the reactor releases. The proper application of fundamental en-
gineering safety principles would have prevented the two accidents. First, by following proper
procedures, the initiation steps would not have occurred. Second, by using proper hazard eval-
uation procedures, the hazards could have been identified and corrected before the accidents
occurred.

Pasadena, Texas

A massive explosion in Pasadena, Texas, on October 23, 1989, resulted in 23 fatalities,
314 injuries, and capital losses of over $715 million. This explosion occurred in a high-density
polyethylene plant after the accidental release of 85,000 pounds of a flammable mixture con-
taining ethylene, isobutane, hexane, and hydrogen. The release formed a large gas cloud instan-
taneously because the system was under high pressure and temperature. The cloud was ignited
about 2 minutes after the release by an unidentified ignition source.

The damage resulting from the explosion made it impossible to reconstruct the actual ac-
cident scenario. However, evidence showed that the standard operating procedures were not
appropriately followed.

The release occurred in the polyethylene product takeoff system, as illustrated in Fig-
ure 1-12. Usually the polyethylene particles (product) settle in the settling leg and are removed
through the product takeoff valve. Occasionally, the product plugs the settling leg, and the plug
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Figure 1-12 Polyethylene plant settling leg and product takeoff system.

is removed by maintenance personnel. The normal — and safe — procedure includes closing the
DEMCO valve, removing the air lines, and locking the valve in the closed position. Then the
product takeoff valve is removed to give access to the plugged leg.

The accident investigation evidence showed that this safe procedure was not followed; spe-
cifically, the product takeoff valve was removed, the DEMCO valve was in the open position, and
the lockout device was removed. This scenario was a serious violation of well-established and
well-understood procedures and created the conditions that permitted the release and subse-
quent explosion.

The OSHA investigation 3 found that (1) no process hazard analysis had been performed
in the polyethylene plant, and as a result, many serious safety deficiencies were ignored or over-
looked; (2) the single-block (DEMCO) valve on the settling leg was not designed to fail to a safe
closed position when the air failed; (3) rather than relying on a single-block valve, a double-

13Qccupational Safety and Health Administration, The Pasadena Accident: A Report to the President
(Washington, DC: US Department of Labor, 1990).
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block-and-bleed valving arrangement or a blind flange after the single-block valve should have
been used; (4) no provision was made for the development, implementation, and enforcement
of effective permit systems (for example, line opening); and (5) no permanent combustible gas
detection and alarm system was located in the region of the reactors.

Other factors that contributed to the severity of this disaster were also cited: (1) proxim-
ity of high-occupancy structures (control rooms) to hazardous operation, (2) inadequate sepa-
ration between buildings, and (3) crowded process equipment.

Suggested Reading
General Aspects of Chemical Process Safety

Robert M. Bethea, Explosion and Fire at Pasadena, Texas (New York: American Institute of Chemical
Engineers, 1996).

Howard H. Fawcett and William S. Wood, eds., Safety and Accident Prevention in Chemical Operations,
2d ed. (New York: Wiley, 1982), ch. 1.

Frank P. Lees, Loss Prevention in the Process Industries, v. 1 (London: Butterworths, 1980), ch. 1-5.

Bhopal

Chemical and Engineering News (Feb. 11, 1985), p. 14.
Ronald J. Willey, The Bhopal Disaster (New York: American Institute of Chemical Engineers, 1998).
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Problems
1-1. An employee works in a plant with a FAR of 4. If this employee works a 4-hr shift, 200
days per year, what is the expected deaths per person per year?
1-2. Three process units are in a plant. The units have FARs of 0.5, 0.3, and 1.0, respectively.
a. What is the overall FAR for the plant, assuming worker exposure to all three units
simultaneously?

b. Assume now that the units are far enough apart that an accident in one would not af-
fect the workers in another. If a worker spends 20% of his time in process area 1, 40%
in process area 2, and 40% in process area 3, what is his overall FAR?

1-3, Assuming that a car travels at an average speed of 50 miles per hour, how many miles
must be driven before a fatality is expected?

1-4. A workeristold her chances of beingkilled by a particular process are 1 in every 500 years.
Should the worker be satisfied or alarmed? What is the FAR (assuming normal working
hours) and the deaths per person per year? What should her chances be, assuming an av-
erage chemical plant?

1-5. A plantemploys 1500 full-time workers in a process with a FAR of 5. How many industrial-
related deaths are expected each year?

1-6. Consider Example 1-4. How many hours must be traveled by car for each hour of rock
climbing to make the risks of fatality by car equal to the risk of fatality by rock climbing?

1-7. Identify the initiation, propagation, and termination steps for the following accident re-

ports.!* Suggest ways to prevent and contain the accidents.

a. A contractor accidentally cut into a 10-in propane line operating at 800 psi at a natu-
ral gas liquids terminal. The large vapor cloud estimated to cover an area of 44 acres
was ignited about 4~5 min later by an unknown source. Liquid products from 5 of
26 salt dome caverns fed the fire with an estimated 18,000-30,000 gal of LPGs for al-
most 6 hr before being blocked in and the fires extinguished. Both engine-driven fire
pumps failed, one because intense radiated heat damaged its ignition wires and the
other because the explosion broke a sight glass fuel gauge, spilling diesel fuel, which
ignited, destroying the fire pump engine.

b. An alkylation unit was being started up after shutdown because of an electrical outage.
When adequate circulation could not be maintained in a deisobutanizer heater circuit,
it was decided to clean the strainer. Workers had depressurized the pipe and removed
all but three of the flange bolts when a pressure release blew a black material from the
flange, followed by butane vapors. These vapors were carried to a furnace 100 ft away,
where they ignited, flashing back to the flange. The ensuing fire exposed a fractiona-
tion tower and horizontal receiver drums. These drums exploded, rupturing pipelines,
which added more fuel. The explosions and heat caused loss of insulation from the
8-ft X 122-ft fractionator tower, causing it to weaken and fall across two major pipe-

14One Hundred Largest Losses.
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1-8.

1-9.

1-10.
1-11.
1-12.
1-13.

1-14.
1-15.

1-16.

1-17.

lines, breaking piping — which added more fuel to the fire. Extinguishment, achieved
basically by isolating the fuel sources, took 2% hours.

The fault was traced to a 10-in valve that had been prevented from closing the
last ¥s-inch by a fine powder of carbon and iron oxide. When the flange was opened,
this powder blew out, allowing liquid butane to be released.

The airline industry claims commercial airline transport has fewer deaths per mile than
any other means of transportation. Do the accident statistics support this claim? In 1984
the airline industry posted 4 deaths per 10,000,000 passenger miles. What additional in-
formation is required to compute a FAR? a fatality rate?

A university has 1200 full-time employees. In a particular year this university had 38 re-
portable lost-time injuries with a resulting 274 lost workdays. Compute the OSHA inci-
dence rate based on injuries and lost workdays.

Based on workplace fatalities (Figure 1-4) and assuming you are responsible for a safety
program of an organization, what would you emphasize?

Based on the causes of the largest losses (Figure 1-7), what would you emphasize in a
safety program?

After reviewing the answers of Problems 1-10 and 1-11, can inherent safety help?

What conclusions can you derive from Figure 1-9? )

What is the worst thing that could happen to you as a chemical engineer in industry?
An explosion has occurred in your plant and an employee has been killed. An investiga-
tion shows that the accident was the fault of the dead employee, who manually charged the
wrong ingredient to a reactor vessel. What is the appropriate response from the following
groups? :

. The other employees who work in the process area affected.

b. The other employees elsewhere in the plant site.

¢. Middle management.
d
e

1]

. Upper management.

. The president of the company.

f. The union.

You have just begun work at a chemical plant. After several weeks on the job you deter-

mine that the plant manager runs the plant with an iron fist. He is a few years away from

retirement after working his way up from the very bottom. Also, a number of unsafe prac-
tices are performed at the plant, including some that could lead to catastrophic results.

You bring up these problems to your immediate supervisor, but he decides to do nothing

for fear that the plant manager will be upset. After all, he says, “We’ve operated this plant

for 40 years without an accident.” What would you do in this situation?

a. You walk into a store and after a short while you decide to leave, preferring not to do
any business there. What did you observe to make you leave? What conclusions might
you reach about the attitudes of the people who manage and operate this store?

b. You walk into a chemical plant and after a short while you decide to leave, fearing that

the plant might explode at any moment. What did you observe tomake youleave? What
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1-18.

1-19.

1-20.

1-21.

1-22.

1-23.

1-24.
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conclusions might you reach about the attitudes of the people who manage and oper-
ate this chemical plant?
Comment on the similarities of parts a and b.
A large storage tank is filled manually by an operator. The operator first opens a valve
on a supply line and carefully watches the level on a level indicator until the tank is filled
(a long time later). Once the filling is complete, the operator closes the valve to stop the
filling. Once a year the operator is distracted and the tank is overfilled. To prevent this, an
alarm was installed on the level gauge to alert the operator to a high-level condition. With
the installation of the alarm, the tank now overfills twice per year. Can you explain?
Careful numbering of process equipment is important to avoid confusion. On one unit
the equipment was numbered J1001 upward. When the original allocation of numbers
ran out the new equipment was numbered JA1001 upward. An operator was verbally
told to prepare pump JA1001 for repairs. Unfortunately, he prepared pump J1001 in-
stead, causing an upset in the plant. What happened?
A cover plate on a pump housing is held in place by eight bolts. A pipe fitter is instructed
to repair the pump. The fitter removes all eight bolts only to find the cover plate stuck on
the housing. A screwdriver is used to pry off the cover. The cover flies off suddenly, and
toxic liquid sprays throughout the work area. Clearly the pump unit should have been
isolated, drained, and cleaned before repair. There is, however, a better procedure for re-
moving the cover plate. What is this procedure?
The liquid level in a tank 10 m in height is determined by measuring the pressure at the
bottom of the tank. The level gauge was calibrated to work with a liquid having a specific
gravity of 0.9. If the usual liquid is replaced with a new liquid with a specific gravity of 0.8,
will the tank be overfilled or underfilled? If the actual liquid level is 8 m, what is the read-
ing on the level gauge? Is it possible that the tank will overflow without the level gauge
indicating the situation?
One of the categories of inherent safety is simplification/error tolerance. What instru-
mentation could you add to the tank described in Problem 1-21 to eliminate problems?
Pumps can be shut-in by closing the valves on the inlet and outlet sides of the pump. This
can lead to pump damage and/or a rapid increase in the temperature of the liquid shut
inside the pump. A particular pump contains 4 kg of water. If the pump is rated at 1 HP,
what is the maximum temperature increase expected in the water in °C/hr? Assume a
constant water heat capacity of 1 kcal/kg/°C. What will happen if the pump continues to
operate?
Water will flash into vapor almost explosively if heated under certain conditions.
a. What is the ratio in volume between water vapor at 300 K and liquid water at 300 K
at saturated conditions?
b. Hot oil is accidentally pumped into a storage vessel. Unfortunately, the tank contains
residual water, which flashes into vapor and ruptures the tank. If the tank is 10 m in
diameter and 5 m high, how many kilograms of water at 300 K are required to produce
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1-25.

1-26.

1-27.

1-28.

1-29.

1-30.

enough water vapor to pressurize the tank to 8 in of water gauge pressure, the burst
pressure of the tank?
Another way of measuring accident performance is by the LTIR, or lost-time injury rate.
This is identical to the OSHA incidence rate based on incidents in which the employee is
unable to continue their normal duties. A plant site has 1200 full-time employees work-
ing 40 hr/week and 50 weeks/yr. If the plant had 2 lost-time incidents last year, what is
the LTIR?
A car leaves New York City and travels the 2800-mi distance to Los Angeles at an aver-
age speed of 50 mph. An alternative travel plan is to fly on a commercial airline for 42 hr.
What are the FARs for the two methods of transportation? Which travel method is saf-
est, based on the FAR?
A column was used to strip low-volatile materials from a high-temperature heat transfer
fluid. During a maintenance procedure, water was trapped between two valves. During
normal operation, one valve was opened and the hot oil came in contact with the cold wa-
ter. The result was almost sudden vaporization of the water, followed by considerable
damage to the column. Consider liquid water at 25°C and 1 atm. How many times does
the volume increase if the water is vaporized at 100°C and 1 atm?
Large storage tanks are designed to withstand low pressures and vacuums. Typically they
are constructed to withstand no more than 8 in of water gauge pressure and 2.5 in of wa-
ter gauge vacuum. A particular tank is 30 ft in diameter. -
a. If a 200-1b person stands in the middle of the tank roof, what is the resulting pressure
(in inches of water gauge) if the person’s weight is distributed across the entire roof?
b. If the roof was flooded with 8 in of water (equivalent to the maximum pressure), what
is the total weight (in pounds) of the water?
c. A large storage tank was sucked in when the vent to the outside became plugged and
the operator turned on the pump to empty the tank. How did this happen?
Note: A person can easily blow to a pressure of greater than 20 in of water gauge.
A 50-gal drum with bulged ends is found in the storage yard of your plant. You are un-
able to identity the contents of the drum. Develop a procedure to handle this hazard.
There are many ways to solve this problem. Please describe just one approach.
The plant has been down for extensive maintenance and repair. You are in charge of bring-
ing the plant up and on-line. There is considerable pressure from the sales department to
deliver product. Atabout4 A.M. a problem develops. A slip plate or blind has accidentally
been leftin one of the process lines. An experienced maintenance person suggests that she
can remove the slip plate without depressurizing the line. She said that she routinely per-
formed this operation years ago. Since you are in charge, what would you do?






CHAPTER 2

Toxicology

B ecause of the quantity and variety of chemicals used
by the chemical process industries, chemical engineers must be knowledgeable about

 the way toxicants enter biological organisms,

¢ the way toxicants are eliminated from biological organisms,

* the effects of toxicants on biological organisms, and

* methods to prevent or reduce the entry of toxicants into biological organisms.

The first three areas are related to toxicology. The last area is essentially industrial hygiene, a
topic considered in chapter 3.

Many years ago, toxicology was defined as the science of poisons. Unfortunately, the word
poison could not be defined adequately. Paracelsus, an early investigator of toxicology during
the 1500s, stated the problem: “All substances are poisons; there is none which is not a poison.
The right dose differentiates a poison and a remedy.” Harmless substances, such as water, can
become fatal if delivered to the biological organism in large enough doses. A fundamental prin-
ciple of toxicology is

There are no harmless substances, only harmless ways of using substances.

Today, toxicology is more adequately defined as the qualitative and quantitative study of the
adverse effects of toxicants on biological organisms. A toxicant can be a chemical or physical
agent, including dusts, fibers, noise, and radiation. A good example of a physical agent is asbes-
tos fiber, a known cause of lung damage and cancer.

The toxicity of a chemical or physical agent is a property of the agent describing its effect
on biological organisms. Toxic hazard is the likelihood of damage to biological organisms based
on exposure resulting from transport and other physical factors of usage. The toxic hazard of
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a substance can be reduced by the application of appropriate industrial hygiene techniques. The
toxicity, however, cannot be changed.

2-1 How Toxicants Enter Biological Organisms

For higher-order organisms the path of the chemical agent through the body is well defined. Af-
ter the toxicant enters the organism, it moves into the bloodstream and is eventually eliminated
or it is transported to the target organ. The damage is exerted at the target organ. A common
misconception is that damage occurs in the organ where the toxicant is most concentrated. Lead,
for instance, is stored in humans mostly in the bone structure, but the damage occurs in many
organs. For corrosive chemicals the damage to the organism can occur without absorption or
transport through the bloodstream.
Toxicants enter biological organisms by the following routes:

¢ ingestion: through the mouth into the stomach,

e inhalation: through the mouth or nose into the lungs,
¢ injection: through cuts into the skin,

e dermal absorption: through skin membrane.

All these entry routes are controlled by the application of proper industrial hygiene tech-
niques, summarized in Table 2-1. These control techniques are discussed in more detail in
chapter 3 on industrial hygiene. Of the four routes of entry, the inhalation and dermat routes
are the most significant to industrial facilities. Inhalation is the easiest to quantify by the direct
measurement of airborne concentrations; the usual exposure is by vapor, but small solid and
liquid particles can also contribute.

Injection, inhalation, and dermal absorption generally result in the toxicant entering the
bloodstream unaltered. Toxicants entering through ingestion are frequently modified or ex-
creted in bile.

Toxicants that enter by injection and dermal absorption are difficult to measure and quan-
tify. Some toxicants are absorbed rapidly through the skin.

Figure 2-1 shows the expected blood-level concentration as a function of time and route
of entry. The blood-level concentration is a function of a wide range of parameters, so large
variations in this behavior are expected. Injection usually results in the highest blood-level con-

Table 2-1  Entry Routes for Toxicants and Methods for Control

Entry route Entry organ Method for control
Ingestion Mouth or stomach Enforcement of rules on eating, drinking, and smoking
Inhalation Mouth or nose Ventilation, respirators, hoods, and other personal

protection equipment
Injection Cuts in skin Proper protective clothing

Dermal absorption Skin Proper protective clothing
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Figure 2-1  Toxic blood level concentration as a function of route of exposure. Wide variations
are expected as a result of rate and extent of absorption, distribution, biotransformation, and
excretion.

centration, followed by inhalation, ingestion, and absorption. The peak concentration gener-
ally occurs earliest with injection, followed by inhalation, ingestion, and absorption.

The gastrointestinal (GI) tract, the skin, and the respiratory system play significant roles
in the various routes of entry.

Gastrointestinal Tract

The GI tract plays the most significant role in toxicants entering the body through inges-
tion. Food or drink is the usual mechanism of exposure. Airborne particles (either solid or lig-
uid) can also lodge in the mucus of the upper respiratory tract and be swallowed.

The rate and selectivity of absorption by the GI tract are highly dependent on many con-
ditions. The type of chemical, its molecular weight, molecule size and shape, acidity, suscepti-
bility to attack by intestinal flora, rate of movement through the GI tract, and many other factors
affect the rate of absorption.

Skin

The skin plays important roles in both the dermal absorption and injection routes of en-
try. Injection includes both entry by absorption through cuts and mechanical injection with hy-
podermic needles. Mechanical injection can occur as a result of improper hypodermic needle
storage in a laboratory drawer.

The skin is composed of an outer layer called the stratum corneum. This layer consists of
dead, dried cells that are resistant to permeation by toxicants. Absorption also occurs through



38 Chapter 2 « Toxicology

the hair follicles and sweat glands, but this is normally negligible. The absorption properties of
the skin vary as a function of location and the degree of hydration. The presence of water in-
creases the skin hydration and results in increased permeability and absorption.

Most chemicals are not absorbed readily by the skin. A few chemicals, however, do show
remarkable skin permeability. Phenol, for example, requires only a small area of skin for the
body to absorb an adequate amount to result in death.

The skin on the palm of the hand is thicker than skin found elsewhere. However, this skin
demonstrates increased porosity, resulting in higher toxicant absorption.

Respiratory System

The respiratory system plays a significant role in toxicants entering the body through
inhalation.

The main function of the respiratory system is to exchange oxygen and carbon dioxide
between the blood and the inhaled air. In 1 minute a normal person at rest uses an estimated
250 m! of oxygen and expels approximately 200 ml of carbon dioxide. Approximately 8 L of air
are breathed per minute. Only a fraction of the total air within the lung is exchanged with each
breath. These demands increase significantly with physical exertion.

The respiratory system is divided into two areas: the upper and the lower respiratory sys-
tem. The upper respiratory system is composed of the nose, sinuses, mouth, pharynx (section be-
tween the mouth and esophagus), larynx (the voice box), and the trachea or windpipe. The lower
respiratory system is composed of the lungs and its smaller structures, including the bronchi
and the alveoli. The bronchial tubes carry fresh air from the trachea through a series of branch-
ing tubes to the alveoli. The alveoli are small blind air sacs where the gas exchange with the
blood occurs. An estimated 300 million alveoli are found in a normal lung. These alveoli con-
tribute a total surface area of approximately 70 m?. Small capillaries found in the walls of the
alveoli transport the blood; an estimated 100 ml of blood is in the capillaries at any moment.

The upper respiratory tract is responsible for filtering, heating, and humidifying the air.
Fresh air brought in through the nose is completely saturated with water and regulated to the
proper temperature by the time it reaches the larynx. The mucus lining the upper respiratory
tract assists in filtering.

The upper and lower respiratory tracts respond differently to the presence of toxicants.
The upper respiratory tract is affected mostly by toxicants that are water soluble. These mate-
rials either react or dissolve in the mucus to form acids and bases. Toxicants in the lower res-
piratory tract affect the alveoli by physically blocking the transfer of gases (as with insoluble
dusts) or reacting with the wall of the alveoli to produce corrosive or toxic substances. Phos-
gene gas, for example, reacts with the water on the alveoli wall to produce HCI and carbon
monoxide.

Upper respiratory toxicants include hydrogen halides (hydrogen chloride, hydrogen bro-
mide), oxides (nitrogen oxides, sulfur oxides, sodium oxide), and hydroxides (ammonium hy-
droxide, sodium dusts, and potassium hydroxides). Lower respiratory toxicants include mono-
mers (such as acrylonitrile), halides (fluorine, chlorine, bromine), and other miscellaneous
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substances such as hydrogen sulfide, phosgene, methyl cyanide, acrolein, asbestos dust, silica,
and soot.

Dusts and other insoluble materials present a particular difficulty to the lungs. Particles
that enter the alveoli are removed slowly. For dusts the following simple rule usually applies:
The smaller the dust particles, the farther they penetrate into the respiratory system. Particles
greater than 5 um in diameter are usually filtered by the upper respiratory system. Particles
with diameters between 2 and 5 um generally reach the bronchial system. Particles less than
1 um in diameter can reach the alveoli.

2-2 How Toxicants Are Eliminated from Biological Organisms

Toxicants are eliminated or rendered inactive by the following routes:

e excretion: through the kidneys, liver, lungs, or other organs;

e detoxification: by changing the chemical into something less harmful by biotrans-
formation;

e storage: in the fatty tissue.

The kidneys are the dominant means of excretion in the human body. They eliminate sub-
stances that enter the body by ingestion, inhalation, injection, and dermal absorption. The toxi-
cants are extracted by the kidneys from the bloodstream and are excreted in the urine.

Toxicants that are ingested into the digestive tract are frequently excreted by the liver. In
general, chemical compounds with molecular weights greater than about 300 are excreted by
the liver into bile. Compounds with lower molecular weights enter the bloodstream and are ex-
creted by the kidneys. The digestive tract tends to selectively detoxify certain agents, whereas
substances that enter through inhalation, injection, or dermal absorption generally arrive in
the bloodstream unchanged.

The lungs are also a means for elimination of substances, particularly those that are vola-
tile. Chloroform and alcohol, for example, are excreted partially by this route.

Other routes of excretion are the skin (by means of sweat), hair, and nails. These routes
are usually minor compared to the excretion processes of the kidneys, liver, and lungs.

The liver is the dominant organ in the detoxification process. The detoxification occurs
by biotransformation, in which the chemical agents are transformed by reaction into either
harmless or less harmful substances. Biotransformation reactions can also occur in the blood,
intestinal tract wall, skin, kidneys, and other organs.

The final mechanism for elimination is storage. This process involves depositing the
chemical agent mostly in the fatty areas of the organism but also in the bones, blood, liver, and
kidney. Storage can create a future problem if the organism’ food supply is reduced and the
fatty deposits are metabolized; the stored chemical agents will be released into the blood-
stream, resulting in possible damage.

For massive exposures to chemical agents, damage can occur to the kidneys, liver, or
lungs, significantly reducing the organism’ ability to excrete the substance.
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Table 2-2 Various Responses to Toxicants

Effects that are irreversible
Carcinogen causes cancer
Mutagen causes chromosome damage
Reproductive hazard causes damage to reproductive system
Teratogen causes birth defects

Effects that may or may not be reversible
Dermatotoxic affects skin
Hemotoxic affects blood
Hepatotoxic affects liver
Nephrotoxic affects kidneys
Neurotoxic affects nervous system
Pulmonotoxic affects lungs

2-3 Effects of Toxicants on Biological Organisms

Table 2-2 lists some of the effects or responses from toxic exposure.

The problem is to determine whether exposures have occurred before substantial symp-
toms are present. Thisis accomplished through a variety of medical tests. The results from these
tests must be compared to a medical baseline study, performed before any exposure. Many
chemical companies perform baseline studies on new employees before employment.

Respiratory problems are diagnosed using a spirometer. The patient exhales as hard and
as fast as possible into the device. The spirometer measures (1) the total volume exhaled, called
the forced vital capacity (FVC), with units in liters; (2) the forced expired volume measured at
1 second (FEV;), with units in liters per second; (3) forced expiratory flow in the middle range
of the vital capacity (FEV 25-75%), measured in liters per second; and (4) the ratio of the ob-
served FEV; to FVC X 100 (FEV,/FVC%).

Reductions in expiration flow rate are indicative of bronchial disease, such as asthma or
bronchitis. Reductions in FVC are due to reduction in the lung or chest volume, possibly as a
result of fibrosis (an increase in the interstitial fibrous tissue in the lung). The air remaining in
the lung after exhalation is called the residual volume (RV). An increase in the RV is indicative
of deterioration of the alveoli, possibly because of emphysema. The RV measurement requires
a specialized tracer test with helium.

Nervous system disorders are diagnosed by examining the patient’s mental status, cranial
nerve function, motor system reflexes, and sensory systems. An electroencephalogram (EEG)
tests higher brain and nervous system functions.

Changes in skin texture, pigmentation, vascularity, and hair and nail appearance are in-
dicative of possible toxic exposures.

Blood counts are also used to determine toxic exposures. Measurements of the red and
white blood cells, hemoglobin content, and platelet count are performed easily and inexpen-
sively. However, blood counts are frequently insensitive to toxic exposure; marked changes are
seen only after substantial exposure and damage.
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Kidney function is determined through a variety of tests that measure the chemical con-
tent and quantity of urine. For early kidney damage proteins or sugars are found in the urine.
Liver function is determined through a variety of chemical tests on the blood and urine.

2-4 Toxicological Studies

A major objective of a toxicological study is to quantify the effects of the suspect toxicant on a

target organism. For most toxicological studies animals are used, usually with the hope that the

results can be extrapolated to humans. Once the effects of a suspect agent have been quanti-

fied, appropriate procedures are established to ensure that the agent is handled properly.
Before undertaking a toxicological study, the following items must be identified:

e the toxicant,

e the target or test organism,

¢ the effect or response to be monitored,
¢ the dose range,

e the period of the test.

The toxicant must be identified with respect to its chemical composition and its physical
state. For example, benzene can exist in either liquid or vapor form. Each physical state pref-
erentially enters the body by a different route and requires a different toxicological study.

The test organism can range from a simple single cell up through the higher animals. The
selection depends on the effects considered and other factors such as the cost and availability
of the test organism. For studies of genetic effects, single-cell organisms might be satisfactory.
For studies determining the effects on specific organs such as the lungs, kidneys, or liver, higher
organisms are a necessity.

The dose units depend on the method of delivery. For substances delivered directly into
the organism (by ingestion or injection), the dose is measured in milligrams of agent per kilo-
gram of body weight. This enables researchers to apply the results obtained from small animals
such as mice (fractions of a kilogram in body weight) to humans (about 70 kg for males and 60
kg for females). For gaseous airborne substances the dose is measured in either parts per mil-
lion (ppm) or milligrams of agent per cubic meter of air (mg/m?). For airborne particulates the
dose is measured in milligrams of agent per cubic meter of air (mg/m’) or millions of particles
per cubic foot (mppcf).

The period of the test depends on whether long- or short-term effects are of interest.
Acute toxicity is the effect of a single exposure or a series of exposures close together in a short
period of time. Chronic toxicity is the effect of multiple exposures occurring over a long period
of time. Chronic toxicity studies are difficult to perform because of the time involved; most toxi-
cological studies are based on acute exposures. The toxicological study can be complicated by
latency, an exposure that results in a delayed response.
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2-5 Dose versus Response

Biological organisms respond differently to the same dose of a toxicant. These differences are
aresult of age, sex, weight, diet, general health, and other factors. For example, consider the ef-
fects of an irritant vapor on human eyes. Given the same dose of vapors, some individuals will
barely notice any irritation (weak or low response), whereas other individuals will be severely
irritated (high response).

Consider a toxicological test run on a large number of individuals. Each individual is ex-
posed to the same dose and the response is recorded. A plot of the type shown in Figure 2-2 is
prepared with the data. The fraction or percentage of individuals experiencing a specific re-
sponse is plotted. Curves of the form shown in Figure 2-2 are frequently represented by a nor-
mal or Gaussian distribution, given by the equation

flx) = — e 0, @)

oV

where

f(x) is the probability (or fraction) of individuals experiencing a specific response,
x is the response,

o is the standard deviation, and

4 is the mean.

Percentage or fraction of individuals affected

Low Average High
response response response

Figure 2-2 A Gaussian or normal distribution representing the biological response to exposure
to a toxicant.
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The standard deviation and mean characterize the shape and the location of the nor-
mal distribution curve, respectively. They are computed from the original data f(x;) using the

equations
n

Z x;f(x;)
T @)
; f(x)

S — wPf(x)
r==——— (2-3)

éf(xi)

where n is the number of data points. The quantity o is called the variance.

The mean determines the location of the curve with respect to the x axis, and the stan-
dard deviation determines the shape. Figure 2-3 shows the effect of the standard deviation on
the shape. As the standard deviation decreases, the distribution curve becomes more pro-
nounced around the mean value.

The area under the curve of Figure 2-2 represents the percentage of individuals affected
for a specified response interval. In particular, the response interval within 1 standard devia-
tion of the mean represents 68 % of the individuals, as shown in Figure 2-4a. A response inter-
val of 2 standard deviations represents 95.5% of the total individuals (Figure 2-4b). The area
under the entire curve represents 100% of the individuals.
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Figure 2-3 Effect of the standard deviation on a normal distribution with a mean of 0. The dis-
tribution becomes more pronounced around the mean as the standard deviation decreases.



44
fo
186 % 68 % 16 %
u-o u pto
(a)
o
u—2a I u+eo
(b)
Example 2-1

Chapter 2 + Toxicology

Figure 2-4 Percentage
of individuals affected
based on a response
between one and two
standard deviations of
the mean.

Seventy-five people are tested for skin irritation because of a specific dose of a substance. The
responses are recorded on a scale from 0 to 10, with 0 indicating no response and 10 indicating a
high response. The number of individuals exhibiting a specific response is given in the following

table:
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Number of
individuals
Response affected

0
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a. Plot a histogram of the number of individuals affected versus the response.
b. Determine the mean and the standard deviation.
¢. Plot the normal distribution on the histogram of the original data.

Solution
a. The histogram is shown in Figure 2-5. The number of individuals affected is plotted versus the
response. An alternative method is to plot the percentage of individuals versus the response.
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Figure 2-5 Percentage of individuals affected based on response.
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b. The mean is computed using Equation 2-2:

_ (0X0)+{1X5)+(2X10) +(3X13) +(4X13) +(5X11) +(6X9) +(7X6) +(8X3) +(9x3) +(10X2)
B 75

=— =451
75 43

The standard deviation is computed using Equation 2-3:
o? = [(1 — 451)453) + (2 — 451)%(10) + (3 — 4.51)*(13)
+ (4 ~ 4.51)2(13) + (5 — 4.31)X(11) + (6 — 4.51)%9)
+ (7~ 4.51)%(6) + (8 — 4.51)%(3) + (9 — 4.51)4(3)
+ (10 — 4.51)%(2))/75 = 374.7/75 = 5.00,
o= Vo2 = V500 =224

¢. The normal distribution is computed using Equation 2-1. Substituting the mean and stan-
dard deviations, we find

1 _
f&) = aaves

— 0.1788—0.100(1-4.51)2‘

sty

The distribution is converted to a function representing the number of individuals affected
by multiplying by the total number of individuals, in this case 75. The corresponding values
are shown in Table 2-3 and Figure 2-5.

Table 2-3 Theoretical Frequency
and Number of People Affected
for Each Response for Example 2-1

) ¢ f(x) 751(x)

0 0.0232 1.74

1 0.0519 3.89

2 0.0948 7.11

3 0.1417 10.6

4 0.173 13.0

4.51 0.178 13.3

5 0.174 13.0

6 0.143 10.7

7 0.096 7.18

8 0.0527 3.95

9 0.0237 1.78
10 0.00874 0.655
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Response

Figure 2-6 Dose-response curve.
The bars around the data points
represent the standard deviation in
Dose response to a specific dose.

The toxicological experiment is repeated for a number of different doses, and normal
curves similar to Figure 2-3 are drawn. The standard deviation and mean response are deter-
mined from the data for each dose.

A complete dose-response curve is produced by plotting the cumulative mean response
at each dose. Error bars are drawn at *¢ around the mean. A typical result is shown in Fig-
ure 2-6.

For convenience, the response is plotted versus the logarithm of the dose, as shown in
Figure 2-7. This form provides a much straighter line in the middle of the response curve than
the simple response versus dose form of Figure 2-6.

If the response of interest is death or lethality, the response versus log dose curve of Fig-
ure 2-7 is called a lethal dose curve. For comparison purposes the dose that results in 50%

100
9
O
[72]
c
@]
Q
(7]
o)
i
0.0 Figure 2-7 Response
’ versus log dose curve.
This form presents a much

X straighter function than the
Logarithm of the dose one shown in Figure 2-6.
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Logarithm of the dose is used.

lethality of the subjects is frequently reported. This is called the LDs, dose (lethal dose for 50%
of the subjects). Other values such as LD, or LDy, are sometimes also reported. For gases, LC
(lethal concentration) data are used.

If the response to the chemical or agent is minor and reversible (such as minor eye irri-
tation), the response—log dose curve is called the effective dose (ED) curve. Values for EDj,
ED;,, and so forth are also used.

Finally, if the response to the agent is toxic (an undesirable response that is not lethal but
is irreversible, such as liver or lung damage), the response—log dose curve is called the toxic
dose, or TD curve.

The relationship between the various types of response-log dose curves is shown in
Figure 2-8.

Most often, response-dose curves are developed using acute toxicity data. Chronic toxi-
city data are usually considerably different. Furthermore, the data are complicated by differ-
ences in group age, sex, and method of delivery. If several chemicals are involved, the toxicants
might interact additively (the combined effect is the sum of the individual effects), synergisti-
cally (the combined effect is more than the individual effects), potentiately (presence of one in-
creases the effect of the other), or antagonistically (both counteract each other).

2-6 Models for Dose and Response Curves

Response versus dose curves can be drawn for a wide variety of exposures, including exposure
to heat, pressure, radiation, impact, and sound. For computational purposes the response ver-
sus dose curve is not convenient; an analytical equation is preferred.
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Figure 2-9 The relationship between percentages and probits. (Source: D. J. Finney, Probit
Analysis, 3d ed. (Cambridge: Cambridge University Press, 1971), p. 23. Reprinted by permission.

Many methods exist for representing the response-dose curve.! For single exposures the
probit (probit = probability unit) method is particularly suited, providing a straight-line equiv-
alent to the response-dose curve. The probit variable Y is related to the probability P by?

P= zz—# f_:s exp(—%z) du. (2-4)

Equation 2-4 provides a relationship between the probability P and the probit variable
Y. This relationship is plotted in Figure 2-9 and tabulated in Table 2-4.

The probit relationship of Equation 2-4 transforms the sigmoid shape of the normal re-
sponse versus dose curve into a straight line when plotted using a linear probit scale, as shown in
Figure2-10. Standard curve-fitting techniques are used to determine the best-fitting straightline.

Table 2-5 lists a variety of probit equations for a number of different types of exposures.
The causative factor represents the dose V. The probit variable Y is computed from

Y =k, + kInV. (2-5)

1Phillip L. Williams and James L. Burson, eds., Industrial Toxicology: Safety and Health Applications in
the Workplace (New York: Van Nostrand Reinhold, 1985), p. 379.
2D. J. Finney, Probit Analysis (Cambridge: Cambridge University Press, 1971), p. 23.
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Table 2-4 Transformation from Percentages to Probits?

% 0 1 2 3 4 5 6 7 8 9

0 — 2.67 2.95 3.12 3.25 3.36 3.45 3.52 3.59 3.66
10 3.72 3.77 3.82 3.87 3.92 3.96 4.01 4.05 4.08 4.12
20 4.16 4.19 423 4.26 4.29 433 4.36 4.39 4.42 4.45
30 4.48 4.50 4.53 4.56 4.59 4.61 4.64 4.67 4.69 4.72
40 4.75 4.71 4.80 4.82 4.85 4.87 4.90 4.92 4.95 497
50 5.00 5.03 5.05 5.08 5.10 5.13 5.15 5.18 5.20 523
60 5.25 5.28 5.31 5.33 5.36 5.39 5.41 5.44 5.47 5.50
70 5.52 5.55 5.58 5.61 5.64 5.67 571 5.74 571 5.81
80 5.84 5.88 5.92 5.95 5.99 6.04 6.08 6.13 6.18 6.23
90 6.28 6.34 6.41 6.48 6.55 6.64 6.75 6.88 7.05 7.33

Y% 0.0 0.1 0.2 03 0.4 0.5 0.6 0.7 0.8 0.9

99 7.33 7.37 7.41 7.46 7.51 7.58 7.65 7.75 7.88 8.09

ID. J. Finney, Probit Analysis, (Cambridge: Cambridge University Press, 1971), p. 25. Reprinted by permission.

Probit %
Probit /% T 7.5 99.38
100 r 7.0 97.7
6.28 90 65 933
5.84 80 .
4.1
5.52 70 6.0
5.25 60 5.5 69.1
5.00 50 5.0 50.0
4.75 40 L s 30.9
4.48 30
1 4.0 15.9
4.16 20
3.72 10 3.5 6.7
0 3.0 2.3
0.4 0.6 0.8 1.0 1.2 1.4 1.8

Log Dose

Figure 2-10 The probit transformation converts the sigmoidal response vs. log dose curve into
a straight line when plotted on a linear probit scale. Source: D. J. Finney, Probit Analysis, 3d ed.
(Cambridge: Cambridge University Press, 1971), p. 24. Reprinted by permission.
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Table 2-5 Probit Correlations for a Variety of Exposures (The causative
variable is representative of the magnitude of the exposure.)

Probit
parameters
Causative
Type of injury or damage variable k, k>
Fire!
Burn deaths from flash fire t,1,4°%104 —14.9 2.56
Burn deaths from pool burning 410" —14.9 2.56
Explosion’
Deaths from lung hemorrhage p° =771 6.91
Eardrum ruptures p° —15.6 1.93
Deaths from impact J —46.1 4.82
Injuries from impact J -39.1 4.45
Injuries from flying fragments J =271 4.26
Structural damage p° —238 2.92
Glass breakage p° —18.1 2.79
Toxic release?
Ammonia deaths > T -35.9 1.85
Carbon monoxide deaths 2T -37.98 3.7
Chlorine deaths > C¥T —8.29 0.92
Ethylene oxide deaths® > T —6.19 1.0
Hydrogen chloride deaths 2T —16.85 2.0
Nitrogen dioxide deaths = CHT —-13.79 1.4
Phosgene deaths zCcVT —-19.27 3.69
Propylene oxide deaths > T —7.42 0.51
Sulfur dioxide deaths sCYT -15.67 1.0
Toluene = C¥T —6.79 0.41

t, = effective time duration (s)

I, = effective radiation intensity (W/m?)

t = time duration of pool burning (s)

I = radiation intensity from pool burning (W/m?)

p° = peak overpressure (N/m?)

J = impulse (N s/m?)

C = concentration (ppm)

T = time interval (min)

ISelected from Frank P. Lees, Loss Prevention in the Process Industries (London: Butterworths, 1986), p. 208.

2CCPS, Guidelines for Consequence Analysis of Chemical Releases (New York: American Institute of Chemical Engi-
neers, 1999), p. 254.

3Richard W. Purgh, “Quantitative Evaluation of Inhalation Toxicity Hazards,” in Proceedings of the 29th Loss Prevention
Symposium (American Institute of Chemical Engineers, July 31, 1995).
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For spreadsheet computations a more useful expression for performing the conversion
from probits to percentage is given by

B Y-S5 Y — 5
P = 5()|:1 + v =5 erf< V3 ﬂ, (2-6)

where erf is the error function.

Example 2-2
Determine the percentage of people who will die as a result of burns from pool burning if the pro-
bit variable Y is 4.39. Compare results from Table 2-4 and Equation 2-6.

Solution
The percentage from Table 2-4 is 27%. The same percentage can be computed using Equation 2-6,

as follows:
439 — 5 |4.39 — 5|
P=501+ f
5 [ |4.39—5|er( V2
-0.61
=350|1— erfl ——— )| = 50[1 — erf(0.4314
[ ( V2 )J [ i )
= 50[1 — 0.458] = 27.1%,

where the error function is a mathematical function found in spreadsheets, Mathcad, and other

software programs.

Example 2.3
Eisenberg? reported the following data on the effect of explosion peak overpressures on eardrum
rupture in humans:

Percentage Peak overpressure

affected (N/m?)
1 16,500

10 19,300

50 43,500

90 84,300

Confirm the probit correlation for this type of exposure, as shown in Table 2-5.

Solution
The percentage is converted to a probit variable using Table 2-4. The results are:
Percentage Probit
1 2.67
10 3.72
50 5.00
90 6.28

3N. A. Eisenberg, Vulnerability Model: A Simulation System for Assessing Damage Resulting from Ma-
rine Spills, NTIS Report AD-A015-245 (Springfield, VA: National Technical Information Service, 1975).
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Figure 2-11 is a plot of the percentage affected versus the natural logarithm of the peak
overpressure. This demonstrates the classical sigmoid shape of the response versus log dose
curve. Figure 2-12 is a plot of the probit variable (with a linear probit scale) versus the natural
logarithm of the peak overpressure. The straight line verifies the values reported in Table 2-5.
The sigmoid curve of Figure 2-11 is drawn after converting the probit correlation back to
percentages.

Probit

1 Y = —15.6 + 1.93 In p°

Figure 2-12 Probit ver-
T A A sus the natural logarithm
of the peak overpressure
In (Overpressure, N/m?2) for Example 2-3.

O —r——————
9 10
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Table 2-6 Hodge-Sterner Table for Degree of Toxicity!

Experimental Probable
LDs, per kilogram Degree of fethal dose for
of body weight toxicity a 70-kg person
<1.0mg Dangerously toxic A taste

1.0-50 mg Seriously toxic A teaspoonful
50-500 mg Highly toxic An ounce

05-5¢ Moderately toxic A pint

5-15g Slightly toxic A quart

>15¢g Extremely low toxicity More than a quart

IN. Irving Sax, Dangerous Properties of Industrial Materials (New York: Van Nostrand
Reinhold, 1984), p. 1.

2-7 Relative Toxicity

Table 2-6 shows the Hodge-Sterner table for the degree of toxicity. This table covers a range of
doses from 1.0 mg/kg to 15,000 mg/kg.

Toxicants are compared for relative toxicity based on the LD, ED, or TD curves. If the
response-dose curve for chemical A is to the right of the response-dose curve for chemical B,
then chemical A is more toxic. Care must be taken when comparing two response-dose curves
when partial data are available. If the slopes of the curves differ substantially, the situation
shown in Figure 2-13 might occur. If only a single data point is available in the upper part of the
curves, it might appear that chemical A is always more toxic than chemical B. The complete
data show that chemical B is more toxic at lower doses.

2-8 Threshold Limit Values

The lowest value on the response versus dose curve is called the threshold dose. Below this
dose the body is able to detoxify and eliminate the agent without any detectable effects. In re-
ality the response is only identically zero when the dose is zero, but for small doses the response
is not detectable.

The American Conference of Governmental Industrial Hygienists (ACGIH) has estab-
lished threshold doses, called threshold limit values (TLVs), for a large number of chemical
agents. The TLV refers to airborne concentrations that correspond to conditions under which
no adverse effects are normally expected during a worker’s lifetime. The exposure occurs only
during normal working hours, eight hours per day and five days per week. The TLV was for-
merly called the maximum allowable concentration (MAC).

There are three different types of TLVs (TLV-TWA, TLV-STEL, and TLV-C) with pre-
cise definitions provided in Table 2-7. More TLV-TWA data are available than TWA-STEL or
TLV-C data.

OSHA has defined its own threshold dose, called a permissible exposure level (PEL).
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Figure 2-13 Two toxicants with differing relative toxicities at different doses. Toxicant A is more
toxic at high doses, whereas toxicant B is more toxic at low doses.

Table 2-7

Definitions for Threshold Limit Values (TLVs)!

TLV type

Definition

TLV-TWA

TLV-STEL

TLV-C

Time-weighted average for a normal 8-hour workday or 40-hour work week, to which
nearly all workers can be exposed, day after day, without adverse effects. Excursions
above the limit are allowed if compensated by excursions below the limit.

Short-term exposure limit. The maximum concentration to which workers can be ex-
posed for a period of up to 15 minutes continuously without suffering (1) intolerable
irritation, (2) chronic or irreversible tissue change, (3) narcosis of sufficient degree
to increase accident proneness, impair self-rescue, or materially reduce worker effi-
ciency, provided that no more than 4 excursions per day are permitted, with at least
60 minutes between exposure periods, and provided that the daily TLV-TWA is not
exceeded.

Ceiling limit. The concentration that should not be exceeded, even instantaneously.

I'TLVs should not be used for (1) a relative index of toxicity, (2) air pollution work, or (3) assessment of toxic hazard
from continuous, uninterrupted exposure.
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PEL values follow the TLV-TWA of the ACGIH closely. However, the PEL values are not as
numerous and are not updated as frequently. TLVs are often somewhat more conservative.

For some toxicants (particularly carcinogens) exposures at any level are not permitted.
These toxicants have zero thresholds. ‘

Another quantity frequently reported is the amount immediately dangerous to life
and health (IDLH). Exposures to this quantity and above should be avoided under any
circumstances.

TLVs are reported using ppm (parts per million by volume), mg/m® (milligrams of vapor
per cubic meter of air), or, for dusts, mg/m® or mppcf (millions of particles per cubic foot of air).
For vapors, mg/m’ is converted to ppm using the equation

_ . 224/ T \(1 ,
Cppm = Concentration in ppm = NYE ( 773 )( P)(mg/m )

0.08205 (%{-)(mg/mﬂ, 2-7)

where

T is the temperature in degrees Kelvin,
P is the absolute pressure in atm, and
M is the molecular weight in g/g-mol.

TLV and PEL values for a variety of toxicants are provided in Table 2-8.

Table 2-8 TLVs and PELs for a Variety of Chemical Substances

TLV-TWA? OSHA PEL’
Substance' ppm mg/m?3, 25°C ppm mg/m?, 25°C
Acetaldehyde 100 180 200 360
Acetic acid ( 10 25 10 25
Acetone 750 1780 1000 2400
Acrolein 0.1 0.25 0.1 0.25
Acrylic acid (skin) 2 6
Acrylonitrile (skin) 2 4.5 2 4.5
Ammonia 25 18 50 35
Aniline (skin) 2 7.6 5 19
Arsine 0.05 02 0.05 02
Benzene* 10 30 1 3.0
Biphenyl 0.2 1.3 0.2 1.0
Bromine 0.1 0.7 0.1 0.7
Butane 800 1900
Caprolactum (vapor) 4.3 20
Carbon dioxide 5000 9000 5000 9000
Carbon monoxide 25 29 50 55
Carbon tetrachloride* (skin) 10 62.9 10 62.9

Chlorine 0.5 1.5 1.0 3.0
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Table 2-8 (continued)
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TLV-TWA? OSHA PEL’
Substance! ppm mg/m?, 25°C ppm mg/m3, 25°C
Chloroform+ 10 50 50 240
Cyclohexane 300 1030 300 1050
Cyclohexanol (skin) 50 200 50 200
Cyclohexanone (skin) 25 100 50 200
Cyclohexene 300 1010 300 1015
Cyclopentane 600 1720
Diborane 0.1 0.1 0.1 0.1
1,1 Dichloroethane 100 405 100 400
1,2 Dichloroethylene 200 790 200 790
Diethylamine 5 15 25 75
Diethyl ketone 200 705
Dimethylamine 10 18 10 18
Dioxane (skin) 25 90 100 360
Ethyl acetate 400 1400 400 1400
Ethylamine 5 9.2 10 18
Ethyl benzene 100 435 100 435
Ethyl bromide 5 22 200 890
Ethyl chloride 1000 2600 1000 2600
Ethylene dichloride 10 40 1 4
Ethylene oxide4 1 2 1 2
Ethyl ether 400 1200 400 1200
Ethyl mercaptan 0.5 1.3 10 25
Fluorine 1 2 0.1 0.2
Formaldehyde+ 0.3 0.37 0.75 1.1
Formic acid 5 94 5 9
Furfural (skin) 2 8 5 20
Gasoline 300 900
Heptane 400 1600 500 2000
Hexachloroethane 1 9.7 1 10
Hexane 50 176 500 1800
Hydrogen chloride TLV-C: 5 15 5 7
Hydrogen cyanide (skin) TLV-C: 10 11 10 11
Hydrogen fluoride TLV-C: 3 2.6 3 2.6
Hydrogen peroxide 1 14 1 14
Hydrogen sulfide 10 14 20 28
Iodine TLV-C: 0.1 1 0.1 1
Isobutyl alcohol 50 150 100 300
Isopropyl alcohol 400 983 400 980
Isopropyl ether 250 1040 500 2100
Ketene 0.5 0.9 0.5 09
Maleic anhydride 0.25 1 0.25 1
Methyl acetate 200 606 200 610

(continued)



58

Table 2-8 (continued)

Chapter 2 ¢ Toxicology

TLV-TWA? OSHA PEL’
Substance! ppm mg/m?3, 25°C ppm mg/m?, 25°C
Methyl acetylene 1000 1650 1000 1650
Methyl alcohol 200 260 200 260
Methylamine 5 6.4 10 12
Methyl bromide (skin) 5 20 20 80
Methyl chloride 50 105 100 210
Methylene chloride* 50 174 500 1740
Methyl ethyl ketone 200 590 200 590
Methyl formate 100 250 100 250
Methyl isocyanate (skin) 0.02 0.05 0.02 0.05
Methyl mercaptan 0.5 1 PEL-C: 10 20
Naphthalene 10 50 10 50
Nitric acid 2 5 2 5
Nitric oxide 25 30 25 30
Nitrobenzene (skin) 1 5 1 5
Nitrogen dioxide 3 5.6 5 9
Nitromethane 100 250 100 250
Nonane 200 1050
Octane 300 1400 500 2350
Oxalic acid 1 1
Ozone TLV-C: 0.1 02 0.1 0.2
Pentane 600 1770 1000 2950
Phenol (skin) 5 19 5 19
Phosgene 0.1 04 0.1 04
Phosphine 0.3 0.4 0.3 04
Phosphoric acid 1 1
Phthalic anhydride 1 6.1 2 12
Pyridine 16 5 15
Styrene 50 213 100 425
Sulfur dioxide 2 52 5 13
Toluene (skin) 50 188 200 750
Trichloroethylene 50 270 100 540
Triethylamine 5 12 25 100
Turpentine 100 560 100 560
Vinyl acetate 10 35
Vinyl chloride® 5 13 1 2.56
Xylene 100 435 100 435

'Latest NIOSH Pocket Guide information is available at the NIOSH web site: http://www.cdc.gov/niosh.

2Documentation of the Threshold Limit Values and Biological Exposure Indices, 5th ed. (Cincinnati: American Confer-
ence of Governmental Industrial Hygienists, 1991-1994).
3NIOSH Pocket Guide to Chemical Hazards (Cincinnati: National Institute for Occupational Safety and Health, 2000).

4Possible carcinogen.
>Human carcinogen.
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The ACGIH clearly points out that the TLVs should not be used as a relative index of
toxicity (see Figure 2-8), should not be used for air pollution work, and cannot be used to as-
sess the impact of continuous exposures to toxicants. The TLV assumes that workers are ex-
posed only during a normal eight-hour workday.

Every effort must be made to reduce worker exposures to toxicants to below the PEL
and lower if possible.

Suggested Reading
Toxicology

Howard H. Fawcett and William S. Wood, eds., Safety and Accident Prevention in Chemical Operations,
2d ed. (New York: Wiley, 1982), ch. 14, 15, and 25.

N. Irving Sax, Dangerous Properties of Industrial Materials, 6th ed. (New York: Van Nostrand Reinhold,
1984), sec. 1.

Phillip L. Williams and James L. Burson, eds., Industrial Toxicology: Safety and Health Applications in the
Workplace (New York: Van Nostrand Reinhold, 1985).

Probit Analysis

D. J. Finney, Probit Analysis (Cambridge: Cambridge University Press, 1971).
Frank P. Lees, Loss Prevention in the Process Industries (London: Butterworths, 1986), p. 207.
Frank P. Lees, Loss Prevention in the Process Industries, 2d ed. (London: Butterworths, 1996).

Threshold Limit Values

Documentation of the Threshold Limit Values and Biological Exposure Indices, 5th ed. (Cincinnati: Amer-
ican Conference of Governmental Industrial Hygienists, 1986).

Health Effects Assessment Summary Tables (HEASH), OERR 9200.6-303 (Cincinnati: Center for Envi-
ronmental Research Information, 1991).

Integrated Risk Information System (IRIS) (Cincinnati: Center for Environmental Research Information,
updated regularly).

Problems

2-1. Derive Equation 2-7.
2-2. Finney* reported the data of Martin® involving the toxicity of rotenone to the insect spe-
cies Macrosiphoniella sanborni. The rotenone was applied in a medium of 0.5% saponin,

4D. J. Finney, Probit Analysis (Cambridge: Cambridge University Press, 1971), p. 20.

5]. T. Martin, “The Problem of the Evaluation of Rotenone-Containing Plants. VI. The Toxicity of 1-
Elliptone and of Poisons Applied Jointly, with Further Observations on the Rotenone Equivalent Method of As-
sessing the Toxicity of Derris Root,” Ann. Appl. Biol. (1942), 29: 69-81.
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2-4.

2-6.
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containing 5% alcohol. The insects were examined and classified one day after spraying.
The obtained data were:

Dose of Number

rotenone of Number
(mg/1) insects affected

10.2 50 44

7.7 49 42

5.1 46 24

3.8 48 16

2.6 50 6

0 49 0

a. From the given data, plot the percentage of insects affected versus the natural loga-
rithm of the dose.

b. Convert the data to a probit variable, and plot the probit versus the natural logarithm
of the dose. If the result is linear, determine a straight line that fits the data. Compare
the probit and number of insects affected predicted by the straight-line fit to the ac-
tual data.

. A blast produces a peak overpressure of 47,000 N/m” What fraction of structures will be

damaged by exposure to this overpressure? What fraction of people exposed will die as
a result of lung hemorrhage? What fraction will have eardrums ruptured? What conclu-
sions about the effects of this blast can be drawn?

The peak overpressure expected as a result of the explosion of a tank in a plant facility is
approximated by the equation

logP =42 —18logr,

where Pis the overpressure in psi and ris the distance from the blast in feet. The plant em-
ploys 500 people who work in an area from 10 to 500 ft from the potential blast site. Es-
timate the number of fatalities expected as a result of lung hemorrhage and the number
of eardrums ruptured as a result of this blast. Be sure to state any additional assumptions.

. A certain volatile substance evaporates from an open container into a room of volume

1000 ft*. The evaporation rate is determined to be 100 mg/min. If the air in the room is
assumed to be well mixed, how many ft¥/min of fresh air must be supplied to ensure that
the concentration of the volatile is maintained below its TLV of 100 ppm? The tempera-
ture is 77°F and the pressure is 1 atm. Assume a volatile species molecular weight of 100.
Under most circumstances the air in a room cannot be assumed to be well mixed. How
would poor mixing affect the quantity of air required?

In Example 2-1, part c, the data were represented by the normal distribution function

f(x) — 0.1786_()'100(X_4'51)2.
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2-7.

2-8.

2-9.

2-10.

2-11.

2-12.

2-13.

2-14.

- 2-15.

2-16.

2-17.

2-18.

2-19.

2-20.

Use this distribution function to determine the fraction of individuals demonstrating a
response between the range of 2.5 to 7.5.

How much acetone liquid (in milliliters) is required to produce a vapor concentration of
200 ppm in a room of dimension 3 X 4 X 10 m? The temperature is 25°C and the pres-
sure is 1 atm. The following physical property data are for acetone: molecular weight,
58.1; and specific gravity, 0.7899.

If 500 workers in a plant are exposed to the following concentrations of ammonia for the
given number of hours, how many deaths will be expected?

a. 1000 ppm for 1 hour.

b. 2000 ppm for 2 hours.

¢. 300 ppm for 3 hours.

d. 150 ppm for 2 hours.

Use the NIOSH web site (www.cdc.gov/niosh) to acquire the meaning and definition of
IDLH concentration.

Use the NIOSH web site to determine an escape time period for a person subjected to
an IDLH concentration.

Use the NIOSH web site to determine the number of deaths that occurred in 1992 as a
result of asbestos.

Use the NIOSH web site to determine and compare the PEL and the IDLH concentra-
tion of ethylene oxide and ethanol.

Use the NIOSH web site to determine and compare the PEL, IDLH concentration, and
TLV for ethylene oxide, benzene, ethanol, ethylene trichloride, fluorine, and hydrogen
chloride.

Use the NIOSH web site to determine and compare the PEL, IDLH concentration, and
LCs, for ammonia, carbon monoxide, and ethylene oxide.

The NIOSH web site states that deaths occur as a result of ammonia exposures between
5,000 and 10,000 ppm over a 30-min period. Compare the result to the results from the
probit equation (Table 2-5).

Use the probit equation (Equation 2-5) to determine the expected fatalities for people
exposed for 2 hours to each of the IDLH concentrations of ammonia, chlorine, ethylene
oxide, and hydrogen chloride.

Determine the concentration of ethylene oxide that will cause a 50% fatality rate if the
exposure occurs for 30 min.

A group of 100 people is exposed to phosgene in two consecutive periods as follows:
(a) 10 ppm for 30 min and (b) 1 ppm for 300 min. Determine the expected number of
fatalities.

Determine the duration times, in minutes, that a group of 100 people can be exposed to
1500 ppm of carbon monoxide to result in (a) 0% fatalities and (b) 50% fatalities.

Use Equation 2-7 to convert the TLV in ppm to the TLV in mg/m?® for benzene, carbon
monoxide, and chlorine. Assume 25°C and 1 atm.
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2-21.

A2,

2-23.
2-24.
2-25.

2-26.

2-27.

2-28.

2-29.

“2.30.
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Use a spreadsheet program (such as QuattroPro, Lotus, Excel) to solve Problem 2-4.
Break the distance from 10 ft to 500 ft into several intervals. Use a small enough dis-
tance increment so that the results are essentially independent of the increment size.
Your spreadsheet output should have designated columns for the distance, pressure, pro-
bit values, percentages, and the number of individuals affected for each increment. You
should also have two spreadsheet cells that provide the total number of individuals with
eardrum ruptures and lung hemorrhage deaths. For converting from probits to percent-
ages, use a lookup function or an equivalent function.

Use the results of Problem 2-21 to establish the recommended distance between the
control room and the tank if the control room is designed to withstand overpressures of
(a) 1 psi and (b) 3 psi.

Use Equation 2-6 to convert probits of 3.72, 5.0, and 6.28 to percentage affected, and
compare with the values shown in Table 2-4.

Estimate the exposure concentration in ppm that will result in fatalities for 80% of the
exposed individuals if they are exposed to phosgene for 4 min.

Estimate the exposure concentration in ppm that will result in fatalities for 80% of the
exposed individuals if they are exposed to chlorine for 4 min.

Determine the potential deaths resulting from the following exposure to chlorine:

a. 200 ppm for 15 min.

b. 100 ppm for 5 min.

¢. 50 ppm for 2 min.

Determine the potential deaths resulting from the following exposure to chlorine:

a. 200 ppm for 150 min.

b. 100 ppm for 50 min.

¢. 50 ppm for 20 min.

Use Joseph F. Louvar and B. Diane Louvar, Health and Environmental Risk Analysis:
Fundamentals with Applications (Upper Saddle River, NJ: Prentice Hall, 1998), pp. 287~
288, to find the toxicity levels (high, medium, low) for the inhalation of toxic chemicals.
Use Louvar and Louvar, Health and Environmental Risk Analysis, pp. 287-288, to find
the toxicity levels (high, medium, low) for the single dose of a chemical that causes 50%
deaths.

Using the following data, determine the probit constants and the LCs:

Dose of Number Number
rotenone of affected
{mg/l) insects (deaths)
10.2 50 44
7.7 49 42
5.1 46 24
3.8 48 16

2.6 50 6




CHAPTER 3

Industrial Hygiene

Industry and society are continuing to focus on reduc-
ing personnel and environmental damage resulting from accidents. Many of the results in this
area are due to civic concern and ethics, sometimes manifested in laws and regulations. In this
chapter we describe the relationship between laws and regulations as an introduction to indus-
trial hygiene.

Industrial hygiene is a science devoted to the identification, evaluation, and control of oc-
cupational conditions that cause sickness and injury. Industrial hygienists are also responsible
for selecting and using instrumentation to monitor the workplace during the identification and
control phases of industrial hygiene projects.

Typical projects involving industrial hygiene are monitoring toxic airborne vapor concen-
trations, reducing toxic airborne vapors through the use of ventilation, selecting proper per-
sonal protective equipment to prevent worker exposure, developing procedures for the handling
of hazardous materials, and monitoring and reducing noise, heat, radiation, and other physical
factors to ensure that workers are not exposed to harmful levels.

The three phases in any industrial hygiene project are identification, evaluation, and
control:

¢ Identification: determination of the presence or possibility of workplace exposures.

¢ Evaluation: determination of the magnitude of the exposure.

¢ Control: application of appropriate technology to reduce workplace exposures to accept-
able levels.

In chemical plants and laboratories the industrial hygienist works closely with safety pro-
fessionals as an integral part of a safety and loss prevention program. After identifying and

evaluating the hazards, the industrial hygienist makes recommendations relevant to control

63



64 Chapter 3 ¢ Industrial Hygiene

techniques. The industrial hygienist, safety professionals, and plant operations personnel work
together to ensure that the control measures are applied and maintained. It has been clearly
demonstrated that toxic chemicals can be handled safely when principles of industrial hygiene
are appropriately applied.

3-1 Government Regulations
Laws and Regulations

Laws and regulations are major tools for protecting people and the environment. Con-
gress is responsible for passing laws that govern the United States. To put these laws into ef-
fect, Congress authorizes certain government organizations, including the Environmental Pro-
tection Agency (EPA) and OSHA, to create and enforce regulations.

Creating a Law

A law is created with a three-step process:

Step 1: A member of Congress proposes a bill. A bill is a document that, if approved, be-
comes a law.

Step 2: If both houses of Congress approve the bill, it is sent to the president, who has the
option to either approve it or veto it. If approved, it becomes a law that is called an act.

Step 3: The complete text of the law is published in the United States Code (USC).! The
code is the official record of all federal laws.

Creating a Regulation

After the law is official, how is it put into practice? Laws often do not include the details
forcompliance. For example, the USC requires the appropriate respirator protection, butitdoes
not specify the detailed types or limitations of respirators. To make the laws work on a day-to-
day level, Congress authorizes governmental organizations, including the EPA and OSHA, to
create regulations and/or standards.

Regulations set specific rules about what is legal and what is not legal. For example, areg-
ulation relevant to the Clean Air Act will specify levels of specific toxic chemicals that are safe,
quantities of the toxic chemicals that are legally emitted into the air, and what penalties are
given if the legal limits are exceeded. After the regulation is in effect, the EPA has the respon-
sibility (1) to help citizens comply with the law and (2) to enforce the regulation.

Twwwd.law.cornell.edu/uscode.
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The process for creating a regulation and/or standard has two steps:

Step 1: The authorized organization or agency decides when a regulation is needed. The
organization then researches, develops, and proposes a regulation. The proposal is
listed in the Federal Register (FR) so that the public can evaluate it and send com-
ments to the organization. These comments are used to revise the regulation.

Step 2: After aregulation is rewritten, it is posted in the Federal Register as a final rule, and
it is simultaneously codified by publishing it in the Code of Federal Regulations (CFR).

In 1970 the US Congress enacted a health and safety law that continues to have a signifi-
cant impact on the practices of industrial hygiene in the chemical industry: the Occupational
Safety and Health Act of 1970 (OSHAct). To appreciate the significance of the OSHAct, it is
helpful to review regulations and practices? before 1970.

Before 1936 regulations concerning occupational health were poorly administered by
state and local governmental agencies. During this era, staffs and funds were too small to carry
out effective programs. In 1936 the federal government enacted the Walsh-Healy Act to estab-
lish federal safety and health standards for activities relating to federal contracts. This 1936 act
also initiated significant research related to the cause, recognition, and control of occupational
disease. The concepts promulgated by the Walsh-Healy Act, although not adequate by today’s
standards, were the forerunners of our current occupational health and safety regulations.

Between 1936 and 1970 a number of states enacted their own safety and health regulations.
Although some progress was made, these regulations were never sufficiently supported to carry
out a satisfactory program. This produced relatively inconsistent and ineffective results.

The OSHACct of 1970 was developed to solve these problems and to give a nationally con-
sistent program with the funding necessary to manage it effectively. This act defined clear pro-
cedures for establishing regulations, conducting investigations for compliance, and developing
and maintaining safety and health records.

As a result of the OSHACt, sufficient funding was committed to create and support the
Occupational Safety and Health Administration (OSHA), which manages and administers the
government’s responsibilities specified in the OSHAct, and the National Institute for Occupa-
tional Safety and Health (NIOSH), which conducts research and technical assistance programs
for improving the protection and maintenance of workers’ health. Examples of NIOSH respon-
sibilities include (1) measuring health effects of exposure in the work environment, (2) develop-
ing criteria for handling toxic materials, (3) establishing safe levels of exposure, and (4) training
professionals for administering the programs of the act.

NIOSH develops data and information regarding hazards, and OSHA uses these data to
promulgate standards. Some laws and regulations particularly relevant to the chemical indus-

2]. B. Olishifski, ed., Fundamentals of Industrial Hygiene, 2d ed. (Chicago: National Safety Council, 1979),
pp. 758-777.
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Table 3-1 A Few Laws (USC) and Regulations (CFR)

Number Description

29 USC 651 Occupational Safety and Health Act (1970)

42 USC 7401 Clean Air Act (1970)

33 USC 1251 Clean Water Act (1977)

42 USC 7401 Clean Air Act Amendments (1990)

15 USC 2601 Toxic Substances Control Act IT (1992)

42 USC 300f Safe Drinking Water Act Amendment (1996)

40 CFR 280.20 Underground Storage Tank Leak Tests (1988)

40 CFR 370.30 Annual Toxic Release Report, SARA 313 (1989)

29 CFR 1910.120 Training, Hazardous Materials Technician, HAZMAT (1989)
29 CFR 1910.1450 Exposure to Hazardous Chemicals in Laboratories (1990)

40 CFR 370.20, - Annual Inventory of Hazardous Chemicals, SARA 311 (1991)
29 CFR 1910.119 Process Safety Management (1992)

40 CFR 68.65 'Risk Management Program (1996)

29 CFR 1910.134 Respirator Program (1998)

try are shown in Table 3-1. As illustrated in this table, the distinction between laws (USC) and
regulations (CFR) is global versus detail.

The OSHAct makes employers responsible for providing safe and healthy working con-
ditions for their employees. OSHA is authorized, however, to conduct inspections, and when
violations of the safety and health standards are found, they can issue citations and financial
penalties. Highlights of OSHA enforcement rights are illustrated in Table 3-2.

The implications, interpretations, and applications of the OSHAct will continue to de-
velop as standards are promulgated. Especially within the chemical industry, these standards
will continue to create an environment for improving process designs and process conditions
relevant to the safety and health of workers and the surrounding communities.

Government regulation will continue to be a significant part of the practice of chemical
process safety. Since the OSHAct was signed into law, substantial new legislation controlling the
workplace and community environment has been enacted. Table 3-3 provides a summary of

Table 3-2 Highlights of OSHA’s Right of Enforcement

Employers must admit OSHA compliance officers into their plant sites for safety inspections with no
advance notice. A search warrant may be required to show probable cause.

OSHAs right of inspection includes safety and health records.
Criminal penalties can be invoked.

OSHA officers finding conditions of imminent danger may request plant shutdowns.
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Table 3-3 Federal Legislation Relevant to Chemical Process Safety!

Date Abbreviation Act

1899 RHA River and Harbor Act

1906 FDCA Federal Food, Drug, and Cosmetic Act

1947 FIFRA Federal Insecticide, Fungicide, and Rodenticide Act

1952 DCA Dangerous Cargo Act

1952 FWPCA Federal Water Pollution Control Act

1953 FFA Flammable Fabrics Act

1954 AEA Atomic Energy Act

1956 FWA Fish and Wildlife Act of 1956

1960 FHSA Federal Hazardous Substances Labeling Act

1965 SWDA Solid Waste Disposal Act

1966 MNMSA Metal and Non-Metallic Mine Safety Act

1969 NEPA National Environmental Policy Act

1969 CMHSA Federal Coal Mine Health and Safety Act

1970 CAA Clean Air Act

1970 PPPA Poison Prevention Packaging Act of 1970

1970 wQI Water Quality Improvement Act of 1970

1970 RSA Federal Railroad Safety Act of 1970

1970 RRA Resource Recovery Act of 1970

1970 OSHA Occupational Safety and Health Act

1972 NCA Noise Control Act of 1972

1972 FEPCA Federal Environmental Pollution Control Act

1972 HMTA Hazardous Materials Transportation Act

1972 CPSA Consumer Product Safety Act

1972 MPRSA Marine Protection, Research, and Sanctuary Act of 1972

1972 CWA Clean Water Act

1972 CZMA Coastal Zone Management Act

1973 ESA Endangered Species Act of 1973

1974 SDWA Safe Drinking Water Act

1974 TSA Transportation Safety Act of 1974

1974 ESECA Energy Supply and Environmental Coordination Act

1976 TSCA Toxic Substances Control Act

1976 RCRA Resource Conservation and Recovery Act

1977 FMSHA Federal Mine Safety and Health Act

1977 SMCRA Surface Mine Control and Reclamation Act

1978 UMTCA Uranium Mill Tailings Control Act

1978 PTSA Port and Tanker Safety Act

1980 CERCLA Comprehensive Environmental Response, Compensation, and Liabil-
ity Act of 1980 (Superfund)

1984 HSWA Hazardous and Solid Waste Amendments

1986 AHERA Asbestos Hazard Emergency Response Act

1986 SARA Superfund Amendments and Reauthorization Act

1986 EPCRA Emergency Planning and Community Right-to-Know Act

1986 TSCA Toxic Substances Control Act

(continued)
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Table 3-3 (continued)

Date Abbreviation Act

1987 WQA Water Quality Act

1990 OPA Qil Pollution Act of 1990

1990 CAAA Clean Air Act Amendments

1990 PPA Pollution Prevention Act of 1990

1992 TSCA-II Residential Lead-Based Paint Hazard Abatement Act
1992 — Federal Facility Compliance Act

1993 NEPA National Environmental Policy Act

1994 HMTAA Hazardous Materials Transportation Act Amendments
1996 SDWA Safe Drinking Water Act Amendment

1996 FQPA Food Quality Protection Act

!Information from the EPA and OSHA web sites: www.epa.gov/epahome and www.osha-slc.gov/oshstd-toc/osha-std-toc
html.

relevant safety legislation, and Figure 3-1 shows how the amount of legislation has increased. A
description of this legislation is well beyond the scope and goals of this textbook. However, it
is important that chemical engineers be aware of the law to ensure that their facilities comply.

OSHA: Process Safety Management

On February 24, 1992, OSHA published the final rule “Process Safety Management of
Highly Hazardous Chemicals.” This standard is performance oriented; that is, it sets general
requirements for the management of hazardous chemicals. Process safety management (PSM)
was developed after the Bhopal accident (1985), to prevent similar accidents. It is recognized
by industry and the government as an excellent regulation that will reduce the number and
magnitude of accidents — if it is understood and practiced as intended.

The PSM standard has 14 major sections: employee participation, process safety infor-
mation, process hazard analysis, operating procedures, training, contractors, pre-startup safety
review, mechanical integrity, hot work permits, management of change, incident investigations,
emergency planning and response, audits, and trade secrets. A brief description of each sec-
tion is given in what follows.

Employee participation requires active employee participation in all the major elements
of PSM. Employers must develop and document a plan of action to specify this participation.

Process safety information is compiled and made available to all employees to facilitate
the understanding and identification of hazards. This information includes block flow diagrams
or process flow diagrams, process chemistry, and process limitations, such as temperatures,
pressures, flows, and compositions. Consequences of process deviations are also required. This
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Figure 3-1 Number of federal laws relevant to chemical process safety.

process safety information is needed before training, process hazards analysis, management of
change, and accident investigations.

t Process hazard analysis (PHA) must be performed by a team of experts, including engi-
neers, chemists, operators, industrial hygienists, and other appropriate and experienced spe-
cialists. The PHA needs to include a method that fits the complexity of the process, a hazards
and operability (HAZOP) study for a complex process, and for less complex processes a less
rigorous process, such as what-if scenarios, checklists, failure mode and effects analysis, or fault
trees.
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Employers must ensure that the recommendations from the PHA are acted onin a timely
manner. Every PSM process needs an updated PHA at least every five years after the initial
analysis is completed.

Operating procedures that facilitate the safe operation of the plant must be documented.
These instructions need to be clearly written and consistent with the process safety information.
They need to cover, at a minimum, initial startup, normal operations, temporary operations,
emergency shutdown, emergency operations, normal shutdown, startup after normal and emer-
gency shutdowns, operating limits and consequences of deviations, safety and health consider-
ations, hazardous properties of the chemicals, exposure precautions, engineering and admin-
istrative controls, quality control specifications for all chemicals, special or unique hazards, and
safety control systems and functions. Safe work practices also need to be documented, such as
hot work, lockout/tagout, and confined space. These operating procedures are updated fre-
quently, with the frequency being set by the operating personnel.

An effective training program helps employees understand the hazards associated with
the tasks they perform. Maintenance and operations personnel receive initial training and re-
fresher training. Operators need to understand the hazards associated with every task, includ-
ing emergency shutdowns, startups, and normal operations. Refresher training is given every
three years and more often if necessary; the operators decide on the frequency of the refresher
training. -

Contractors are trained to perform their tasks safely to the same extent as employees.
Even when selecting contractors, the employees need to consider the contractors’ safety per-
formance in addition to their skills.

A pre-startup safety review is a special safety review that is conducted after a modification
to the process or operating conditions has been made and before the startup. In this review a
team of reviewers ensures that (1) the system is constructed in accordance with the design
specifications, (2) the safety, maintenance, operating, and emergency procedures are in place,
(3) the appropriate training is completed, and (4) the recommendations from the PHA are im-
plemented or resolved.

The mechanical integrity section of the PSM standard ensures that the equipment, piping,
relief systems, controls, and alarms are mechanically sound and operational. The requirements
include (1) written procedures to maintain functioning systems, (2) training regarding preven-
tive maintenance, (3) periodic inspections and testing based on vendor recommendations, (4) a
process to correct deficiencies, and (5) a process to ensure that all equipment and spare parts
are suitable.

The PSM standard ascertains that a system is in place to prepare and issue kot work per-
mits before conducting hot work activities (welding, grinding, or using spark-producing equip-
ment). The permit requires dates authorized for hot work, the equipment involved in the work,
a system to maintain and document certification, identification of openings where sparks may
drop, the types and numbers of fire extinguishers, identification of fire watches, an inspection
before the work, authorization signatures, identification of flammable materials in the area,
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verification that the surrounding area is not explosive, verification that combustible materials
are removed or covered appropriately, identification and closure of open vessels or ducts, and
verification that welded walls are not flammable.

Under the management of change section of the PSM standard employees are required to
develop and implement documented procedures to manage changes in the process chemistry,
process equipment, and operating procedures. Before a change occurs (except for replacement-
in-kind), it must be reviewed to ascertain that it will not affect the safety of the operation. After
the change has been made, all the affected employees are trained, and a pre-startup review is
conducted.

The PSM standard mandates incident investigation. Employers must investigate all inci-
dents that have or could have resulted in a major release or accident within 48 hours of the
event. The regulation requires an investigation team composed of people, including operators,
who are knowledgeable about the system. After the investigation, the employers are required
to appropriately use the investigation recommendations.

The intent of the PSM element for emergency planning and response is to require em-
ployers to respond effectively to the release of highly hazardous chemicals. Although the reg-
ulation requires this activity for companies with more than 10 employees, this element should
be part of a program for even the smallest organizations that handle hazardous chemicals.

Under the audits section of the PSM standard employers are required to certify that they
have evaluated their compliance with the standard at least every three years. The recommen-
dations from the audit must be followed. The audit reports need to be retained as long as the
process exists.

The trade secrets section of the PSM standard ensures that all contractors are given all the
information relevant to operating in the plant safely. Some personnel may need to sign secrecy
agreements before they receive this information.

EPA: Risk Management Plan

On June 20, 1996, the EPA published the Risk Management Plan (RMP) as a final rule.?
Thisregulation isalso a response to the Bhopal accident. Itisrecognized by industry and the gov-
ernment as an excellent regulation that will reduce the number and magnitude of accidents —
if it is understood and practiced as intended.

The RMP regulation is aimed at decreasing the number and magnitude of accidental re-
leases of toxic and flammable substances. Although the RMP is similar to the PSM regulation
in many respects, the RMP is designed to protect off-site people and the environment, whereas
PSM is designed to protect on-site people. The RMP is required for plant sites that use more

3 Code of Federal Regulations, 40 CFR 68, subpart B (Washington, DC: US Government Printing Office,
Jun. 20, 1996).
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than a specified threshold quantity of regulated highly hazardous chemicals. The RMP is a site
responsibility (the site may have several processes), whereas PSM covers every covered process
on the site.

The RMP has the following elements:

¢ hazard assessment,

e prevention program,

® emergency response program,

¢ documentation that is maintained on the site and submitted to federal, state, and local
authorities. This information is also shared with the local community.

The RMP document is updated when the process or chemistry changes or when a gov-
ernmental audit requests an update. The first three parts of the regulation are described briefly
in the following paragraphs. The fourth part, documentation, is self-explanatory.

Hazard assessment is a consequence analysis for a range of potential hazardous chemical
releases, including the history of such releases at the facility. The releases must include the
worst-case scenario and the more likely but significant accident release scenarios. A risk ma-
trix can be used to characterize the worst-case and more likely scenarios.

The EPA requires the following consequence analyses: (1) A single worst-case release
scenario is analyzed for all covered flammable materials on the site, and only one flammable
substance is analyzed for other more likely scenarios; and (2) a single worst-case release sce-
nario is analyzed for all toxic substances on the site, and more likely releases are analyzed for
each toxic substance covered by the rule.

The worst-case scenario is based on releasing the entire contents of a vessel or piping sys-
tem in a 10-minute period under worst-case meteorological conditions (F stability and 1.5 m/s
wind speed). Passive mitigation measures (for example, dikes) can be used in the calculation
process; therefore the release rate for liquid spills corresponds to the evaporation rate.

Alternative release cases for toxic substances cover scenarios with toxic concentrations
beyond the fenceline. Alternative cases for flammable substances cover scenarios that may
cause substantial damage off site and on site. The release scenarios that have a potential to
reach the public are of the greatest concern. Those with no off-site potential damage are not
required to be reported. '

Dispersion model calculations are normally used to estimate downwind concentrations;
these concentrations are the basis for determining the consequences resulting from toxicity,
fires, and/or explosions. For those not interested in using dispersion models, the standard in-
cludes lookup tables for all the listed substances to help a facility determine the impact dis-
tances for specific release scenarios.

The RMP requires only an analysis of the consequence and not the probability. There-
fore the results are not a true determination of risk, because risk is composed of both conse-
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Table 3-4 Comparison of the PSM and RMP Prevention Programs

PSM program (OSHA) RMP (EPA)

Process safety information Process safety information
Process hazards analysis Hazard evaluation
Operating procedures Standard operating procedures
Employee participation (No equivalence)

Training Training

Contractors (No equivalence)
Pre-startup review Pre-startup review
Mechanical integrity Maintenance

Hot work permit (No equivalence)
Management of change Management of change
Incident investigations Accident investigations
Emergency planning and response Emergency response
Compliance audits Safety audits

Trade secrets (No equivalence)

(No equivalence) Risk assessment

quence and probability. A more detailed description of the required consequence analyses can
be found elsewhere.*

The second requirement of the RMP is a prevention program. The prevention program
has 11 elements, compared to the 14 elements of the PSM standard. As shown in Table 3-4,
many of these elements are duplicated. Fortunately, the EPA made a deliberate attempt to re-
tain the same requirements wherever possible, although differences exist because the EPA and
OSHA have different responsibilities. The first column in Table 3-4 lists each element of the
PSM program, and the second column shows the corresponding element of the prevention pro-
gram (some elements have no equivalence). -

The emergency response program delineates the steps to be taken by the facility’s em-
ployees in response to accidental releases of hazardous materials. It also establishes proce-
dures for notifying the local community and the appropriate emergency response agencies.
Training is for all employees on the topics relevant to emergency response. The requirements
include drills to test the plan and to evaluate its effectiveness, and the plan must be revised
based on the findings of these drills.

The plan must be coordinated with local emergency response plans developed by Local
Emergency Planning Committees (LEPCs) and local emergency response agencies. As with
similar OSHA regulations, the Resource Conservation and Recovery Act (RCRA), and the

4Daniel A. Crowl, “Consequence Modeling for the EPA Risk Management Plan (RMP),” Process Safety
Progress (Spring 1997), pp. 1-5.
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Spill Prevention Control under the Clean Water Act, the emergency response plan must be
maintained at the facility and must include descriptions of all mitigating systems.

3-2 Industrial Hygiene: Identification

One of the major responsibilities of the industrial hygienist is to identify and solve potential
health problems within plants. Chemical process technology, however, is so complex that this
task requires the concerted efforts of industrial hygienists, process designers, operators, labo-
ratory personnel, and management. The industrial hygienist helps the effectiveness of the
overall program by working with these plant personnel. For these reasons industrial hygiene
(particularly identification) must be a part of the education process of chemists, engineers, and
managers. '

Many hazardous chemicals are handled safely on a daily basis within chemical plants. To
achieve this operating success, a/l potential hazards must be identified and controlled. When
toxic and/or flammable chemicals are handled, the potentially hazardous conditions may be
numerous — in large plants there may be thousands. To be safe under these conditions requires
discipline, skill, concern, and attention to detail.

The identification step requires a thorough study of the chemical process, operating con-
ditions, and operating procedures. The sources of information include process design descrip-
tions, operating instructions, safety reviews, equipment vendor descriptions, information from
chemical suppliers, and information from operating personnel. The quality of this identification
step is often a function of the number of resources used and the quality of the questions asked.
The different resources may have different operating and technical emphases unique to pieces
of equipment or specific chemicals. In this identification step it is often necessary to collate and
integrate the available information to identify new potential problems resulting from the com-
bined effects of multiple exposures.

During the identification step, the potential hazards and methods of contact are identi-
fied and recorded. As illustrated in Table 3-5, the potential hazards are numerous, especially
because the listed hazards can also act in combination. This list of potential hazards together
with the required data for hazard identification (see Table 3-6) is commonly used during the
identification step of industrial hygiene projects.

Determining the potential for hazards to result in an accident (risk assessment) is fre-
quently part of the identification step (see chapter 11). This list of potential hazards and their
risk is used during the evaluation and control phase of the project. Resources for evaluating
the hazards and developing control methods are allocated on a priority basis, giving the ap-
propriate time and attention to the most significant hazards.

Material Safety Data Sheets

One of the most important references used during an industrial hygiene study involv-
ing toxic chemicals is the material safety data sheet (MSDS). A sample MSDS is shown in Fig-



3-2 Industrial Hygiene: Identification 75

Table 3-5 Identification of Potential Hazards!

Potential hazards

Liquids Noise
Vapors Radiation
Dusts Temperature
Fumes Mechanical

Entry mode of toxicants

Inhalation Ingestion
Body absorption (skin or eyes) Injection

Potential damage

Lungs Skin

Ears Eyes

Nervous system Liver

Kidneys Reproductive organs
Circulatory system Other organs

1QOlishifski, Fundamentals of Industrial Hygiene, pp. 24 -26.

Table 3-6 Data Useful for Health Identification

Threshold limit values (TLVs)

Odor threshold for vapors

Physical state

Vapor pressure of liquids

Sensitivity of chemical to temperature or impact
Rates and heats of reaction

Hazardous by-products

Reactivity with other chemicals

Explosive concentrations of chemicals, dusts, and vapors
Noise levels of equipment

Types and degree of radiation

ure 3-2. The MSDS lists the physical properties of a substance that may be required to deter-
mine the potential hazards of the substance.

MSDSs are available from (1) the chemical manufacturer, (2) a commercial source, or
(3) a private library developed by the chemical plant.

The industrial hygienist or safety professional must interpret the physical and toxicolog-
ical properties to determine the hazards associated with a chemical. These properties are also
used to develop a strategy for the proper control and handling of these chemicals.
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OSHA's Hazard Communication Standard.
26 CFR 1910.1200. Standard must be
consulted for specific requirements

5-210
MATERIAL SAFETY DATA SHEET 31:9203
Material Safety Data Sheet U.S. Department of Labor (
May be used to comply with Oceupational Safety and Heaith Administration 9)

{Non-Mandatory Form)
Form Approved
OMB No. 1218-0072

IDENTITY (As Used on Label ang Lis L

Note. Biank spaces are not permitied. If any item is not appucable. of na
mnformation 1§ avaiable, the space must be marked 10 indicae thar

Section |

Manutacturer's Name

Emergency Telephone Number

Address (Number, Street, City. State. and ZIP Cooe)

Telephone Number for information

Date Prepared

Signature of Preparer {optionai)

Section If — Hazardous Ingredients/identity Information

Other Limits

Hazardous Components (Specific Chemical identity. Common Namex(s)} OSHA PEL ACGIH TLV Recommended 9 foptonai}
Section lit — Physical/Chemical Characteristics
Baoiling Point Specthe Gravity {(Hz0 = 1)
Vapor Pressure (mm Hg.) Meiting Point
Vapor Density (AIR = 1} Evaporation Rate

(Butyl Acetate = 1}
Solubtlity n Water
Appearance and Odor
Section IV — Fire and Explosion Hazard Data
Flash Point {Method Used) FFIammable Limits l LEL 5 UEL

Exunguishing Media

Special Fie Fighting Procedufes

Unusual Fire and Explosion Hazards

{Reproduce locally)

OSHA 174 Sept. 1985

Figure 3-2 Material safety data sheet. Most companies use their own MSDS format.
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31:9204 REFERENCE FILE
Section V — Reactivity Data
Stability Unstable Conditions to Avoid
Stable -

Incompatibitity (Materials to Avoid)

} 5 fion o Byprod
Hazardous May Occur Conditions to Avoid
Polymerization

Will Not Occur

Section Vi — Heaith Hazard Data
Route(s} of Entry Inhalation? Skin? ingestion?

Heaith Hazards (Acute and Chronic)

Carcinogenicity. NTP? 1ARC Monographs? OSHA Reguiated?

Signs and Symptoms oi Exposure

Medical Conditions
Generally Aggravated by Exposure

Emergency and First Aid Procedures

Section Vii — Precautions for Safe Handling and Use
Steps to Be Taken :n Case Materal Is Released or Spiled

Waste Disposal Method

Precautions to Be Taken in Handling and Storing

Other Precautions

Section Viii — Control Measures
Respiraiory Protection (Speciy Type)

Ventilation Local Exhaust Speciat
Mechanical {General) Other
Protective Gloves Eye Protection

COrher Protective Clothing or Equipment

Work/Hygienic Practices

Page 2 ° VSGPO 19BE-291-3297u57TN

Figure 3-2 (continued)
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A survey of a laboratory is made and the following chemical species are identified: Sodium chlo-
ride, toluene, hydrochloric acid, phenol, sodium hydroxide, benzene, and ether. Identify the po-
tential hazards in this laboratory.

Solution

Sax> provided the technical information required to solve this problem. The following table sum-

marizes the results:

Chemical

Description and potential hazard

Sodium chloride

Toluene

Hydrochloric acid

Phenol

Sodium hydroxide

Benzene

Ether

Common table salt. No hazard.

Clear, colorless liquid with a slight fire hazard and moderate explosion
hazard. Entry into the body is mostly by vapor inhalation. Acute and
chronic exposures occur with concentrations greater than 200 ppm. Irri-
tant to skin and eyes.

Clear, colorless liquid with no fire or explosion hazard. It is a moderate
irritant to the skin, eyes, and mucous membranes and by ingestion and
inhalation. Throat irritation occurs with concentrations of 35 ppm. Highly
reactive with a wide variety of substances.

A white, crystalline mass that is most frequently found in solution form.
It is a moderate fire hazard. Emits toxic fumes when heated. Absorbed
readily through the skin. Exposures to skin areas as small as 64 in” have
resulted in death in less than 1 hr.

A skin and eye irritant. Corrosive action on all body tissues. Reacts vio-
lently with a number of substances.

Clear, colorless liquid with a dangerous fire hazard and a moderate explo-
sion hazard. It is a possible carcinogen. Entry into the body is mostly by
inhalation, but it is also absorbed through the skin. High concentrations
produce a narcotic effect.

A wide variety of organic compounds that are mostly narcotic in effect.
Large doses can cause death. Most ethers are dangerously flammable and
explosive.

3-3 Industrial Hygiene: Evaluation

The evaluation phase determines the extent and degree of employee exposure to toxicants and
physical hazards in the workplace environment.
During the evaluation phase, the various types of existing control measures and their ef-
fectiveness are also studied. Control techniques are presented in more detail in section 3-4.
During the evaluation study, the likelihood of large and small leaks must be considered.

5R. 1. Lewis, ed., Sax’s Dangerous Properties of Industrial Materials, 10th ed. (New York: Wiley, 2000).
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Sudden exposures to high concentrations, through large leaks, may lead to immediate acute ef-
fects, such as unconsciousness, burning eyes, or fits of coughing. There is rarely lasting damage
to individuals if they are removed promptly from the contaminated area. In this case ready ac-
cess to a clean environment is important.

Chronic effects, however, arise from repeated exposures to low concentrations, mostly by
small leaks. Many toxic chemical vapors are colorless and odorless (or the toxic concentration
might be below the odor threshold). Small leaks of these substances might not become obvious
for months or even years. There may be permanent and serious impairments from such expo-
sures. Special attention must be directed toward preventing and controlling low concentrations
of toxic gases. In these circumstances some provision for continuous evaluation is necessary;
that is, continuous or frequent and periodic sampling and analysis is important.

To establish the effectiveness of existing controls, samples are taken to determine the
workers’ exposure to conditions that may be harmful. If problems are evident, controls must
be implemented immediately; temporary controls such as personal protective equipment can
be used. Longer term and permanent controls are subsequently developed.

After the exposure data are obtained, it is necessary to compare actual exposure levels to
acceptable occupational health standards, such as TLVs, PELs, or IDLH concentrations. These
standards together with the actual concentrations are used to identify the potential hazards re-
quiring better or more control measures.

Evaluating Exposures to Volatile Toxicants by Monitoring

A direct method for determining worker exposures is by continuously monitoring the air
concentrations of toxicants on-line in a work environment. For continuous concentration data
C(t) the TWA (time-weighted average) concentration is computed using the equation

TWA = % L " ar, (3-1)

where

C(1) is the concentration (in ppm or mg/m®) of the chemical in the air and
t, is the worker shift time in hours.

The integral is always divided by 8 hours, independent of the length of time actually worked in
the shift. Thus, if a worker is exposed for 12 hours to a concentration of chemical equal to the
TLV-TWA, then the TLV-TWA has been exceeded, because the computation is normalized to
8 hours.

Continuous monitoring is not the usual situation because most facilities do not have the
necessary equipment available.
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The more usual case is for intermittent samples to be obtained, representing worker ex-
posures at fixed points in time. If we assume that the concentration C; is fixed (or averaged)
over the period of time T}, the TWA concentration is computed by

C1T1 + C2T2 + -+ CnTn

TWA = . -2
8 hr (3-2)

All monitoring systems have drawbacks because (1) the workers move in and out of the
exposed workplace and (2) the concentration of toxicants may vary at different locations in the
work area. Industrial hygienists play an important role in the selection and placement of work-
place monitoring equipment and the interpretation of the data.

If more than one chemical is present in the workplace, one procedure is to assume that
the effects of the toxicants are additive (unless other information to the contrary is available).
The combined exposures from multiple toxicants with different TLV-TWAs is determined
from the equation

Z‘ (TLV- TWA) (3-3)
where

n is the total number of toxicants,
C; is the concentration of chemical i with respect to the other toxicants, and
(TLV-TWA), is the TLV-TWA for chemical species i.

If the sum in Equation 3-3 exceeds 1, then the workers are overexposed.
The mixture TLV-TWA can be computed from

i G
i=1
n Cl

(TLV-TWA ), =

(3-4)

If the sum of the concentrations of the toxicants in the mixture exceeds this amount, then the
workers are overexposed.

For mixtures of toxicants with different effects (such as an acid vapor mixed with lead
fume) the TLVs cannot be assumed to be additive.

Example 3-2
Air contains 5 ppm of diethylamine (TLV-TWA of 10 ppm), 20 ppm of cyclohexanol (TLV-TWA of
50 ppm), and 10 ppm of propylene oxide (TLV-TWA of 20 ppm). What is the mixture TLV-TWA
and has this level been exceeded?
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Solution
From Equation 3-4,

5+20+10
TWAY) = —
(TLV-TWA) i i+,2_9 0
10 50 20

= 25 ppm.

The total mixture concentration is 5 + 20 + 10 = 35 ppm. The workers are overexposed under these
circumstances.
An alternative approach is to use Equation 3-3:

5 20 10

=+ =+ — =140
2(TLV TWA), 10750 0"

Because this quantity is greater than 1, the TLV-TWA has been exceeded.

Example 3-3

Determine the 8-hr TWA worker exposure if the worker is exposed to toluene vapors as follows:

Duration of Measured
exposure concentration
(hr) (ppm)
2 110
2 330
4 90
Solution
Using Equation 3-2,
TWA — CT, + CT, + CsTs

8

a 110(2) + 330(2) + 90(4)
- 8

= 155 ppm.

Because the TLV for toluene is 100 ppm, the worker is overexposed. Additional control measures
need to be developed. On a temporary and immediate basis all employees working in this environ-
ment need to wear the appropriate respirators.
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Example 3-4
Determine the mixture TLV at 25°C and 1 atm pressure of a mixture derived from the following
liquid:
Mole Species

Component percent TLV (ppm)

Heptane 50 400

Toluene 50 50
Solution

The solution requires the concentration of the heptane and toluene in the vapor phase. Assuming
that the composition of the liquid does not change as it evaporates (the quantity is large), the vapor
composition is computed using standard vapor-liquid equilibrium calculations. Assuming that
Raoult’s and Dalton’s laws apply to this system under these conditions, the vapor composition is de-
termined directly from the saturation vapor pressures of the pure components. Himmelblau® pro-
vided the following data at the specified temperature:

iaelp(ane = 464 mm Hg,
Pliene = 28.2mm Hg.

Using Raoult’s law, the partial pressures in the vapor are determined:

pi = xPi¥,
= (0.5)(46.4 mm Hg) = 23.2 mm Hg,

p heptane

= (0.5)(28.2 mm Hg) = 14.1 mm Hg.

Proluene

The total pressure of the toxicants is (23.2 + 14.1) = 37.3 mm Hg. From Dalton’s law the mole frac-
tions on a toxicant basis are

232 mm Hg

Yheptane = 373 mm Hg = 0.622,

=1 —0.622 = 0.378.

Yioluene

The mixture TLV is computed using Equation 3-4:

1
Vi = ————r
ThVois = G622 0478

e
400 50

= 109.7 ppm.

Because the vapor will always be the same concentration, the TLVs for the individual species in the
mixture are

6David M. Himmelblau, Basic Principles and Calculations in Chemical Engineering, 5th ed. (Englewood
Cliffs, NJ: Prentice-Hall, 1989), p. 685.
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TLVieptane = (0.622)(109.7 ppm) = 68.2 ppm,
TLV,otuene = (0.378)(109.7 ppm) = 41.5 ppm.

If the actual concentration exceeds these levels, more control measures will be needed. For mix-
tures of vapors the individual species’ TLVs in the mixture are significantly reduced from the TLVs
of the pure substance.

Evaluation of Worker Exposures to Dusts

Industrial hygiene studies include any contaminant that may cause health injuries; dusts,
of course, fit this category. Toxicological theory teaches that dust particles that present the
greatest hazard to the lungs are normally in the respirable particle size range of 0.2-0.5 um
(see chapter 2). Particles larger than 0.5 um are usually unable to penetrate the lungs, whereas
those smaller than 0.2 wm settle out too slowly and are mostly exhaled with the air.

The main reason for sampling for atmospheric particulates is to estimate the concentra-
tions that are inhaled and deposited in the lungs. Sampling methods and the interpretation of
data relevant to health hazards are relatively complex; industrial hygienists, who are specialists
in this technology, should be consulted when confronted with this type of problem.

Dust evaluation calculations are performed in a manner identical to that used for volatile
vapors. Instead of using ppm as a concentration unit, mg/m® or mppcf (millions of particles per
cubic foot) is more convenient.

Example 3-5

Determine the TLV for a uniform mixture of dusts containing the following particles:

Concentration TLV

Type of dust (wt.%) {mppcf)
Nonasbestiform talc 70 20
Quartz 30 27
Solution
From Equation 3-4:
. _ 1
TLV of mixture = C, A G
TLV; TLV,
_ 1
0.70 030
—_— + —_—
20 2.7
= 6.8 mppcf.

Special control measures will be required when the actual particle count (of the size range specified
in the standards or by an industrial hygienist) exceeds 6.8 mppcf.
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Evaluating Worker Exposures to Noise

Noise problems are common in chemical plants; this type of problem is also evaluated by
industrial hygienists. If a noise problem is suspected, the industrial hygienist should immedi-
ately make the appropriate noise measurements and develop recommendations.

Noise levels are measured in decibels. A decibel (dB) is a relative logarithmic scale used
to compare the intensities of two sounds. If one sound is at intensity / and another sound is at
intensity I,, then the difference in intensity levels in decibels is given by

I
Noise intensity (dB) = —10 logl(,<1—). (3-5)

Thus a sound 10 times as intense as another has an intensity level 10 dB greater.

An absolute sound scale (in dBA for absolute decibels) is defined by establishing an in-
tensity reference. For convenience, the hearing threshold is set at 0 dBA. Table 3-7 contains
dBA levels for a variety of common activities.

Some permissible noise exposure levels for single sources are provided in Table 3-8.

Noise evaluation calculations are performed identically to calculations for vapors, except
that dBA is used instead of ppm and hours of exposure is used instead of concentration.

Table 3-7 Sound Intensity Levels
for a Variety of Common Activities!

Sound

intensity
Source of noise level (dB)
Riveting (painful) 120
Punch press 110
Passing truck 100
Factory 90
Noisy office 80
Conventional speech 60
Private office 50
Average residence 40
Recording studio 30
Whisper 20
Threshold of good hearing 10
Threshold of excellent youthful hearing 0

1B, A. Plog, ed., Fundamentals of Industrial Hygiene, 3d ed. (Chicago:
National Safety Council, 1988). p. 168.
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Table 3-8 Permissible Noise Exposures!

Sound level Maximum exposure
(dBA) (hr)
90 8
92 6
95 4
97 3

100 2
102 1.5
105 1
110 0.5
115 0.25

IB. A. Plog, ed., Fundamentals of Industrial Hygiene, 3d ed.
(Chicago: National Safety Council, 1988), p. 176.

Example 3-6

Determine whether the following noise level is permissible with no additional control features:

Maximum
Noise level Duration allowed
(dBA) (hr) (hr)
85 3.6 no limit
95 3.0 4
110 0.5 0.5
Solution
From Equation 3-3:
3 (0F 3.6 3 05

= +-+ = =175
;(TLV-TWA), nolimit * 4 05 P

Because the sum exceeds 1.0, employees in this environment are immediately required to wear ear
protection. On a longer-term basis, noise reduction control methods should be developed for the
specific pieces of equipment with excessive noise levels.

Estimating Worker Exposures to Toxic Vapors

The best procedure to determine exposures to toxic vapors is to measure the vapor con-
centrations directly. For design purposes estimates of vapor concentrations are frequently re-
quired in enclosed spaces, above open containers, where drums are filled, and in the area of spills.
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Concentration of Volatile, C
(Mass/Volume)
Enciosure Volume, V

Ventilation Rate, Qy
(Volume/Time) — e

3

1

1

| -—}——= Volatile Raie Out, kQyC
L (Mass/Time)

Evoiution Rate of Volatile, Q

(Mass/Time) m

QpRgT
Cppm = — X 106
kQ, PM

Figure 3-3 Mass balance for volatile vapor in an enclosure.

Consider the enclosed volume shown in Figure 3-3. This enclosure is ventilated by a con-
stant volume airflow. Volatile vapors are evolved within the enclosure. An estimate of the con-
centration of volatile in the air is required.

Let

C be the concentration of volatile vapor in the enclosure (mass/volume),
V be the volume of the enclosure (volume),

0, be the ventilation rate (volume/time),

k be the nonideal mixing factor (unitless), and

0., be the evolution rate of volatile material (mass/time).

The nonideal mixing factor k accounts for conditions in the enclosure that are less than well
mixed. It follows that

Total mass of volatile in volume = VC,
avc C
Accumulation of mass of volatile = ( 7 ) = %,

Mass rate of volatile material resulting from evolution = Q,,,

kQ.C.

i

Mass rate of volatile material out
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Because accumulation equals mass in minus mass out, the dynamic mass balance on the
volatile species is

ac
Vd_l =0 — kaC (3'6)

At steady state the accumulation term is 0, and Equation 3-6 is solved for C:

e
kQ,

C (3-7)
Equation 3-7 is converted to the more convenient concentration units of ppm by direct appli-
cation of the ideal gas law. Let m represent mass, p represent density, and the subscripts v and
b denote the volatile and bulk gas species, respectively. Then:

= () <= (52)(55)
Copry = —= X 100 = | —= | x 10° = [ == || — ] x 10° 3-8
LG ( Vi Ve/\PM ’ (3-8)

where

R, is the ideal gas constant,

T is the absolute ambient temperature,

P is the absolute pressure, and

M is the molecular weight of the volatile species.

The term m,/V,, is identical to the concentration of volatile computed using Equation 3-7. Sub-
stituting Equation 3-7 into Equation 3-8 yields

OuRT

Coom = x 10°. -
P kQPM (3-9)

Equation 3-9 is used to determine the average concentration (in ppm) of any volatile species in

an enclosure given a source term (, and a ventilation rate Q,. It can be applied to the follow-

ing types of exposures: a worker standing near a pool of volatile liquid, a worker standing near

an opening to a storage tank, or a worker standing near an open container of volatile liquid.
Equation 3-9 includes the following important assumptions:

¢ The calculated concentration is an average concentration in the enclosure. Localized
conditions could result in significantly higher concentrations; workers directly above an
open container might be exposed to higher concentrations.

¢ A steady-state condition is assumed; that is, the accumulation term in the mass balance
is zero.



88 Chapter 3 « Industrial Hygiene

The nonideal mixing factor varies from 0.1 to 0.5 for most practical situations.” For per-
fect mixing k = 1.

Example 3-7
An open toluene container in an enclosure is weighed as a function of time, and it is determined
that the average evaporation rate is 0.1 g/min. The ventilation rate is 100 ft>/min. The temperature
is 80°F and the pressure is 1 atm. Estimate the concentration of toluene vapor in the enclosure, and
compare your answer to the TLV for toluene of 50 ppm.

Solution
Because the value of & is not known directly, it must be used as a parameter. From Equation 3-9

T
kCoom = x 105,

From the data provided

Q.. = 0.1 g/min = 2.20 X 10™*Ib/min,
R, = 0.7302 ft* atm/Ib-mol °R,

T = 80°F = 540°R,

0, = 100 ft¥/min,

M = 92 Ib,,/Ib-mol,

P =1atm.

Substituting into the equation for kCpp:

(2.20 X 10~*Ib,,/min)(0.7302 ft> atm/Ib-mol°R )(540°R )

= 10°
ppm (100 f*/min)(1 atm)(92 lb,/Ib-mol)

= 9.43 ppm.

Because k varies from 0.1 to 0.5, the concentration is expected to vary from 18.9 ppm to 94.3 ppm.
Actual vapor sampling is recommended to ensure that the TLV is not exceeded.

Estimating the Vaporization Rate of a Liquid

Liquids with high saturation vapor pressures evaporate faster. As a result, the evapora-
tion rate (mass/time) is expected to be a function of the saturation vapor pressure. In reality,
for vaporization into stagnant air, the vaporization rate is proportional to the difference be-

7R. Craig Matthiessen, “Estimating Chemical Exposure Levels in the Workplace,” Chemical Engineering
Progress (April 1986), p. 30.
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tween the saturation vapor pressure and the partial pressure of the vapor in the stagnant air;
that is

Ona(P™ — p), (3-10)
where

Pstis the saturation vapor pressure of the pure liquid at the temperature of the liquid and
p is the partial pressure of the vapor in the bulk stagnant gas above the liquid.

A more generalized expression for the vaporization rate is available?:

MKA(P* — p)
= 3-11
" R,Ty ’ ( )

where

Q.. is the evaporation rate (mass/time),

M is the molecular weight of the volatile substance,

K is a mass transfer coefficient (length/time) for an area A,
R, is the ideal gas constant, and

Ty is the absolute temperature of the liquid.

For many situations, P**' >> p, and Equation 3-11 is simplified to

_ MKAP™

On R, (3-12)

Equation 3-12 is used to estimate the vaporization rate of volatile from an open vessel or from
a spill of liquid.

The vaporization rate or source term, determined by Equation 3-12, is used in Equation
3-9 to estimate the concentration (in ppm) of a volatile in an enclosure resulting from evapo-
ration of a liquid:

_ KATP™

C [ —
PP kQLPTy

X 10°. (3-13)

8Steven R. Hanna and Peter J. Drivas, Guidelines for the Use of Vapor Cloud Dispersion Models (New
York: American Institute of Chemical Engineers, 1987).



90 Chapter 3 * Industrial Hygiene

For most situations 7 = T}, and Equation 3-13 is simplified to

_ KAPsat

Coom = 0P

X 10°. (3-14)

The gas mass transfer coefficient is estimated using the relationship®
K = aD*®, (3-15)
where

a is a constant and
D is the gas-phase diffusion coefficient.

Equation 3-15 is used to determine the ratio of the mass transfer coefficients between the spe-
cies of interest K and a reference species K,

K _ (DE(,)m' (3-16)

The gas-phase diffusion coefficients are estimated from the molecular weights M of the species 1%

D M,
= = . 3-17
D, Y; (3-17)
Equation 3-17 is combined with Equation 3-16, giving
M \13
K=K = I -
0( ; ) (3-18)

Water is most frequently used as a reference substance; it has a mass transfer coefficient!! of
0.83 cm/s.

Example 3-8
A large open tank with a 5-ft diameter contains toluene. Estimate the evaporation rate from this
tank assuming a temperature of 77°F and a pressure of 1 atm. If the ventilation rate is 3000 ft*/min,
estimate the concentration of toluene in this workplace enclosure.

9Louis J. Thibodeaux, Chemodynamics (New York: Wiley, 1979), p. 85.
10Gordon M. Barrow, Physical Chemistry, 2d ed. (New York: McGraw-Hill, 1966), p. 19.
'Matthiessen, “Estimating Chemical Exposure,” p. 33.
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Solution
The molecular weight of toluene is 92. The mass transfer coefficient is estimated from Equa-
tion 3-18 using water as a reference:

13
K =(0.83 cm/s)(%) = 0.482 cm/s = 0.949 ft/min.

The saturation vapor pressure is given in Example 3-4:

tolsene = 28.2 mm Hg = 0.0371 atm.

toluene
The pool area is

2 (3.14)(5 ft)?
A=lj—=£~#=19.6ftz.

The evaporation rate is computed using Equation 3-12:

MK AP

On = RT.

(92 Ib,/1b-mol)(0.949 ft/min)(19.6 £t2)(0.0371 atm)
B (0.7302 ft> atm/lb-mol°R )(537°R)

= 0.162 Ib,,/min.
The concentration is estimated using Equation 3-14 with k as a parameter:

K AP
KCopm =~ p X 10°

_ (0.949 fu/min)(19.6 €)(0.0371 atm) »
a (3000 ft¥/min)(1 atm)

= 230 ppm.

The concentration will range from 460 ppm to 2300 ppm, depending on the value of k. Because the
TLV for toluene is 50 ppm, additional ventilation is recommended, or the amount of exposed sur-
face area should be reduced. The amount of ventilation required to reduce the worst-case concen-
tration (2300 ppm) to 50 ppm is

2300 ppm

= 3 i
50 ppm ) 138,000 ft/min.

Q, = (3000 ft3/min)<

This represents an impractical level of general ventilation. Potential solutions to this problem in-
clude containing the toluene in a closed vessel or using local ventilation at the vessel opening.
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Total Source = Evaporation +
Displaced Air

\"::] -— Liquid Filling

e || ey

Evaporation -

Drum or Vessel

Figure 3-4 Evaporation and displacement from a filling vessel.

Estimating Worker Exposures during Vessel Filling Operations
For vessels being filled with liquid, volatile emissions are generated from two sources, as
shown in Figure 3-4. These sources are

e evaporation of the liquid, represented by Equation 3-14, and
e displacement of the vapor in the vapor space by the liquid filling the vessel.

The net generation of volatile is the sum of the two sources:
Qm = (Qm)l + (Qm)27 (3'19)
where

(O represents the source resulting from evaporation and
(Qm), represents the source resulting from displacement.

The source term (Q,,); is computed using Equation 3-12. (Q,,), is determined by assum-
ing that the vapor is completely saturated with the volatile. An adjustment is introduced later
for less than saturated conditions. Let

V. be the volume of the container (volume),
re be the constant filling rate of the vessel (time ™),
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P*' be the saturation vapor pressure of the volatile liquid, and
T, be the absolute temperature of the container and liquid.

It follows that r;V is the volumetric rate of bulk vapor being displaced from the drum (vol-
ume/time). Also, if p, is the density of the volatile vapor, r;V_p, is the mass rate of volatile dis-
placed from the container (mass/time). Using the ideal gas law,

MPsat
Py = R TL > (3'20)
g
and it follows that
Psat
(Qm)Z R TL va' (3'21)

Equation 3-21 can be modified for container vapors that are not saturated with the volatile. Let
¢ represent this adjustment factor; then,

Psat

R, —¢rV.. (3-22)

(Qm)2

For splash filling (filling from the top of a container with the liquid splashing to the bottom),
¢ = 1. For subsurface filling2 (by a dip leg to the bottom of the tank), ¢ = 0.5.

The net source term resulting from filling is derived by combining Equations 3-12 and
3-22 with Equation 3-19:

sat

RT,

g

Qm = (Qm)l + (Qm)2 = (¢rfvc + KA) (3'23)

This source term is substituted into Equation 3-9 to compute the vapor concentration (in ppm)
in an enclosure resulting from a filling operation. The assumption that 7 = T is also invoked.
The result is

sat

Cppm = KO.P (¢er + KA) X 10°. (3-24)

For many practical situations the evaporation term KA is much smaller than the displacement
term and can be neglected.

2Matthiessen, “Estimating Chemical Exposure,” p. 33.
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Example 3-9
Railroad cars are being splash-filled with toluene. The 10,000-gal cars are being filled at the rate of
one every 8 hr. The filling hole in the tank car is 4 in. in diameter. Estimate the concentration of
toluene vapor as a result of this filling operation. The ventilation rate is estimated at 3000 ft*/min.
The temperature is 77°F and the pressure is 1 atm.

Solution
The concentration is estimated using Equation 3-24. From Example 3-8, K = 0.949 ft/min and
P%t = (.0371 atm. The area of the filling hole is

ad®  (3.14)(4in)>
A=T = 008721
4 (4)(144 in¥ir?)

Thus
KA = (0.949 ft/min)(0.0872 ft?) = 0.0827 ft*/min.

The filling rate ry, is

_ 1 lhr \ -
rp = <8hr)<60min) = 0.00208 min~".

For splash filling the nonideal filling factor ¢ is 1.0. The displacement term in Equation 3-24 is

3

7.48 gal

orV. = (1.0)(0.00208 min~")(10,000 ga1)< ) = 2.78 ft3/min.

As expected, the evaporation term is small compared to the displacement term. The concentration
is computed from Equation 3-24, using k as a parameter:

o PerV. (00371 am)278 ft3/min)
o Q.P (3000 ft3/min (1 atm)

= 34.4 ppm.
The actual concentration could range from 69 ppm to 344 ppm, depending on the value of k. Sam-

pling to ensure that the concentration is below 50 ppm is recommended. For subsurface filling, ¢ =
0.5, and the concentration range is reduced to 35-172 ppm.

3-4 Industrial Hygiene: Control

After potential health hazards are identified and evaluated, the appropriate control techniques
must be developed and installed. This requires the application of appropriate technology for re-
ducing workplace exposures.
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Table 3-9 Chemical Plant Control Techniques

Type and explanation

Typical techniques

Enclosures

Enclose room or equipment and
place under negative pressure.

Local ventilation

Contain and exhaust hazardous

substances.

Dilution ventilation
Design ventilation systems to
control low-level toxics.

Wet methods
Use wet methods to minimize
contamination with dusts.

Good housekeeping
Keep toxicants and dusts
contained.

Personal protection
As last line of defense.

Enclose hazardous operations such as sample points.

Seal rooms, sewers, ventilation, and the like.

Use analyzers and instruments to observe inside equipment.
Shield high-temperature surfaces.

Pneumatically convey dusty material.

Use properly designed hoods.

Use hoods for charging and discharging.

Use ventilation at drumming station.

Use local exhaust at sample points.

Keep exhaust systems under negative pressure.

Design locker rooms with good ventilation and special areas

or enclosures for contaminated clothing.
Design ventilation to isolate operations from rooms and offices.
Design filter press rooms with directional ventilation.

Clean vessels chemically vs. sandblasting.

Use water sprays for cleaning.

Clean areas frequently.

Use water sprays to shield trenches or pump seals.

Use dikes around tanks and pumps.

Provide water and steam connections for area washing.

Provide lines for flushing and cleaning.

Provide well-designed sewer system with emergency containment.

Use safety glasses and face shields.

Use aprons, arm shields, and space suits.

Wear appropriate respirators; airline respirators are required
when oxygen concentration is less than 19.5%.

The types of control techniques used in the chemical industry are illustrated in Table 3-9.

Designing control methods is an important and creative task. During the design process,
the designer must pay particular attention to ensure that the newly designed control technique
provides the desired control and that the new control technique itself does not create another
hazard, sometimes even more hazardous than the original problem.

The two major control techniques are environmental controls and personal protection.
Environmental control reduces exposure by reducing the concentration of toxicants in the work-
place environment. This includes enclosure, local ventilation, dilution ventilation, wet methods,
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Table 3-10 Personal Protective Equipment, Not Including Respirators!

Type Description

Hard hat Protects head from falling equipment and bumps
Safety glasses Impact-resistant lenses

Chemical splash goggles, gas-tight Suitable for liquids and fumes

Steel-toed safety shoes Protects against dropped equipment
Wraparound face shield Fiberglass, resistant to most chemicals

Vinyl apron Resists most chemicals

Splash suit Viton or butyl rubber for nonflammable exposures
Umbilical cord suit Used with external air supply

Rubber oversleeves Protects forearms

PVC-coated gloves Resists acids and bases

PVC and nitrile knee boots Resists acids, oils, and greases

Ear plugs Protects against high noise levels

LLab Safety Supply Catalog (Janesvelle, W1: Lab Safety Supply Inc.). Manufacturers’ technical specifications
must always be consulted.

and good housekeeping, as discussed previously. Personal protection prevents or reduces ex-
posure by providing a barrier between the worker and the workplace environment. This bar-
rier is usually worn by the worker, hence the designation “personal.” Typical types of personal
protective equipment are listed in Table 3-10.

Respirators

Respirators are routinely found in chemical laboratories and plants. Respirators should
be used only

* on a temporary basis, until regular control methods can be implemented;

* as emergency equipment, to ensure worker safety in the event of an accident;

* as a last resort, in the event that environmental control techniques are unable to provide
satisfactory protection.

Respirators always compromise worker ability. A worker with a respirator is unable to perform
or respond as well as a worker without one. Various types of respirators are listed in Table 3-11.

Respirators can be used improperly and/or can be damaged to the extent that they do not
provide the needed protection. OSHA and NIOSH have developed standards for using respi-
rators,!? including fit testing (to ensure that the device does not leak excessively), periodic in-

3NIOSH Respirator Decision Logic, DHHS-NIOSH Publication 87-1-8 (Washington, DC: US Depart-
ment of Health and Human Services, May 1987).



3-4 Industrial Hygiene: Control 97

Table 3-11 Respirators Useful to Chemical Industry

Example of

Type commercial brand Limitations

Mouth and nose MSA Dustfoe® 88! O, > 19.5%; single use; PEL > 0.05 mg/m3

dust mask

Mouth and nose with MSA Comfo Classic 0,>19.5%; GMA cartridge (black) for concen-

chemical cartridge cartridge? trations less than the IDLH concentration for
organic vapors; GMC cartridge (orange) for
concentrations less than the IDLH concentra-
tion for Cl,, HCI, and SO,

Full face mask with MSA Industrial 0O, > 19.5%; type N canister for concentrations

chemical canister Canister, Gas Mask? less than 100 times PEL and less than the IDLH

concentration for acid gases, CO, ammonia, and
organic vapors; escape concentrations of 2% for
acid gases, CO, and organic vapors and 3% for
ammonia; escape capacity less than 6 min

Self-contained breathing ~ MSA MMR Xtreme®  Good for toxic and noxious gases with concen-

apparatus (SCBA) Air Mask* trations below and above the IDLH concentra-
tion. Capacity between 30 and 60 min per
specifications

IMSA Home Page 2000, Air-purifying Respirators, Conventionally Maintained, Dustfoe® Respirator (Pittsburgh, PA:
MSA International).

ZMSA Home Page 2000, Air-purifying Respirators, Conventionally Maintained, Comfo Classic.

3MSA Home Page 2000, Air-purifying Respirators, Conventionally Maintained, Replacement Canisters for Gas Masks.
4“MSA Home Page 2000, Supplied Air Respirators, Self-Contained Breathing Apparatus.

spections (to ensure that the equipment works properly), specified use applications (to ensure
that the equipment is used for the correct job), training (to ensure that it is used properly), and
record keeping (to ensure that the program is operating efficiently). All industrial users of res-
pirators are legally bound to understand and fulfill these OSHA requirements.

Ventilation

For environmental control of airborne toxic material the most common method of choice
is ventilation, for the following reasons:

¢ Ventilation can quickly remove dangerous concentrations of flammable and toxic
materials.

* Ventilation can be highly localized, reducing the quantity of air moved and the equip-
ment size.

¢ Ventilation equipment is readily available and can be easily installed.

» Ventilation equipment can be added to an existing facility.
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The major disadvantage of ventilation is the operating cost. Substantial electrical energy
may be needed to drive the potentially large fans, and the cost to heat or cool the large quan-
tities of fresh air can be large. These operating costs need to be considered when evaluating
alternatives.

Ventilation is based on two principles: (1) dilute the contaminant below the target con-
centration, and (2) remove the contaminant before workers are exposed.

Ventilation systems are composed of fans and ducts. The fans produce a small pressure
drop (less than 0.1 psi) that moves the air. The best system is a negative pressure system, with
the fans located at the exhaust end of the system, pulling air out. This ensures that leaks in the
system draw air in from the workplace rather than expel contaminated air from the ducts into
the workplace. This is shown in Figure 3-5.

There are two types of ventilation techniques: local and dilution ventilation.

Exhaust

|

N

2nd Floor Leakage Out of Ducts
~— —

S—
Biower

1st Floor ~ Hood Intake
—_———

|

Positive Pressure Ventilation

Exhaust

}

Blower —

N
e T =
—= 1t ~__
5hd Floor Leakage into Ducts
—9-»—--/
S
tst Floor "= 2 Hood Intake
J‘Z'\

Negative Pressure Ventilation

Figure 3-5 The difference between a positive and a negative pressure ventilation system. The
negative pressure system ensures that contaminants do not leak into workplace environments.
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Local Ventilation

The most common example of local ventilation is the hood. A hood is a device that ei-
ther completely encloses the source of contaminant and/or moves the air in such a fashion as
to carry the contaminant to an exhaust device. There are several types of hoods:

* An enclosed hood completely contains the source of contaminant.

* An exterior hood continuously draws contaminants into an exhaust from some distance
away.

* A receiving hood is an exterior hood that uses the discharge motion of the contaminant
for collection.

* A push-pull hood uses a stream of air from a supply to push contaminants toward an ex-
haust system.

The most common example of an enclosed hood is the laboratory hood. A standard labo-
ratory utility hood is shown in Figure 3-6. Fresh air is drawn through the window area of the
hood and is removed out the top through a duct. The airflow profiles within the hood are highly
dependent on the location of the window sash. It is important to keep the sash open a few inches,
minimally, to ensure adequate fresh air. Likewise, the sash should never be fully opened be-
cause contaminants might escape. The baffle at the rear of the hood ensures that contaminants
are removed from the working surface and the rear lower corner.

Another type of laboratory hood is the bypass hood, shown in Figure 3-7. For this design
bypass air is supplied through a grill at the top of the hood. This ensures the availability of fresh

Figure 3-6 Standard utility laboratory hood. Airflow patterns and control velocity are depend-
ent on sash height. Source: N. Irving Sax, Dangerous Properties of Industrial Materials, 4th ed.
(New York: Van Nostrand Reinhold, 1975), p. 74. Reprinted by permission of John Wiley &
Sons, Inc.
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S

TV
LAY

Figure 3-7 Standard bypass laboratory hood. The bypass air is controlled by the height of the
sash. Source: N. Irving Sax, Dangerous Properties of Industrial Materials, 4th ed. (New York:

Van Nostrand Reinhold, 1975), p. 75. Reprinted by permission of John Wiley & Sons, Inc.

air to sweep out contaminants in the hood. The bypass air supply is reduced as the hood sash

is opened.
The advantages of enclosed hoods are that they

» completely eliminate exposure to workers,

¢ require minimal airflow,
¢ provide a containment device in the event of fire or explosion, and

* provide a shield to the worker by means of a sliding door on the hood.
The disadvantages of hoods are that they

¢ limit workspace and
¢ can be used only for small, bench-scale or pilot plant equipment.

Most hood calculations assume plug flow. For a duct of cross-sectional area A and aver-
age air velocity u (distance/time), the volume of air moved per unit time @, is computed from

Q, = Au. (3-25)
For a rectangular duct of width W and length L, Q, is determined using the equation
Q, = LWu. (3-26)
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& [Fxhaust

-

Qy = Volumetric Flow Rate, Volume/Time
L Figure 3-8 Determining the total
w

= Length volumetric air flow rate for a box-
= Width type hood. For general operation
a contro! velocity of between 80 and
U = Required Control Velocity 120 feet per minute (fpm) is desired.

Consider the simple box-type enclosed hood shown in Figure 3-8. The design strategy is to pro-
vide a fixed velocity of air at the opening of the hood. This face or control velocity (referring
to the face of the hood) ensures that contaminants do not exit from the hood.

The required control velocity depends on the toxicity of the material, the depth of the
hood, and the evolution rate of the contaminant. Shallower hoods need higher control veloci-
ties to prevent contaminants from exiting the front. However, experience has shown that higher
velocities can lead to the formation of a turbulent eddy from the bottom of the sash; backflow of
contaminated air is possible. For general operation a control velocity between 80 and 120 feet
per minute (fpm) is suggested.

Instruments are available for measuring the airflow velocity at specific points of the hood
window opening. Testing is an OSHA requirement.

The airflow velocity is a function of the sash height and the blower speed. Arrows are fre-
quently used to indicate the proper sash height to ensure a specified face velocity.

Design equations are available for a wide variety of hood and duct shapes.'*

4 Industrial Ventilation: A Manual of Recommended Practice, 19th ed. (Cincinnati: American Conference
of Governmental Industrial Hygienists, 1986).
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Table 3-12 Nonideal Mixing Factor k for Various Dilution Ventilation Conditions!

Mixing factor:

Vapor Dust Ventilation condition
concentration concentration

(ppm) (mppcf) Poor Average Good Excellent

over 500 50 1/7 1/4 1/3 172

101-500 20 1/8 1/5 1/4 1/3

0-100 5 1/11 1/8 1/7 1/6

IN. Irving Sax, Dangerous Properties, 6th ed., p. 29. The values reported here are the reciprocal of Sax’s values.

Other types of local ventilation methods include “elephant trunks” and free-hanging can-
opies and plenums. The elephant trunk is simply a flexible vent duct that is positioned near a
source of contaminant. It is most frequently used for loading and unloading toxic materials
from drums and vessels. Free-hanging canopies and plenums can be either fixed in position or
attached to a flexible duct to enable movement. These methods will most likely expose work-
ers to toxicants, but in diluted amounts.

Diiution Ventilation

If the contaminant cannot be placed in a hood and must be used in an open area or room,
dilution ventilation is necessary. Unlike hood ventilation, where the airflow prevents worker
exposure, dilution ventilation always exposes the worker but in amounts diluted by fresh air.
Dilution ventilation always requires more airflow than local ventilation; operating expenses
can be substantial.

Equations 3-9, 3-12, and 3-14 are used to compute the ventilation rates required. Table
3-12 lists values for k&, the nonideal mixing factor used with these equations.

For exposures to multiple sources the dilution air requirement is computed for each indi-
vidual source. The total dilution requirement is the sum of the individual dilution requirements.

The following restrictions should be considered before implementing dilution ventilation:

¢ The contaminant must not be highly toxic.

¢ The contaminant must be evolved at a uniform rate.

* Workers must remain a suitable distance from the source to ensure proper dilution of the
contaminant.

¢ Scrubbing systems must not be required to treat the air before exhaust into the
environment.

Example 3-10
Xylene is used as a solvent in paint. A certain painting operation evaporates an estimated 3 gal of
xylene in an 8-hr shift. The ventilation quality is rated as average. Determine the quantity of dilu-
tion ventilation air required to maintain the xylene concentration below 100 ppm, the TLV-TWA.
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Also, compute the air required if the operation is carried out in an enclosed hood with an opening
of 50 ft* and a face velocity of 100 ft/min. The temperature is 77°F and the pressure is 1 atm. The
specific gravity of the xylene is 0.864, and its molecular weight is 106.

Solution
The evaporation rate of xylene is

3 gal) < 1hr )(0.1337 ft? ) <62.4 Ibm)
= 0.864
On < 8 hr /\ 60 min 1 gal ft? (0.864)

= 0.0450 Ib,,/min.

From Table 3-12, for average ventilation and a vapor concentration of 100 ppm, k£ = 1/8 = 0.125.
With Equation 3-9, we solve for Q,:

OnR,T
&= e pum

ppm

x 10°

_(0.0450 Ib,,/min)(0.7302 ft* atm/Ib-mol°R )(537°R) 105
- (0.125)(100 ppm )(1 atm)(106 Ib,/1b-mol)

= 13,300 ft*/min required dilution air.

For a hood with an open area of 50 ft, using Equation 3-25 and assuming a required control veloc-
ity of 100 fpm, we get

Q. = Al = (50 ft*)(100 ft/min) = 5000 ft*/min.

The hood requires significantly less airflow than dilution ventilation and prevents worker exposure
completely.

Suggested Reading
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Ventilation

Industrial Ventilation: A Manual of Recommended Practice, 19th ed. (Cincinnati: American Conference
of Governmental Industrial Hygienists, 1986).
Wadden and Scheff, Engineering Design, ch. 5.

Problems

3-1.

3-2.

3-3.

3-4,

3-6.

3-7.

3-8.

3-9.

3-10.

3-11.
3-12.

3-13.

Determine (a) whether the following chemicals are covered under the PSM regulation
(29 CFR 1910.119) and (b) their threshold quantities: acrolein, hydrogen chloride, phos-
gene, propane, ethylene oxide, and methanol.

Determine (a) whether the following chemicals are covered under the PSM regulation
and (b) their threshold quantities: ammonia (anhydrous), hydrogen selenide, formalde-
hyde, methane, and ethanol.

Determine whether the following chemicals (a) are covered under the RMP (40 CFR
68.130) and (b) are listed as toxic or flammable. If they are listed, (c) what are their
threshold quantities? The chemicals are acrolein, hydrogen chloride, phosgene, propane,
ethylene oxide, and methanol.

Determine whether the following chemicals (a) are covered under the RMP and (b) are
listed as toxic or flammable. If they are listed, (c) what are their threshold quantities? The
chemicals are ammonia (anhydrous), hydrogen selenide, formaldehyde, methane, and
ethanol.

. In reviewing the results of Problems 3-1 to 3-4, describe why the threshold quantities are

lower for the PSM-regulated chemicals than for the RMP-regulated chemicals.

Review the details of the RMP (40 CFR 68), and describe the three program categories
that are used for consequence modeling.

Review the details of the RMP (40 CFR 68), and describe the endpoint parameters for
consequence analyses for the worst-case scenarios.

Review the details of the RMP (40 CFR 68), and describe the endpoint parameters for
consequence analyses for the alternative case scenarios.

Review the RMP (40 CFR 68) to determine the conditions that need to be used for dis-
persion modeling for the worst-case scenarios.

Review the RMP (40 CFR 68) to determine the conditions that need to be used for dis-
persion modeling for the alternative case scenarios.

Describe several typical alternative case scenarios for an RMP study.

A process plant inventories the following chemicals: vinyl chloride, methyl ethyl ketone,
ethylene oxide, styrene, and cyclohexane. Determine the hazards associated with these
chemicals. What additional information might you request to perform an appropriate as-
sessment of the risk associated with these chemicals?

The TLV-TWA for a substance is 150 ppm. A worker begins a work shift at 8 A.M. and
completes the shift at 5 PM. A one-hour lunch break is included between 12 noon and
1 p.M., where it can be assumed that no exposure to the chemical occurs.
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The data were taken in the work area at the times indicated. Has the worker ex-
ceeded the TLV specification?
Concentration

Time (ppm)
8:10 A.M. 110
9:05 A.M. 130
10:07 A.M. 143
11:220 AM. 162
12:12 PM. 142
1:17 pM. 157
2:03 PM. 159
3:13 PM. 165
4:01 pM. 153
5:00 p.m. 130

3-14. Air contains 4 ppm of carbon tetrachloride and 25 ppm of 1,1-dichloroethane. Compute
the mixture TLV, and determine whether this value has been exceeded.

3-15. A substance has a TLV-TWA of 200 ppm, a TLV-STEL of 250 ppm, and a TLV-C of 300
ppm. The data in the following table were taken in a work area:

Concentration
Time (ppm)
8:01 AM. 185
9:17 AM. 240
10:05 A.M. 270
11:22 AM. 230
12:08 pM. 190
1:06 pM. 150
2:05 PM. 170
3:09 pM. 165
4:00 P.M. 160
5:05 p.M. 130

A worker on an 8-hour shift is exposed to this toxic vapor. Is the exposure within com-
pliance? If not, what are the violations? Assume that the worker is at lunch between the
hours of 12 noon to 1 P.M. and is not exposed to the chemical during that time.

3-16. Sax '’ provided the following working equation for determining the dilution air require-
ments resulting from evaporation of a solvent:

(3.87 X 10%)(Ib,,o0f liquid evaporated/min)
(molecular weight }(TLV)(k)
where CFM is the ft*/min of dilution air required. Show that this equation is the same as

Equation 3-9. What assumptions are inherent in this equation?

CFM =

3

5N. L. Sax, Dangerous Properties of Industrial Materials, 6th ed. (New York: Van Nostrand Reinhold,
1984), p. 28.
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Problems 3-17 through 3-22 apply to toluene and benzene. The following data are gvail-
able for these materials: '

Benzene (C¢Hg) Toluene (C,Hg)

Molecular weight 78.11 92.13
Specific gravity 0.8794 0.866
TLV (ppm) 10 50

Saturation vapor pressures:

B
cC+71T’

In(P™) = A —

where P™ is the saturation vapor pressure in mm Hg, T is the temperature in K, and A,
B, and C are the constants, given by the following:

A B c

Benzene 15.9008 2788.51 —52.36
Toluene 16.0137 3096.52 —53.67

3-17. Compute the concentration (in ppm) of the saturated vapor with air above a solution of
pure toluene. Compute the concentration (in ppm) of the equilibrium vapor with air above
a solution of 50 mol % toluene and benzene. The temperature is 80°F and the total pres-
sure is 1 atm.

3-18. Compute the density of pure air and the density of air contaminated with 100 ppm ben-
zene. Do the densities of these two gases differ enough to ensure a higher concentration
on floors and other low spots? The temperature is 70°F and the pressure is 1 atm.

3-19. Equations 3-12 and 3-14 represent the evaporation of a pure liquid. Modify these equa-
tions to represent the evaporation of a mixture of ideal miscible liquids.

3-20. Benzene and toluene form an ideal liquid mixture. A mixture composed of 50 mol % ben-
zene is used in a chemical plant. The temperature is 80°F, and the pressure is 1 atm.

a. Determine the mixture TLV.

b. Determine the evaporation rate per unit area for this mixture.

¢. A drum with a 2-in-diameter bung is used to contain the mixture. Determine the ven-
tilation rate required to maintain the vapor concentration below the TLV. The venti-
lation quality within the vicinity of this operation is average.

3-21. A drum contains 42 gal of toluene. If the lid of the drum is left open (lid diameter = 3 ft),
determine the time required to evaporate all the toluene in the drum. The temperature
is 85°F. Estimate the concentration of toluene (in ppm) near the drum if the local venti-
lation rate is 1000 ft/min. The pressure is 1 atm.

3-22. A certain plant operation evaporates 2 pint/hr of toluene and 1 pint/8-hr shift of ben-
zene. Determine the ventilation rate required to maintain the vapor concentration below
the TLV. The temperature is 80°F, and the pressure is 1 atm.
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3-23.

3-24.

3-25.

3-26.

3-27.

3-28.

Equations 3-12 and 3-14 can be applied to nonenclosed exposures by using an effective
ventilation rate. The effective ventilation rate for outside exposures has been estimated at
3000 ft*/min.16

A worker is standing near an open passageway of a tank containing 2-butoxyethanol
(molecular weight = 118). The passageway area is 7 ft>. Estimate the concentration (in
ppm) of the vapor near the passageway opening. The vapor pressure of the 2-butoxy-
ethanol is 0.6 mm Hg.

Fifty-five-gallon drums are being filled with 2-butoxyethanol. The drums are being splash-
filled at the rate of 30 drums per hour. The bung opening through which the drums are
being filled has an area of 8 cm” Estimate the ambient vapor concentration if the ventila-
tion rate is 3000 ft*/min. The vapor pressure of 2-butoxyethanol is 0.6 mm Hg under these
conditions.

A gasoline tank in a standard automobile contains about 14 gal of gasoline and can be
filled in about 3 min. The molecular weight of gasoline is approximately 94, and its vapor
pressure at 77°F is 4.6 psi. Estimate the concentration (in ppm) of gasoline vapor as a re-
sult of this filling operation. Assume a ventilation rate of 3000 ft*/min. The TLV for gaso-
line is 300 ppm.

A 6-in-diameter elephant trunk is used to remove contaminants near the open bung of a
drum during a filling operation. The air velocity required at the end of the elephant trunk
is 100 ft /min. Compute the volumetric flow rate of air required.

To reduce air pollution, gasoline filling stations are installing scavenger systems to remove
the gasoline vapors ejected from the automobile tank during the filling operation. This is
accomplished by an elephant trunk ventilation system installed as part of the filler hose.

Assume an average automobile tank size of 14 gal. If the vapor in the tank is satu-

rated with gasoline vapor at a vapor pressure of 4.6 psi at these conditions, how many gal-
lons of gasoline are recovered free for the station owner with each fill-up? For 10,000 gal
of delivered gasoline, how many gallons are recovered? The molecular weight of gasoline
is about 94, and its liquid specific gravity is 0.7.
Normal air contains about 21% oxygen by volume. The human body is sensitive to re-
ductions in oxygen concentration; concentrations below 19.5% are dangerous, and con-
centrations below 16 % can cause distress. Respiratory equipment without self-contained
air supplies must never be used in atmospheres below 19.5% oxygen.

A storage tank of 1000 ft* capacity must be cleaned before reuse. Proper proce-
dures must be used to ensure that the oxygen concentration of the air within the tank is
adequate.

Compute the cubic feet of additional nitrogen at 77°F and 1 atm that will reduce
the oxygen concentration within the tank to (a) 19.5% and (b) 16%. Oxygen concentra-
tions within tanks and enclosures can be reduced significantly by small amounts of inert
elements!

16Matthieson, “Estimating Chemical Exposure,” p. 33.



108

3-29.

3-30.
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A laboratory hood has an opening 4 ft in length by 3 ft in height. The hood depth is 18
in. This hood will be used for an operation involving trichloroethylene (TCE) (TLV-
TWA: 50 ppm). The TCE will be used in liquid form at room temperature. Determine an
appropriate control velocity for this hood, and calculate the total air flow rate.

It is desired to operate the hood of Problem 3-29 so that the vapor concentration in the
hood plenum is below the lower explosion limit of 12.5% by volume. Estimate the mini-
mum control velocity required to achieve this objective. The amount of TCE evaporated
within the hood is 5.3 Ib per hour. The molecular weight of TCE is 131.4. The tempera-
ture is 70°F and the pressure is 1 atm.



CHAPTER 4

Source Models

Most accidents in chemical plants result in spills of

toxic, flammable, and explosive materials.

Source models are an important part of the consequence modeling procedure shown in
Figure 4-1. More details are provided elsewhere.! Accidents begin with an incident, which usu-
ally results in the loss of containment of material from the process. The material has hazardous
properties, which might include toxic properties and energy content. Typical incidents might
include the rupture or break of a pipeline, a hole in a tank or pipe, runaway reaction, or fire ex-
ternal to the vessel. Once the incident is known, source models are selected to describe how
materials are discharged from the process. The source model provides a description of the rate
of discharge, the total quantity discharged (or total time of discharge), and the state of the dis-
charge (that is, solid, liquid, vapor, or a combination). A dispersion model is subsequently used
to describe how the material is transported downwind and dispersed to some concentration
levels. For flammable releases fire and explosion models convert the source model information
on the release into energy hazard potentials, such as thermal radiation and explosion over-
pressures. Effect models convert these incident-specific results into effects on people (injury or
death) and structures. Environmental impacts could also be considered, but we do not do so
here. Additional refinement is provided by mitigation factors, such as water sprays, foam sys-
tems, and sheltering or evacuation, which tend to reduce the magnitude of potential effects in
real incidents.

4-1 Introduction to Source Models

Source models are constructed from fundamental or empirical equations representing the
physicochemical processes occurring during the release of materials. For a reasonably complex

1 Guidelines for Consequence Analysis of Chemical Releases (New York: American Institute of Chemical
Engineers, 1999).

109



110

Chapter 4 * Source Models

¢ Other

Selection of a Release Incident
* Rupture or Break in Pipeline
¢ Hole in a Tank or Pipeline
* Runaway Reaction
« Fire External to Vessel

L

Results may Include:

* Release Rate
* Material Phase

Selection of Source Model
to Describe Release Incident

* Total Quantity Released CHAPTER 4
(or Release Duration)

!

(if applicable)
* Neutrally Buoyant
¢ Heavier than Air
¢ Others

Results may Include:

¢ Area Affected
¢ Duration

Selection of Dispersion Model

* Downwind Concentration

CHAPTER 5

Flammable

Y

Selection of Fire
and Explosion Model

Flammable
and/or Toxic?

Toxic

{

* TNT Equivalency
* Multi-Energy Explosion
* Fireball
* Baker-Strehlow
* Others
Results may Include:
¢ Blast Overpressure
« Radiant Heat Flux

CHAPTER 6

Selection of Effect Model
* Response vs. Dose
¢ Probit Model
* Others
Results may [nclude:
« Toxic Response
¢ No. of Individuals Affected
* Property Damage

CHAPTER 2

A 4

Mitigation Factors:
* Escape
* Emergency Response
* Shelter in Place
+ Containment Dikes
* Other

l

Consequence Model

|

Figure 4-1 Consequence analysis procedure. Adapted from Guidelines for Consequence
Analysis for Chemical Releases (New York: American Institute of Chemical Engineers, 1999).
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Figure 4-2 Various types of limited aperture releases.

plant many source models are needed to describe the release. Some development and modifi-
cation of the original models is normally required to fit the specific situation. Frequently the
results are only estimates because the physical properties of the materials are not adequately
characterized or because the physical processes themselves are not completely understood. If
uncertainty exists, the parameters should be selected to maximize the release rate and quan-
tity. This ensures that a design is on the safe side.

Release mechanisms are classified into wide and limited aperture releases. In the wide
aperture case a large hole develops in the process unit, releasing a substantial amount of mate-
rial in a short time. An excellent example is the overpressuring and explosion of a storage tank.
For the limited aperture case material is released at a slow enough rate that upstream conditions
are not immediately affected; the assumption of constant upstream pressure is frequently valid.

Limited aperture releases are conceptualized in Figure 4-2. For these releases material is
ejected from holes and cracks in tanks and pipes, leaks in flanges, valves, and pumps, and sev-
ered or ruptured pipes. Relief systems, designed to prevent the overpressuring of tanks and pro-
cess vessels, are also potential sources of released material.

Figure 4-3 shows how the physical state of the material affects the release mechanism. For
gases or vapors stored in a tank, a leak results in a jet of gas or vapor. For liquids a leak below
the liquid level in the tank results in a stream of escaping liquid. If the liquid is stored under
pressure above its atmospheric boiling point, a leak below the liquid level will result in a stream
of liquid flashing partially into vapor. Small liquid droplets or aerosols might also form from
the flashing stream, with the possibility of transport away from the leak by wind currents. A leak
in the vapor space above the liquid can result in either a vapor stream or a two-phase stream
composed of vapor and liquid, depending on the physical properties of the material.
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Gas / Vapor Leak

Figure 4-3 Vapor and liquid
are ejected from process units
in either single- or two-phase
Liquid or Liquid Flashing into Vapor states.

There are several basic source models that are used repeatedly and will be developed in
detail here. These source models are

 flow of liquid through a hole,

¢ flow of liquid through a hole in a tank,
o flow of liquids through pipes,

¢ flow of vapor through holes,

* flow of gases through pipes,

¢ flashing liquids, and

¢ liquid pool evaporation or boiling.

Other source models, specific to certain materials, are introduced in subsequent chapters.

4-2 Flow of Liquid through a Hole

A mechanical energy balance describes the various energy forms associated with flowing fluids:

— -
J<_1£+ A(—u ) + B+ F = (4-1)
p 2ag. 8c m
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where

P is the pressure (force/area),

p is the fluid density (mass/volume),

u is the average instantaneous velocity of the fluid (length/time),

g. is the gravitational constant (length mass/force time?),

a is the unitless velocity profile correction factor with the following values:
a = 0.5 for laminar flow, @ = 1.0 for plug flow, and & — 1.0 for turbulent flow,

g is the acceleration due to gravity (length/time?),

z is the height above datum (length),

Fis the net frictional loss term (length force/mass),

W, is the shaft work (force length), and

ri is the mass flow rate (mass/time).

The A function represents the final minus the initial state.
For incompressible liquids the density is constant, and
dP AP
J dp _ AP (4-2)
p p

Consider a process unit that develops a small hole, as shown in Figure 4-4. The pressure
of the liquid contained within the process unit is converted to kinetic energy as the fluid escapes
through the leak. Frictional forces between the moving liquid and the wall of the leak convert
some of the kinetic energy of the liquid into thermal energy, resulting in a reduced velocity.

For this limited aperture release, assume a constant gauge pressure P,, within the pro-
cess unit. The external pressure is atmospheric; so AP = P,. The shaft work is zero, and the ve-
locity of the fluid within the process unit is assumed negligible. The change in elevation of the
fluid during the discharge through the hole is also negligible; so Az = 0. The frictional losses in
the leak are approximated by a constant discharge coefficient C), defined as

AP gl c%(—éﬁ). (4-3)

The modifications are substituted into the mechanical energy balance (Equation 4-1) to
determine u, the average discharge velocity from the leak:

2g.P,

ﬁ:Cl\/E
p

(44)

A new discharge coefficient C,,, is defined as

C,=CVa. (4-5)
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.
Liquid Pressurized within External Surroundings
Process Unit
P =F P =1 atm
U= 0 L 0,= @
Az = 0 /
Ws= 0
p = Liquid Density L\ A = Leak Area

Qn = ACO‘\/Zpchg

Figure 4-4 Liquid escaping through a hole in a process unit. The energy of the liquid resulting
from its pressure in the vessel is converted to kinetic energy, with some frictional flow losses in
the hole.

The resulting equation for the velocity of fluid exiting the leak is

2g.P
u=C, Tg' (4-6)

The mass flow rate Q,, resulting from a hole of area A is given by

Qm = paA = ACO v Zpgcpg' (4'7)

The total mass of liquid spilled depends on the total time that the leak is active.
The discharge coefficient C, is a complicated function of the Reynolds number of the fluid
escaping through the leak and the diameter of the hole. The following guidelines are suggested:?

2Frank P. Lees, Loss Prevention in the Process Industries, 2d ed. (London: Butterworths, 1996); p. 15/7.
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¢ For sharp-edged orifices and for Reynolds numbers greater than 30,000, C, approaches
the value 0.61. For these conditions the exit velocity of the fluid is independent of the size
of the hole.

¢ For a well-rounded nozzle the discharge coefficient approaches 1.

» For short sections of pipe attached to a vessel (with a length-diameter ratio not less than
3), the discharge coefficient is approximately 0.81.

e When the discharge coefficient is unknown or uncertain, use a value of 1.0 to maximize
the computed flows.

More details on discharge coefficients for these types of liquid discharges are provided else-
where.?

Example 4-1
At 1 p.M. the plant operator notices a drop in pressure in a pipeline transporting benzene. The pres-
sure is immediately restored to 100 psig. At 2:30 p.M. a 1/4-in-diameter leak is found in the pipeline
and immediately repaired. Estimate the total amount of benzene spilled. The specific gravity of
benzene is 0.8794.

Solution
The drop in pressure observed at 1 p.M. is indicative of a leak in the pipeline. The leak is assumed
to be active between 1 P.M. and 2:30 p.M., a total of 90 minutes. The area of the hole is

md®  (3.14)(0.25 in)*(1 ft¥/144 in?)

A= "=
4 4

=3.41 X 1074t
The density of the benzene is
p = (0.8794)(62.4 b, /ft>) = 54.9 Ib,, /ft>.

The leak mass flow rate is given by Equation 4-7. A discharge coefficient of 0.61 is assumed for this
orifice-type leak:

On = AC,V2pg P,

= (3.41 X 107*£t2)(0.61) \/(2)<54 9lb—m><32 17 ft Ibm><1ooib—f><144i—nz>
’ ’ o T Iby & in? ft?

= 1.481b,/s.

The total quantity of benzene spilled is

(1.48 1b,,/s)(90 min)(60 s/min) = 7990 Ib,, = 1090 gal.

3 Robert H. Perry and Don W. Green, Perry’s Chemical Engineers Handbook, Tth ed. (New York: McGraw-
Hill, 1997), pp. 10-16.
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Process Vessel

L = Liquid Density

c
|
o

A = Leak Cross

Sectional Area Wg = 0 T N
U, = u
P =1 atm

Figure 4-5 An orifice-type leak in a process vessel. The energy resulting from the pressure of
the fluid height above the leak is converted to kinetic energy as the fluid exits through the hole.
Some energy is lost because of frictional fluid flow.

4-3 Flow of Liquid through a Hole in a Tank

A storage tank is shown in Figure 4-5. A hole develops at a height 4, below the fluid level. The
flow of liquid through this hole is represented by the mechanical energy balance (Equation 4-1)
and the incompressible assumption, as shown in Equation 4-2.

The gauge pressure on the tank is P,, and the external gauge pressure is atmospheric, or
0. The shaft work W, is zero, and the velocity of the fluid in the tank is zero.

A dimensionless discharge coefficient C, is defined as

AP g AP g ) @3)

s Sy,
p 8e p ¢

The mechanical energy balance (Equation 4-1) is solved for u, the average instantaneous dis-

charge velocity from the leak:
_ 8Py
U= CVay2 ; + ghy |, (4-9)

where A, is the liquid height above the leak. A new discharge coefficient C, is defined as

C,=C\Va. (4-10)
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The resulting equation for the instantaneous velocity of fluid exiting the leak is

8P,

i=C, 2( + ghL). (4-11)

The instantaneous mass flow rate Q_, resulting from a hole of area A is given by

chg

On = pud = pAC, 2( + ghL). (4-12)

As the tank empties, the liquid height decreases and the velocity and mass flow rate decrease.

Assume that the gauge pressure P, on the surface of the liquid is constant. This would oc-
cur if the vessel was padded with an inert gas to prevent explosion or was vented to the atmo-
sphere. For a tank of constant cross-sectional area A,, the total mass of liquid in the tank above
the leak is

m = pAh. (4-13)
The rate of change of mass within the tank is

am

= -0.., (4-14)

where O, is given by Equation 4-12. By substituting Equations 4-12 and 4-13 into Equation

4-14 and by assuming constant tank cross-section and liquid density, we can obtain a differen-
tial equation representing the change in the fluid height:

dhy C,A 2( 8Py
dt A,

+ ghL). (4-15)
Equation 4-15 is rearranged and integrated from an initial height A} to any height 4, :

Jm dh, - A Jtdt (4-16)
e [28:Fg Ay
T + Zg/'lL

o
L

This equation is integrated to

1 [28.P, 1 [28.P C,A
—./ +2gh, — —+/ +2ghg = — . 4-17
gV p BTN T 8 A, @-17)
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Solving for h;, the liquid level height in the tank, yields

C,A [28.P, g < C,A t>2

+2ghf t + — -
A, gnL A, (4-18)

— /O _
hL—L

2

Equation 4-18 is substituted into Equation 4-12 to obtain the mass discharge rate at any time ¢:

8P Ccia?
Q. = pcoA\/2< et ghi) - (19)
1

The first term on the right-hand side of Equation 4-19 is the initial mass discharge rate at
hy = A

The time ¢, for the vessel to empty to the level of the leak is found by solving Equation
4-18 for ¢ after setting Ay = O:

(G 5 @

If the vessel is at atmospheric pressure, P, = 0 and Equation 4-20 reduces to

. 1 At) 5
t, = Cg< ) Vg, (4-21)

O

Example 4-2
A cylindrical tank 20 ft high and 8 ft in diameter is used to store benzene. The tank is padded with
nitrogen to a constant regulated pressure of 1 atm gauge to prevent explosion. The liquid level
within the tank is presently at 17 ft. A 1-in puncture occurs in the tank 5 ft off the ground because
of the careless driving of a forklift truck. Estimate (a) the gallons of benzene spilled, (b) the time
required for the benzene to leak out, and (c) the maximum mass flow rate of benzene through the
leak. The specific gravity of benzene at these conditions is 0.8794.

Solution
The density of the benzene is

p = (0.8794)(62.4 Ib,, /ft®)
= 549 b, /ft%,
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The area of the tank is

2 (3.14)(8 ft)?
A = % = # = 50.2 ft.

The area of the leak is

3.14)(1 in)(1 ft%/144 in?
A= 14X )i ) =545 X% 107 ft.

The gauge pressure is

P, = (1 atm)(14.7 Iby/in?)(144 in%/ft?) = 2.12 X 10° Iby/ft%
a. The volume of benzene above the leak is

V = AR = (502 ft)(17 ft — 5 ft)(7.48 gal/ft®) = 4506 gal.

This is the total benzene that will leak out.
b. The length of time for the benzene to leak out is given by Equation 4-20:

LG ) - 22
=—(Z4)]4/2 +ght ) -
fe Cog<A p & p

B 1 ( 50.2 ft? )
(0.61)(32.17 ft/s?) \ 5.45 X 1073 {12

(2)(32.17 ft-Ib,,/ 1b-s2)(2.12 X 10° Iby/ft2)
54.9 Ib,,/ft?

x

172

+ (2)(32.17 frs)(12 ft) | — V2484 ft¥/s?

= (469 ¥/ft)(7.22 ft¥/s?) = 3386's = 56.4 min.

This appears to be more than adequate time to stop the leak or to invoke an emergency procedure
to reduce the impact of the leak. However, the maximum discharge occurs when the hole is first

opened.
¢. The maximum discharge occurs at ¢ = 0 at a liquid level of 17.0 ft. Equation 4-19 is used to com-

pute the mass flow rate:

8P
On = pAco\/Z(Tg * ghz)

= (54.9 Ib,,/ft3)(5.45 x 1073 £2)(0.61)V/3.26 X 10° ft¥s?
= 104 Ib,,/s.
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A general equation to represent the draining time for any vessel of any geometry is developed
as follows. Assume that the head space above the liquid is at atmospheric pressure; then com-

bining Equations 4-12 and 4-14, we get

dm dv
== = p=—— = —pAC,V2gh.
i P pAC,V2gh

By rearranging and integrating, we obtain

1 JVZdV_J’dt
AC,V2g b, VR

which results in the general equation for the draining time for any vessel:

o1 JVZ dv
14 'h.

i

Equation 4-24 does not assume that the hole is at the bottom of the vessel.
For a vessel with the shape of a vertical cylinder, we have

wD?

dv =
4

dhy.

By substituting into Equation 4-24, we obtain

[ = 7TD2 J dhL
4AC NG | Vh

(4-22)

(4-23)

(4-24)

(4-25)

(4-26)

If the hole is at the bottom of the vessel, then Equation 4-26 is integrated from sz = 0 to s = h,,

Equation 4-26 then provides the emptying time for the vessel:

wD¥4 2K 1 <7TDZ/4>
= — > o h°
T 4c. N g T cg\ a )V

which is the same result as Equation 4-21.

(4-27)



4-4 Flow of Liquids through Pipes 121

Constant

Figure 4-6 Liquid flowing through a pipe. The frictional flow losses between the fluid and the
pipe wall result in a pressure drop across the pipe length. Kinetic energy changes are frequently
negligible.

4-4 Flow of Liquids through Pipes

A pipe transporting liquid is shown in Figure 4-6. A pressure gradient across the pipe is the driv-
ing force for the movement of liquid. Frictional forces between the liquid and the wall of the
pipe convert kinetic energy into thermal energy. This results in a decrease in the liquid veloc-
ity and a decrease in the liquid pressure.

Flow of incompressible liquids through pipes is described by the mechanical energy bal-
ance (Equation 4-1) combined with the incompressible fluid assumption (Equation 4-2). The net
result is

-2
AP, Au +£Az+F=—%.

4-28
P 2ag. g (4-28)

The frictional loss term F in Equation 4-28 represents the loss of mechanical energy resulting
from friction and includes losses resulting from flow through lengths of pipe; fittings such as
valves, elbows, orifices; and pipe entrances and exits. For each frictional device a loss term of

the following form is used:
F=K ( u ) (4-29)
N2/’

where

K is the excess head loss due to the pipe or pipe fitting (dimensionless) and
u is the fluid velocity (Iength/time).
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Table 4-1 Roughness
Factor ¢ for Clean Pipes!

Pipe material £ (mm)
Riveted steel 1-10
Concrete 0.3-3
Cast iron 0.26
Galvanized iron 0.15
Commercial steel 0.046
Wrought iron 0.046
Drawn tubing 0.0015
Glass 0
Plastic 0

tSelected from Octave Levenspiel, Engineering Flow and
Heat Exchange (New York: Plenum Press, 1984), p. 22.

For fluids flowing through pipes the excess head loss term K is given by
(4-30)

where

fis the Fanning friction factor (unitless),
L is the flow path length (length), and
d is the flow path diameter (length).

The Fanning friction factor fis a function of the Reynolds number Re and the roughness of the

pipe . Table 4-1 provides values of ¢ for various types of clean pipe. Figure 4-7 is a plot of the

Fanning friction factor versus Reynolds number with the pipe roughness, €/d, as a parameter.
For laminar flow the Fanning friction factor is given by

16

= (4-31)

f

For turbulent flow the data shown in Figure 4-7 are represented by the Colebrook
equation:

1 e 1.255 > (4-32)

1
— = —4logl —— +
VF g( 37d  ReV7
An alternative form of Equation 4-32, useful for determining the Reynolds number from the
friction factor f, is

VFf :
1 _f_<10-0.25/\/7 - LE)_ (4-33)
Re 1255 37d
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Figure 4-7 Plot of Fanning friction factor fversus Reynolds number. Source: Octave Leven-
spiel, Engineering Flow and Heat Exchange (New York: Plenum Press, 1984), p. 20. Reprinted
by permission.

For fully developed turbulent flow in rough pipes, fis independent of the Reynolds number, as
shown by the nearly constant friction factors at high Reynolds number in Figure 4-7. For this
case Equation 4-33 is simplified to

%f = 4log (3.7%). (4-34)



124 Chapter 4 « Source Modeis

For smooth pipes, ¢ = 0 and Equation 4-32 reduces to

1 ReVf

— =41 .
Vi~ 1o ss

(4-35)

For smooth pipe with a Reynolds number less than 100,000 the following Blasius approxima-
tion to Equation 4-35 is useful:

f = 0.079Re 4, (4-36)

A single equation has been proposed by Chen to provide the friction factor f over the
entire range of Reynolds numbers shown in Figure 4-7. This equation is

oy ( e/ld  5.0452log A) @37
Vi B\ 37065 Re : ”
where
B [(s/d)lAIOS‘S . 5.8506 :|
| 2.8257  ReMS®L[
2-K Method

For pipe fittings, valves, and other flow obstructions the traditional method has been to use
an equivalent pipe length L,; in Equation 4-30. The problem with this method is that the speci-
fied length is coupled to the friction factor. An improved approach is to use the 2-K method ¢
which uses the actual flow path length in Equation 4-30 — equivalent lengths are not used —
and provides a more detailed approach for pipe fittings, inlets, and outlets. The 2-K method de-
fines the excess head loss in terms of two constants, the Reynolds number and the pipe inter-
nal diameter:

K, 1
Ki=—Lt+ K, |1+ 4-38
‘ Re 00( IDinches ) ’ ( )

where

K; is the excess head loss (dimensionless),
K, and K are constants (dimensionless),

4N. H. Chen, Industrial Engineering and Chemistry Fundamentals (1979), 18: 296.
SW. B. Hooper, Chemical Engineering, (Aug. 24, 1981), pp. 96-100.
6W. B. Hooper, Chemical Engineering, (Nov. 7, 1988), pp. 89-92.
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Table 4-2 2-K Constants for Loss Coefficients in Fittings and Valves

Fittings Description of fitting K; K,
Elbows Standard (v/D = 1), threaded 800 0.40
90° Standard (r/D = 1), flanged/welded 800 0.25
Long radius (r/D = 1.5), all types 800 0.20
Mitered (r/D = 1.5): 1 weld (90°) 1000 1.15
2 welds (45°) 800 0.35
3 welds (30°) 800 0.30
4 welds (22.5°) 800 0.27
5 welds (18°) 800 0.25
45° Standard (/D = 1), all types 500 0.20
Long radius (r/D = 1.5) 500 0.15
Mitered, 1 weld (45°) 500 0.25
Mitered, 2 welds (22.5°) 500 0.15
180° Standard (r/D = 1), threaded 1000 0.60
Standard (r/D = 1), flanged/welded 1000 0.35
Long radius (r/D = 1.5), all types 1000 0.30
Tees

Used as elbows Standard, threaded 500 0.70
Long radius, threaded 800 0.40
Standard, flanged/welded 800 0.80
Stub-in branch 1000 1.00
Run-through Threaded 200 0.10
Flanged/welded 150 0.50
Stub-in branch 100 0.00

Valves
Gate, ball or plug Full line size, 8 = 1.0 300 0.10
Reduced trim, g = 0.9 500 0.15
Reduced trim, g = 0.8 1000 0.25
Globe Standard 1500 4.00
Angle or Y-type 1000 2.00
Diaphragm Dam type 1000 2.00
Butterfly 800 0.25
Check Lift 2000 10.0
Swing 1500 1.50
Tilting disk 1000 0.50

'William B. Hooper, Chemical Engineering, (Aug. 24, 1981), p. 97.

Re is the Reynolds number (dimensionless), and
ID; ... is the internal diameter of the flow path (inches).

Table 4-2 contains a list of K values for use in Equation 4-38 for various types of fittings and
valves.
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For pipe entrances and exits Equation 4-38 is modified to account for the change in ki-
netic energy:

K,
Ki=—"+K,_. 4-39
f Re 00 ( 3 )

For pipe entrances, K; = 160 and K, = 0.50 for a normal entrance and K, = 1.0 for a Borda-
type entrance. For pipe exits, K; = 0 and K, = 1.0. The K factors for the entrance and exit ef-
fects account for the changes in kinetic energy through these piping changes, so no additional
kinetic energy terms in the mechanical energy balance must be considered. For high Reynolds
numbers (that is, Re > 10,000) the first term in Equation 4-39 is negligible and K; = K. For
low Reynolds numbers (that is, Re < 50) the first term dominates and K; = K;/Re.

Equations are also available for orifices” and for changes in pipe sizes.?

The 2-K method also represents liquid discharge through holes. From the 2-K method an
expression for the discharge coefficient for liquid discharge through a hole can be determined.
The result is

C, = (4-40)

w/1+21<f’

where = K is the sum of all excess head loss terms, including entrances, exits, pipe lengths, and
fittings, provided by Equations 4-30, 4-38, and 4-39. For a simple hole in a tank with no pipe
connections or fittings the friction is caused only by the entrance and exit effects of the hole.
For Reynolds numbers greater than 10,000, K; = 0.5 for the entrance and K; = 1.0 for the exit.
Thus 2 K; = 1.5, and from Equation 4-40, C, = 0.63, which nearly matches the suggested value
of 0.61.

The solution procedure to determine the mass flow rate of discharged material from a
piping system is as follows:

1. Given: the length, diameter, and type of pipe; pressures and elevation changes across the
piping system; work input or output to the fluid resulting from pumps, turbines, etc.; num-
ber and type of fittings in the pipe; properties of the fluid, including density and viscosity.

2. Specify the initial point (point 1) and the final point (point 2). This must be done care- .
fully because the individual terms in Equation 4-28 are highly dependent on this
specification.

3. Determine the pressures and elevations at points 1 and 2. Determine the initial fluid ve-
locity at point 1.

"W. B. Hooper, Chemical Engineering, (Aug. 24, 1981), pp. 96-100.
8W. B. Hooper, Chemical Engineering, (Nov. 7, 1988), pp. 89-92.
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4. Guess a value for the velocity at point 2. If fully developed turbulent flow is expected,
then this is not required.

5. Determine the friction factor for the pipe using Equations 4-31 through 4-37.

6. Determine the excess head loss terms for the pipe (using Equation 4-30), for the fittings
(using Equation 4-38), and for any entrance and exit effects (using Equation 4-39). Sum
the head loss terms, and compute the net frictional loss term using Equation 4-29. Use
the velocity at point 2.

7. Compute values for all the terms in Equation 4-28, and substitute into the equation. If
the sum of all the terms in Equation 4-28 is zero, then the computation is completed. If
not, go back to step 4 and repeat the calculation.

8. Determine the mass flow rate using the equation v = puA.

If fully developed turbulent flow is expected, the solution is direct. Substitute the known terms
into Equation 4-28, leaving the velocity at point 2 as a variable. Solve for the velocity directly.

Example 4-3
Water contaminated with small amounts of hazardous waste is gravity-drained out of a large stor-
age tank through a straight commercial steel pipe, 100 mm ID (internal diameter). The pipe is 100 m
long with a gate valve near the tank. The entire pipe assembly is mostly horizontal. If the liquid level
in the tank is 5.8 m above the pipe outlet, and the pipe is accidently severed 33 m from the tank,
compute the flow rate of material escaping from the pipe.

Solution

The draining operation is shown in Figure 4-8. Assuming negligible kinetic energy changes, no pres-
sure changes, and no shaft work, the mechanical energy balance (Equation 4-28) applied between
points 1 and 2 reduces to

Epaz+F=0.

8c

W’T‘ Gate Valve
58 m 100 mm ID Commercial
l/ : / Steel Pipe
ﬁ J\

Figure 4-8 Draining geometry for example 4-3.
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For water -

w=10x10"%kg/ms,
p = 1000 kg/m®.
The K factors for the entrance and exit effects are determined using Equation 4-39. The K factor

for the gate valve is found in Table 4-2, and the K factor for the pipe length is given by Equation
4-30. For the pipe entrance,

160
K;=—+050.
= Re 0.5
For the gate valve,
300
=+
K; Re 0.10
For the pipe exit,
K;=10
For the pipe length,
4fL  4f(33m)
Ki=—F=——"-=1320f.
7 d T (010m) 320f
Summing the X factors gives
SK = % + 1320 + 1.60.

For Re > 10,000 the first term in the equation is small. Thus
> K = 1320f + 1.60,
and it follows that
EZ
F= EKf(—) = (660f + 0.80)u>
28,

The gravitational term in the mechanical energy equation is given by

g, ( 9.8 m/s?

2 1 kg m/sYN

. )(o — 5.8m) = —56.8 Nm/kg = —56.8 J/kg.
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Because there is no pressure change and no pump or shaft work, the mechanical energy balance
(Equation 2-28) reduces to

72
u

—2+£Az + F =0,
28 &

Solving for the exit velocity and substituting for the height change gives
— 8
us = —2g, g—Az + F ) =-2g(-568 + F).
[

The Reynolds number is given by

dip (0.1 m)(@)(1000 keg/m’®
Re = 2P0 QImI@AROKGM) _ ) g5y
o 1.0 X 10~ kg/ms

For commercial steel pipe, from Table 4-1, ¢ = 0.0046 mm and

e 0.046 mm
7 10mm 0.00046.

Because the friction factor fand the frictional loss term Fare functions of the Reynolds number and
velocity, the solution is found by trial and error. The trial and error solution is shown in the following

table:
Guessed T Calculated &
(m/s) Re f F (m/s)
3.00 300,000 0.00451 34.09 6.75
3.50 350,000 0.00446 46.00 4.66
3.66 366,000 0.00444 50.18 3.66

Thus the velocity of the liquid discharging from the pipe is 3.66 m/s. The table also shows that the
friction factor f changes little with the Reynolds number. Thus we can approximate it using Equa-
tion 4-34 for fully developed turbulent flow in rough pipes. Equation 4-34 produces a friction fac-
tor value of 0.0041. Then

F = (660f + 0.80)u3 = 3.51u3.
By substituting and solving, we obtain

u = —2g(—56.8 + 3.51u2)

<
<
|

I

113.6 — 7.02u%,

az 3.76 m/s.

This result is close to the more exact trial and error solution.
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The-cross-sectional area of the pipe is

2 (3.14)(0.1 m)?
A= % = ua——) = 0.00785 m’.

The mass flow rate is given by
Qn = piA = (1000 kg/m?)(3.66 m/s)(0.00785 m?) = 28.8 kg/s.

This represents a significant flow rate. Assuming a 15-min emergency response period to stop the
release, a total of 26,000 kg of hazardous waste will be spilled. In addition to the material released by
the flow, the liquid contained within the pipe between the valve and the rupture will also spill. An
alternative system must be designed to limit the release. This could include a reduction in the emer-
gency response period, replacement of the pipe by one with a smaller diameter, or modification of
the piping system to include additional control valves to stop the flow.

4-5 Flow of Vapor through Holes

For flowing liquids the kinetic energy changes are frequently negligible and the physical prop-
erties (particularly the density) are constant. For flowing gases and vapors these assumptions
are valid only for small pressure changes (P,/P, < 2) and low velocities (<0.3 times the speed
of sound in gas). Energy contained within the gas or vapor as a result of its pressure is con-
verted into kinetic energy as the gas or vapor escapes and expands through the hole. The den-
sity, pressure, and temperature change as the gas or vapor exits through the leak.

Gas and vapor discharges are classified into throttling and free expansion releases. For
throttling releases the gas issues through a small crack with large frictional losses; little of the
energy inherent to the gas pressure is converted to kinetic energy. For free expansion releases
most of the pressure energy is converted to kinetic energy; the assumption of isentropic be-
havior is usually valid.

Source models for throttling releases require detailed information on the physical struc-
ture of the leak; they are not considered here. Free expansion release source models require only
the diameter of the leak.

A free expansion leak is shown in Figure 4-9. The mechanical energy balance (Equation
4-1) describes the flow of compressible gases and vapors. Assuming negligible potential energy
changes and no shaft work results in a reduced form of the mechanical energy balance describ-
ing compressible flow through holes:

52
fd—P+A(” >+F=0. (4-41)
p 2ag.
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Figure 4-9 A free expansion gas leak. The gas expands isentropically through the hole. The
gas properties (P, T) and velocity change during the expansion.

A discharge coefficient Cj, is defined in a similiar fashion to the coefficient defined in sec-

tion 4-2:
-jd—P—F—-—Clz(—fd—P). (4-42)
p p

Equation 4-42 is combined with Equation 4-41 and integrated between any two conven-
ient points. An initial point (denoted by subscript “0”) is selected where the velocity is zero
and the pressure is P,. The integration is carried to any arbitrary final point (denoted without
a subscript). The result is

P =2

j2

c? f ar L v, (4-43)
P 208

For any ideal gas undergoing an isentropic expansion,

L

> = constant, (4-44)

Py =

h~]

where vy is the ratio of the heat capacities, y = C,/C,. Substituting Equation 4-44 into Equa-
tion 4-43, defining a new discharge coefficient C, identical to that in Equation 4-5, and inte-
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grating results in an equation representing the velocity of the fluid at any point during the isen-
tropic expansion:

_ P, PN\ 7] 28CIR,T, P\
eones - (7)) S () e

The second form incorporates the ideal gas law for the initial density p,. R, is the ideal gas con-
stant, and T, is the temperature of the source. Using the continuity equation

QOn = pul (4-46)

and the ideal gas law for isentropic expansions in the form

P 17y
p= po<7> (4-47)

results in an expression for the mass flow rate:

ngM - |:< . )yy ( . >(y+l)/y}
= P _— | — el . -
Qm CoA 0\/RgTo y - 1 Po Po ) (4 48)

Equation 4-48 describes the mass flow rate at any point during the isentropic expansion.

For many safety studies the maximum fiow rate of vapor through the hole is required.
This is determined by differentiating Equation 4-48 with respect to P/P, and setting the deriv-
ative equal to zero. The result is solved for the pressure ratio resulting in the maximum fiow:

Pchoked 2 rhy=1)
il b : (4-49)

The choked pressure P4 1s the maximum downstream pressure resulting in maximum flow
through the hole or pipe. For downstream pressures less than P4 the following statements
are valid: (1) The velocity of the fluid at the throat of the leak is the velocity of sound at the
prevailing conditions, and (2) the velocity and mass flow rate cannot be increased further by
reducing the downstream pressure; they are independent of the downstream conditions. This
type of flow is called choked, critical, or sonic flow and is illustrated in Figure 4-10.

An interesting feature of Equation 4-49 is that for ideal gases the choked pressure is a
function only of the heat capacity ratio y. Thus:
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Figure 4-10 Choked flow of gas through a hole. The gas velocity is sonic at the throat. The
mass flow rate is independent of the downstream pressure.

Gas Y P, choked
Monotonic =1.67 0.487P,
Diatomic and air =1.40 0.528P,
Triatomic =1.32 0.542P,

For an air leak to atmospheric conditions (P.q = 14.7 psia), if the upstream pressure is
greater than 14.7/0.528 = 27.8 psia, or 13.1 psig, the flow will be choked and maximized through
the leak. Conditions leading to choked flow are common in the process industries.

The maximum flow is determined by substituting Equation 4-49 into Equation 4-48:

(Qm)choked = CoAPo\/

vgM

R,T,

(

2
y+1

(4-50)

)(7+1)/(71)

where

M is the molecular weight of the escaping vapor or gas,
T, is the temperature of the source, and

R, is the ideal gas constant.
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Table 4-3 Heat Capacity Ratios y for Selected Gases!

Heat
Chemical Approximate capacity
formula molecular ratio
Gas or symbol weight (M) v = GlC,
Acetylene CH, 26.0 1.30
Air - 29.0 1.40
Ammonia NH, 17.0 1.32
Argon Ar 39.9 1.67
Butane CHy, 58.1 1.11
Carbon dioxide CO, 44.0 1.30
Carbon monoxide CO 28.0 1.40
Chlorine Cl 70.9 1.33
Ethane C,Hg 30.0 122
Ethylene C,H, 28.0 1.22
Helium He 4.0 1.66
Hydrogen chloride HCl 36.5 1.41
Hydrogen H, 2.0 1.41
Hydrogen sulfide H,S 341 1.30
Methane CH, 16.0 1.32
Methyl chloride CH,Cl 50.5 1.20
Natural gas - 19.5 1.27
Nitric oxide NO 30.0 1.40
Nitrogen N, 28.0 1.41
Nitrous oxide N,O 440 1.31
Oxygen 0O, 32.0 1.40
Propane CHg 44.1 1.15
Propene (propylene) C,Hy 421 1.14
Sulfur dioxide SO, 64.1 1.26

LCrane Co., Flow of Fluids Through Valves, Fittings, and Pipes, Technical Paper 410 (New
York: Crane Co., 1986).

For sharp-edged orifices with Reynolds numbers greater than 30,000 (and not choked),
a constant discharge coefficient C, of 0.61 is indicated. However, for choked flows the discharge
coefficient increases as the downstream pressure decreases.® For these flows and for situations
where C, is uncertain, a conservative value of 1.0 is recommended.

Values for the heat capacity ratio y for a variety of gases are provided in Table 4-3.

9Robert H. Perry and Cecil H. Chilton, Chemical Engineers Handbook, 7th ed. (New York: McGraw-Hill,
1997), pp. 10-16.
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Example 4-4
A 0.1-in hole forms in a tank containing nitrogen at 200 psig and 80°F. Determine the mass flow rate
through this leak.

Solution
From Table 4-3, for nitrogen y = 1.41. Then from Equation 4-49

Popoked _ ( 2 )7/(7‘1) 3 ( 2 )1.41/0.41 -
P, \y+1 =721 = 0.527.

Thus

P pokea = 0.527(200 + 14.7) psia = 113.1 psia.
An external pressure less than 113.1 psia will result in choked flow through the leak. Because the
external pressure is atmospheric in this case, choked flow is expected and Equation 4-50 applies.

The area of the hole is

2 (3.14)(0.1in)X(1 f/144 in®
A=%:( X )4( ) 545 % 10512

The discharge coefficient C, is assumed to be 1.0. Also,

P, =200 + 14.7 = 214.7 psia,
T, = 80 + 460 = 540°R,

2 (y+Dy=1) 2 )2.41/0.41 0 . .
<y+1> —<m = 0.8297% = 0.347.

Then, using Equation 4-50,

ngM< 2 )(7*1)/”_1)
= C,AP
(Qm)choked o o \/RgTo v +1

= (1.0)(5.45 X 107 f12)(214.7 Iby/in®)(144 in¥/it?)

(0.347)

8 \/(1.4)(32.17 ft Ib,, /Ibg s7)(28 Ib,,/Ib-mol)
(1545 ft Ibg/Ib-mol°R )(540°R)

= 1.685 IbyV/5.24 X 107* 1b%/1b? §2

(Om)enokea = 3.86 X 1072 1b,/s.
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4-6 Flow of Gases through Pipes

Vapor flow through pipes is modeled using two special cases: adiabatic and isothermal behavior.
The adiabatic case corresponds to rapid vapor flow through an insulated pipe. The isothermal
case corresponds to flow through an uninsulated pipe maintained at a constant temperature;
an underwater pipeline is an excellent example. Real vapor flows behave somewhere between
the adiabatic and isothermal cases. Unfortunately, the real case is difficult to model and no gen-
eralized and useful equations are available.

For both the isothermal and adiabatic cases it is convenient to define a Mach (Ma) num-
ber as the ratio of the gas velocity to the velocity of sound in the gas at the prevailing conditions:

Ma = (4-51)

>

ISR

where a is the velocity of sound. The velocity of sound is determined using the thermodynamic
relationship

aP)
a= A1, 4-52
g ( o ) (4-52)
which for an ideal gas is equivalent to

a= VygRTIM, (4-53)

which demonstrates that for ideal gases the sonic velocity is a function of temperature only. For
air at 20°C the velocity of sound is 344 m/s (1129 ft/s).

Adiabatic Flows

An adiabatic pipe containing a flowing vapor is shown in Figure 4-11. For this particular
case the outlet velocity is less than the sonic velocity. The flow is driven by a pressure gradient
across the pipe. As the gas flows through the pipe, it expands because of a decrease in pressure.
This expansion leads to an increase in velocity and an increase in the kinetic energy of the gas.
The kinetic energy is extracted from the thermal energy of the gas; a decrease in temperature
occurs. However, frictional forces are present between the gas and the pipe wall. These fric-
tional forces increase the temperature of the gas. Depending on the magnitude of the kinetic
and frictional energy terms, either an increase or a decrease in the gas temperature is possible.

The mechanical energy balance (Equation 4-1) also applies to adiabatic flows. For this
case it is more conveniently written in the form

udu oW
aP | wdd | B v ap= -2
P age & m

(4-54)
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Figure 4-11  Adiabatic nonchoked flow of gas through a pipe. The gas temperature might in-
crease or decrease, depending on the magnitude of the frictional losses.

The following assumptions are valid for this case:

ﬁdz~0

8

is valid for gases. Assuming a straight pipe without any valves or fittings, Equations 4-29 and
4-30 can be combined and then differentiated to result in

_ 2fm*dL

dF
g.d

Because no mechanical linkages are present,
8WS = 0.

An important part of the frictional loss term is the assumption of a constant Fanning friction
factor facross the length of the pipe. This assumption is valid only at high Reynolds numbers.

A total energy balance is useful for describing the temperature changes within the flow-
ing gas. For this open steady flow process the total energy balance is given by

idii W,
HaR 8 =6q - = (4-55)

ag. 8

dh +
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where £ is the enthalpy of the gas and ¢ is the heat. The following assumptions are invoked:

dh = C, dT for an ideal gas,

g/g. dz = 0 is valid for gases,

8q = 0 because the pipe is adiabatic,

8W, = 0 because no mechanical linkages are present.

These assumptions are applied to Equations 4-55 and 4-54. The equations are combined, inte-
grated (between the initial point denoted by subscript “o” and any arbitrary final point), and
manipulated to yield, after considerable effort,°

T, Y —
ﬁ:é’ whereY,-=1+y

P, _Ma, Y,
P, Ma, VY,
P _Ma, Y,
pr Ma, VY.
_ [v8:M [v8M
G = = Ma,P;/——=— = Ma,P
pu a1 RgT] A7 RgT2 s

1
Ma?,

where G is the mass flux with units of mass/(area time) and

kinetic compressibility pipe
energy friction

y+1ln<Ma§Y1>_< 11 >+ <4f—L>=0
2 MalY, Ma: Mal/) '\ 4

(4-56)

(4-57)

(4-58)

(4-59)

(4-60)

Equation 4-60 relates the Mach numbers to the frictional losses in the pipe. The various energy
contributions are identified. The compressibility term accounts for the change in velocity re-

sulting from the expansion of the gas.
Equations 4-59 and 4-60 are converted to a more convenient and useful form by replac-
ing the Mach numbers with temperatures and pressures, using Equations 4-56 through 4-58:

y+1 P\T, y—l(P%T%—P%T%)( 1 1 )
n — —
Y P,T 2y T, - T, P%Tz PiT,
G = \/chM Y I, - T,
R, v—-1 (T1/P1)2 - (Tz/Pz)z‘

4fL
o=

07

(4-61)

(4-62)

190ctave Levenspiel, Engineering Flow and Heat Exchange (New York: Plenum Press, 1986), p. 43.
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For Surroundings, P < P¢hoked
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/7 \ U /7// T2
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Sonic Velocity Reached at Exit of Pipe

Figure 4-12 Adiabatic choked flow of gas through a pipe. The maximum velocity is reached at
the end of the pipe.

For most problems the pipe length (L), inside diameter (d), upstream temperature (7;) and
pressure (P;), and downstream pressure (P,) are known. To compute the mass flux G, the pro-
cedure is as follows:

1. Determine pipe roughness & from Table 4-1. Compute &/d.

2. Determine the Fanning friction factor f from Equation 4-34. This assumes fully devel-
oped turbulent flow at high Reynolds numbers. This assumption can be checked later but
is normally valid.

3. Determine 7, from Equation 4-61.

4. Compute the total mass flux G from Equation 4-62.

For long pipes or for large pressure differences across the pipe the velocity of the gas can
approach the sonic velocity. This case is shown in Figure 4-12. When the sonic velocity is
reached, the gas flow is called choked. The gas reaches the sonic velocity at the end of the pipe.
If the upstream pressure is increased or if the downstream pressure is decreased, the gas ve-
locity at the end of the pipe remains constant at the sonic velocity. If the downstream pressure
is decreased below the choked pressure P, .q, the flow through the pipe remains choked and
constant, independent of the downstream pressure. The pressure at the end of the pipe will re-
main at Py, €ven if this pressure is greater than the ambient pressure. The gas exiting the
pipe makes an abrupt change from P .4 to the ambient pressure. For choked flow Equations
4-56 through 4-60 are simplified by setting Ma, = 1.0. The results are

Tchoked 2Yl

Zchoked _ _£71 4-
T, v+ 1 (4-63)

Pchoked 2Y1

~hoked — M 4-64
P] aq y + 1’ ( )

Pchoked Y +1

Fehoked — M 4-65
1 a 2Y1 > ( )
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_ | v8M | vg8M
Gcoe:puzMaP :Pcoe ) (4'66)
hoked 141 RgT1 hoked Rchhoked

] (1) ) o en

Choked flow occurs if the downstream pressure is less than P,,.q4. This is checked using Equa-
tion 4-64.

For most problems involving choked adiabatic flows the pipe length (L), inside diameter
(d), and upstream pressure (P;) and temperature (7)) are known. To compute the mass flux G,
the procedure is as follows:

1. Determine the Fanning friction factor f using Equation 4-34. This assumes fully devel-
oped turbulent flow at high Reynolds numbers. This assumption can be checked later but
is normally valid.

2. Determine Ma, from Equation 4-67.

. Determine the mass flux G .4 from Equation 4-66.

4. Determine P, .4 from Equation 5-64 to confirm operation at choked conditions.

W

Equations 4-63 through 4-67 for adiabatic pipe flow can be modified to use the 2-K method
discussed previously by substituting ¥ K; for 4fL/d.

The procedure can be simplified by defining a gas expansion factor Y,. For ideal gas flow
the mass flow for both sonic and nonsonic conditions is represented by the Darcy formula:!!

2g.p((P1 — Py)

> K;

(4-68)

where

G is the mass flux (mass/area-time),

i is the mass flow rate of gas (mass/time),

A is the area of the discharge (length?),

Y, is a gas expansion factor (unitless),

g. is the gravitational constant (force /mass-acceleration),

py is the upstream gas density (mass/volume),

P, is the upstream gas pressure (force/area),

P, is the downstream gas pressure (force/area), and

S K are the excess head loss terms, including pipe entrances and exits, pipe lengths, and
fittings (unitless).

1 Crane Co., Flow of Fluids Through Valves, Fittings, and Pipes, Technical Report 410 (New York, Crane
Co., 1986).
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The excess head loss terms 2 K; are found using the 2-K method presented earlier in section
4-4. For most accidental discharges of gases the flow is fully developed turbulent flow. This
means that for pipes the friction factor is independent of the Reynolds number and that for fit-
tings K; = K, and the solution is direct.

The gas expansion factor Y, in Equation 4-68 depends only on the heat capacity ratio of
the gas y and the frictional elements in the flow path 2 K;. An equation for the gas expansion
factor for choked flow is obtained by equating Equation 4-68 to Equation 4-66 and solving for

Y,. The result is
‘YEKf< Pl. )
Y, =M e 4-
e al\/z P —P,) (4-69)

where Ma;, is the upstream Mach number.

The procedure to determine the gas expansion factor is as follows. First, the upstream
Mach number Ma; is determined using Equation 4-67. 2 K; must be substituted for 4fL/d to in-
clude the effects of pipes and fittings. The solution is obtained by trial and error, by guessing
values of the upstream Mach number and determining whether the guessed value meets the
equation objectives. This can be easily done using a spreadsheet.

The next step in the procedure is to determine the sonic pressure ratio. This is found
from Equation 4-64. If the actual ratio is greater than the ratio from Equation 4-64, then the
flow is sonic or choked and the pressure drop predicted by Equation 4-64 is used to continue
the calculation. If less than the ratio from Equation 4-64, then the flow is not sonic and the ac-
tual pressure drop ratio is used.

Finally, the expansion factor Y, is calculated from Equation 4-69.

The calculation to determine the expansion factor can be completed once y and the fric-
tional loss terms = K are specified. This computation can be done once and for all with the re-
sults shown in Figures 4-13 and 4-14. As shown in Figure 4-13, the pressure ratio (P; — P,)/P;
is a weak function of the heat capacity ratio y. The expansion factor Y, has little dependence
on v, with the value of Y, varying by less than 1% from the value at y = 1.4 over the range from
v = 1.2toy = 1.67. Figure 4-14 shows the expansion factor for y = 1.4.

The functional results of Figures 4-13 and 4-14 can be fitted using an equation of the form
InY, = A(Iln K;)® + B(In Kp)? + C(In K;) + D, where A, B, C, and D are constants. The results
are shown in Table 4-4 and are valid for the K; ranges indicated, within 1%.

The procedure to determine the adiabatic mass flow rate through a pipe or hole is as
follows:

1. Given: y based on the type of gas; pipe length, diameter, and type; pipe entrances and ex-
its; total number and type of fittings; total pressure drop; upstream gas density.

2. Assume fully developed turbulent flow to determine the friction factor for the pipe and
the excess head loss terms for the fittings and pipe entrances and exits. The Reynolds
number can be calculated at the completion of the calculation to check this assumption.
Sum the individual excess head loss terms to get 2 K.
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(P1 — Py)IP;

02 | All points at or above function
are sonic flow conditions.

0 | l 1 | J
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Excess head loss, Ky

Figure 4-13  Sonic pressure drop for adiabatic pipe flow for various heat capacity ratios. From
AICHE/CCPS, Guidelines for Consequence Analysis of Chemical Releases (New York: Ameri-
can Institute of Chemical Engineers, 1999).
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Figure 4-14 The expansion factor Y, for adiabatic pipe flow for y = 1.4. From AICHE/CCPS,
Guidelines for Consequence Analysis of Chemical Releases (New York: American Institute of
Chemical Engineers, 1999).
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Table 4-4 Correlations! for the Expansion Factor Y, and the Sonic Pressure
Drop Ratio (Py — P,)/P;, as a Function of the Excess Head Loss K;?

Function value y A B C D Range of K;
Expansion factor Y, 0.0006 —0.0185 0.1141 0.5304 0.1-100
Sonic pressure drop ratioy = 1.2 0.0009 —0.0308 0.261 —0.7248 0.1-100
Sonic pressure drop ratio y = 1.4 0.0011 —0.0302 0.238 —0.6455 0.1-300
Sonic pressure drop ratio y = 1.67 0.0013 —0.0287 0.213 —0.5633 0.1-300

IThe correlations are within 1% of the actual value in the specified range.
2The equation used to fit the expansion factor and the sonic pressure drop ratio is of the form

InY, = A(ln K;)* + B(ln K;)* + C(ln K;) + D.

3. Calculate (P; — P,)/P; from the specified pressure drop. Check this value against Figure
4-13 to determine whether the flow is sonic. All areas above the curves in Figure 4-13 rep-
resent sonic flow. Determine the sonic choking pressure P, by using Figure 4-13 directly,
interpolating a value from the table, or using the equations provided in Table 4-4.

4. Determine the expansion factor from Figure 4-14. Either read the value off of the figure,
interpolate it from the table, or use the equation provided in Table 4-4.

5. Calculate the mass flow rate using Equation 4-68. Use the sonic choking pressure deter-
mined in step 3 in this expression.

This method is applicable to gas discharges through piping systems and holes.

Isothermal Flows

Isothermal flow of gas in a pipe with friction is shown in Figure 4-15. For this case the gas
velocity is assumed to be well below the sonic velocity of the gas. A pressure gradient across

T = Constant PZ < P’
P1 (/ PZ > Pchoked
U’ . U, % Sonic Velocity
Ma, U > Uy
| L ‘
' MOZ > Mai
For Surroundings, P = P2 > Pchoked MOZ < 1

Figure 4-15 Isothermal nonchoked flow of gas through a pipe.



144 Chapter 4 « Source Models

the pipe provides the driving force for the gas transport. As the gas expands through the pres-
sure gradient, the velocity must increase to maintain the same mass flow rate. The pressure at
the end of the pipe is equal to the pressure of the surroundings. The temperature is constant
across the entire pipe length.

Isothermal flow is represented by the mechanical energy balance in the form shown in
Equation 4-54. The following assumptions are valid for this case:

£dzzO

is valid for gases, and, by combining Equations 4-29 and 4-30 and differentiating,
_2f u’dL
 gd

daF

3

assuming constant f, and
W, =0

because no mechanical linkages are present. A total energy balance is not required because the
temperature is constant.

By applying the assumptions to Equation 4-54 and manipulating them considerably, we
obtain?

T,=T, (4-70)
% = x:z 4-71)
% - x: (4-72)
G = pi = Ma, P, \/%Tﬂ, (4-73)

where G is the mass flux with units of mass/(area time), and

Ma, 1 ( 1 1 ) 4fL

21n - — - + 2= =0. 4-74
Ma, 7y\Ma? Ma} d (4-74)
kinetic compressibility pipe
energy friction

The various energy terms in Equation 4-74 have been identified.

121 evenspiel, Engineering Flow, p. 46.
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A more convenient form of Equation 4-74 is in terms of pressure instead of Mach num-
bers. This form is achieved by using Equations 4-70 through 4-72. The result is

(P - P+ =0 (4-75)

Pl ch
2In— — =
P, GR[T

A typical problem is to determine the mass flux G given the pipe length (L), inside diameter
(d), and upstream and downstream pressures (P; and P,). The procedure is as follows:

1. Determine the Fanning friction factor f using Equation 4-34. This assumes fully devel-
oped turbulent flow at high Reynolds numbers. This assumption can be checked later but
is usually valid.

2. Compute the mass flux G from Equation 4-75.

Levenspiel ? showed that the maximum velocity possible during the isothermal flow of
gas in a pipe is not the sonic velocity, as in the adiabatic case. In terms of the Mach number the
maximum velocity is

1
Magoked = —— 4-76
hoked \/'; ( )
This result is shown by starting with the mechanical energy balance and rearranging it into the
following form:

4P 2fG2[ 1 } _ 2sz( 1 ) 4-77)

dL  gpd|1— @PplgP)]  gpd \1 - yMa?

The quantity —(dP/dL) — co when Ma — 1/V/y. Thus for choked flow in an isothermal pipe,
as shown in Figure 4-16, the following equations apply:

Tchoked = Tl’ (4'78)

P ehoke

— = MaVy, (4-79)
P,

Pechoked _ Mal\/§, (4-80)
P1

Echoked 1
el = : 4-81
i, Ma; Vy (4-81)

— — lych /ch
Gchoked =pu=piy = Ma1P1 —R_T— = Pchoked R—T, (4'82)
g g

13Levenspiel, Engineering Flow, p. 46.
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For Surroundings, P < Pghoked
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Py - P2 = Pchoked
_______________ =
Ty / // To=T,
i '
Uy \\ up = aly
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Maj Ma, = 1/y

Velocity of a/y Reached at Exit of Pipe

Figure 4-16 Isothermal choked flow of gas through a pipe. The maximum velocity is reached
at the end of the pipe.

where G,oxeq 1S the mass flux with units of mass/(area time), and

1 1 4fL
il vw) ™ Uaar ! - =0 (4-83)

For most typical problems the pipe length (L), inside diameter (d ), upstream pressure (P;), and
temperature (7') are known. The mass flux G is determined using the following procedure:

1. Determine the Fanning friction factor using Equation 4-34. This assumes fully developed
turbulent flow at high Reynolds numbers. This assumption can be checked later but is
usually valid.

2. Determine Ma, from Equation 4-83.

3. Determine the mass flux G from Equation 4-82.

For gas releases through pipes the issue of whether the release occurs adiabatically or
isothermally is important. For both cases the velocity of the gas increases because of the ex-
pansion of the gas as the pressure decreases. For adiabatic flows the temperature of the gas may
increase or decrease, depending on the relative magnitude of the frictional and kinetic energy
terms. For choked flows the adiabatic choking pressure is less than the isothermal choking
pressure. For real pipe flows from a source at a fixed pressure and temperature, the actual flow
rate is less than the adiabatic prediction and greater than the isothermal prediction. Example
4-5 shows that for pipe flow problems the difference between the adiabatic and the isothermal
results is generally small. Levenspiel 4 showed that the adiabatic model always predicts a flow
larger than the actual flow, provided that the source pressure and temperature are the same.
The Crane Co.!s reported that “when compressible fluids discharge from the end of a reason-

41 evenspiel, Engineering Flow, p. 45.
15Crane Co., Flow of Fluids.
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ably short pipe of uniform cross-sectional area into an area of larger cross section, the flow is
usually considered to be adiabatic.” Crane supported this statement with experimental data on
pipes having lengths of 130 and 220 pipe diameters discharging air to the atmosphere. Finally,
under choked sonic flow conditions isothermal conditions are difficult to achieve practically be-
cause of the rapid speed of the gas flow. As a result, the adiabatic flow model is the model of
choice for compressible gas discharges through pipes.

Example 4-5
The vapor space above liquid ethylene oxide (EO) in storage tanks must be purged of oxygen and
then padded with 81-psig nitrogen to prevent explosion. The nitrogen in a particular facility is sup-
plied from a 200-psig source. It is regulated to 81-psig and supplied to the storage vessel through
33 ft of commercial steel pipe with an internal diameter of 1.049 in.

In the event of a failure of the nitrogen regulator, the vessel will be exposed to the full 200-
psig pressure from the nitrogen source. This will exceed the pressure rating of the storage vessel.
To prevent rupture of the storage vessel, it must be equipped with a relief device to vent this nitro-
gen. Determine the required minimum mass flow rate of nitrogen through the relief device to pre-
vent the pressure from rising within the tank in the event of a regulator failure.

Determine the mass flow rate assuming (a) an orifice with a throat diameter equal to the pipe
diameter, (b) an adiabatic pipe, and (c) an isothermal pipe. Decide which result most closely cor-
responds to the real situation. Which mass flow rate should be used?

Solution
a. The maximum flow rate through the orifice occurs under choked conditions. The area of the

pipe is

wd?  (314)(1.049 in)’(1 ft¥/144 in?)
4 4

A=
= 6.00 X 107*ft%
The absolute pressure of the nitrogen source is
P, =200 + 14.7 = 214.7 psia = 3.09 X 10* Ib/ft2
The choked pressure from Equation 4-49 is, for a diatomic gas,

Poked = (0.528)(214.7 psia) = 113.4 psia
= 1.63 X 10* Iby/ft2

Choked flow can be expected because the system is venting to atmospheric conditions. Equa-
tion 4-50 provides the maximum mass flow rate. For nitrogen, v = 1.4 and

5 \G+Uir-1 ( 2 )2.4/0.4
={— = 0.335.
(y + 1) 24 0335
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The molecular weight of nitrogen is 28 1b,,/Ib-mol. Without any additional information, as-
sume a unit discharge coefficient C, = 1.0. Thus

(1.4)(32.17 ft Ib,,/1b;5>)(28 b, /Ib-mol)
(1545 ft Ib;/1b-mol°R )(540°R )

0, = (1.0)(6.00 X 1073 12)(3.09 X 10* Iby/f) X \/ (0.335)

= (1851b;) V/5.06 x 107* IbZ/Ib?s?

0., = 416 Ib,./s.

b. Assume adiabatic choked flow conditions. For commercial steel pipe, from Table 4-1, ¢ =
0.046 mm. The diameter of the pipe in millimeters is (1.049 in) (25.4 mm/in) = 26.6 mm. Thus

e 0.046 mm
7" 266mm 0.00173.

From Equation 4-34

%f =4 log(3.7§>
= 410g(3.7/0.00173) = 13.32,
VT = 00751,
f = 0.00564.

For nitrogen, y = 1.4.
The upstream Mach number is determined from Equation 4-67:

+1 2y 1 4fL
n g G 1) () e
2 (y + 1)Ma? Ma’ d

with Y, given by Equation 4-56. Substituting the numbers provided gives

14+1 {2 + (14 - l)Maz} ( 1 1) . { (4)(0.00564)(33 ft) } B
2 (14 + 1)Ma’ Ma® T (1.049in)(1 f/12in) |
2
12 111(%) - (—1— - 1) +11.92 = 0.
2.4Ma? Ma’®

This equation is solved by trial and error for the value of Ma. The results are tabulated as
follows:

Value of left-hand
Guessed Ma side of equation

0.20 —8.43
0.25 0.043
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This last guessed Mach number gives a result close to zero. Then from Equation 4-56

Y e gy 141

(0.25)? = 1.012,

and from Equations 4-63 and 4-64
Tchoked _ 2Y] _ 2(1012)

T, y+1 14+1

= 0.843,

Tehoked = (0.843)(80 + 460)°R = 455°R,

Ponoke 2Y
toked = May [ = (0.25)V0.843 = 0.230,
P, y+1

Penoked = (0.230)(214.7 psia) = 49.4 psia = 7.11 X 10 Ib/ft?.

The pipe outlet pressure must be less than 49.4 psia to ensure choked flow. The mass flux is
computed using Equation 4-66:

v8M
Genoket = Peroked \| 5om—
choked choked RgTChoked

(11 X 10 /ﬁQ)\/(1.4)(32.17f1 Ib,,/1bys?)(28 b, /Ib-mol)
' ! (1545 ft Ib,/Ib-mol°R )(455°R )

7.11 X 103 1by/f2V/1.79 X 102 Ib2/Ib? s = 301 Ib, /£Es,

O = GA = (301 Ib,/t%)(6.00 X 1073 f?)

1.81 1b,,/s.

The simplified procedure with a direct solution can also be used. The excess head loss re-
sulting from the pipe length is given by Equation 4-30. The friction factor fhas already been
determined:

_4fL (4)(0.00564)(10.1 m)

K = = 8.56.
" d  (1.049in)(0.0254 m/in) 8

For this solution only the pipe friction will be considered and the exit effects will be ignored.
The first consideration is whether the flow is sonic. The sonic pressure ratio is given in Fig-
ure 4-13 (or the equations in Table 4-4). For y = 1.4 and K; = 8.56

P - P,
Py

=0.770 => P, = 49.4 psia.

It follows that the flow is sonic because the downstream pressure is less than 49.4 psia. From
Figure 4-14 (or Table 4-4) the gas expansion factor Y, = 0.69. The gas density under the up-
stream conditions is

PM (214.7 psia)(28 Ib/1b-mol)

= = = 1.037 1b/ft3,
R,T (10.731 psia ft*/Ib-mol°R )(540°R)

P1
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By substituting this value into Equation 4-68 and using the choking pressure determined for
P,, we obtain

(2)(3217ft1b’“><10371b“‘>(2147 494)<1bf>(144ﬁ>
" Ibys? R ' " \in? ft?

8.56

I

(0.69)(6.00 X 1073 ft?)

1.78 Ib,, /s.

This result is essentially identical to the previous result, although with a lot less effort.
¢. For the isothermal case the upstream Mach number is given by Equation 4-83. Substituting
the numbers provided, we obtain

1 1
o) () s
1.4Ma 1.4Ma

The solution is found by trial and error:

Value of left-hand

Guessed Ma side of equation
0.25 0.526
0.24 -0.362
0.245 0.097
0.244 0.005 « Final result

The choked pressure is, from Equation 4-79,
Pipoxed = PiMa; Vy = (214.7 1b¢/in?)(0.244)V/1.4 = 62.0 psia = 8.93 X 10° Iby/ft2.

The mass flow rate is computed using Equation 4-82:

M 2.17 ft 1b,, /b s*)(28 1b,,/Ib-mol
Guroges = Panogess | 2 = 8.93 x 10° Iby/f2 X 4| & w16 57)(28 by, /Ib-mol)
R,T (1545 ft Ib;/Ib-mol°R )(540°R)

= 8.93 X 10° Iby/f2\V/1.08 X 1072 [b3/Ib? s = 293 b, /ft*s,

On = Guoread = (293 1oy, /ft25)(6.00 X 1073 ft2)

= 1.76 Ib,,/s.
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The results are summarized in the following table:

Pchoked am
Case (psia) (Ib,,/s)
Orifice 113.4 4.16
Adiabatic pipe 49.4 1.81
Isothermal pipe 62.0 1.76

A standard procedure for these types of problems is to represent the discharge through
the pipe as an orifice. The results show that this approach results in a large result for this case.
The orifice method always produces a larger value than the adiabatic pipe method, ensuring a
conservative safety design. The orifice calculation, however, is easier to apply, requiring only
the pipe diameter and the upstream supply pressure and temperature. The configurational de-
tails of the piping are not required, as in the adiabatic and isothermal pipe methods.

Also note that the computed choked pressures differ for each case, with a substantial dif-
ference between the orifice and the adiabatic/isothermal cases. A choking design based on an
orifice calculation might not be choked in reality because of high downstream pressures.

Finally, note that the adiabatic and isothermal pipe methods produce results that are rea-
sonably close. For most real situations the heat transfer characteristics cannot be easily deter-
mined. Thus the adiabatic pipe method is the method of choice; it will always produce the
larger number for a conservative safety design.

4-7 Flashing Liquids

Liquids stored under pressure above their normal boiling point temperature present substantial
problems because of flashing. If the tank, pipe, or other containment device develops a leak, the
liquid will partially flash into vapor, sometimes explosively.

Flashing occurs so rapidly that the process is assumed to be adiabatic. The excess energy
contained in the superheated liquid vaporizes the liquid and lowers the temperature to the new
boiling point. If m is the mass of original liquid, C, the heat capacity of the liquid (energy/mass
deg), T, the temperature of the liquid before depressurization, and T, the depressurized boil-
ing point of the liquid, then the excess energy contained in the superheated liquid is given by

Q = mCy(T, — Ty). (4-84)

This energy vaporizes the liquid. If AH, is the heat of vaporization of the liquid, the mass of lig-
uid vaporized m, is given by

0 mC(T, — T)

AH, AH, (4-85)

3
i
Il
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The fraction of the liquid vaporized is

m, Cp(To - Tb)

fo=7-7= Y . (4-86)

Equation 4-86 assumes constant physical properties over the temperature range 7, to 7,. A
more general expression without this assumption is derived as follows.
The change in liquid mass m resulting from a change in temperature 7 is given by

mC,,
dm = N7, dT. (4-87)

v

Equation 4-87 is integrated between the initial temperature T, (with liquid mass m) and the
final boiling point temperature T, (with liquid mass m — m,):

m—m, dm Ty Cp
—_— = dT 4-88
L m Jr AH, 7’ (4-88)
- CAT,— T
In (’” mv) _ G :) : (4-89)
m AH,

where ? and AH, are the mean heat capacity and the mean latent heat of vaporization, re-
spectrvely, over the temperature range T, to Ty. Solving for the fraction of the liquid vaporized,
f. = m,/m, we obtain

fo=1-exp[~Cy(T, ~ T,)/AH,]. (4-90)

Example 4-6
One lb, of saturated liquid water is contained in a vessel at 350°F. The vessel ruptures and the pres-
sure is reduced to 1 atm. Compute the fraction of material vaporized using (a) the steam tables,
(b) Equation 4-86, and (c) Equation 4-90.

Solution
a. The initial state is saturated liquid water at 7, = 350°F. From the steam tables

P =134.6 psia,
H = 321.6 Btu/lb,,,.

The final temperature is the boiling point at 1 atm, or 212°F. At this temperature and under
saturated conditions



4-7 Flashing Liquids 153

Hipor = 1150.4 Btu/Ib,,

Hjquig = 180.07 Btu/lby,.

Because the process occurs adiabatically, Hgna = Higigar and the fraction of vapor (or quality)
is computed from

Hipa = Hijquia + folHyapor — Hiiquia)s

321.6 = 180.07 + £,(1150.4 — 180.07),

£, = 0.1459.

that is, 14.59% of the mass of the original liquid is vaporized.
b. For liquid water at 212°F

C, = 1.01 Btu/lb,, °F,
AH, = 9703 Btu/lb,,.

From Equation 4-86

_ CTo = Ty) _ (1.01 Btw/lb,, °F)(350 — 212)°F

v AH, 970.3 Btu/lb,, ’

£, = 0.1436.

.

¢. The mean properties for liquid water between T, and T, are

C, = 1.04 Btu/lb,, °F,
AH, = 920.7 Btu/lb,,.

Substituting into Equation 4-90 gives

fo=1—exp[-CyT, — To)/AH,]
=1 — exp[—(1.04 Btw/lb,, °F)(350 — 212)°F/(920.7 Btu/lb,)]

=1 - 0.8557

£, = 0.1443.

Both expressions work about as well compared to the actual value from the steam table.
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For flashing liquids composed of many miscible substances, the flash calculation is com-
plicated considerably, because the more volatile components flash preferentially. Procedures
are available to solve this problem.!¢

Flashing liquids escaping through holes and pipes require special consideration because
two-phase flow conditions may be present. Several special cases need consideration.!” If the
fluid path length of the release is short (through a hole in a thin-walled container), nonequi-
librium conditions exist, and the liquid does not have time to flash within the hole; the fluid
flashes external to the hole. The equations describing incompressible fluid flow through holes
apply (see section 4-2).

If the fluid path length through the release is greater than 10 cm (through a pipe or thick-
walled container), equilibrium flashing conditions are achieved and the flow is choked. A good
approximation is to assume a choked pressure equal to the saturation vapor pressure of the
flashing liquid. The result will be valid only for liquids stored at a pressure higher than the sat-
uration vapor pressure. With this assumption the mass flow rate is given by

Qm = ACO v 2pfgc(P - Psat)’ (4-91)

where

A is the area of the release,

C, is the discharge coefficient (unitless),

p: is the density of the liquid (mass/volume),

P is the pressure within the tank, and

P is the saturation vapor pressure of the flashing liquid at ambient temperature.

Example 4-7
Liquid ammonia is stored in a tank at 24°C and a pressure of 1.4 X 10° Pa. A pipe of diameter
0.0945 m breaks off a short distance from the vessel (the tank), allowing the flashing ammonia to
escape. The saturation vapor pressure of liquid ammonia at this temperature is 0.968 X 10° Pa, and
its density is 603 kg/m>. Determine the mass flow rate through the leak. Equilibrium flashing con-
ditions can be assumed.

Solution
Equation 4-91 applies for the case of equilibrium flashing conditions. Assume a discharge coeffi-
cient of 0.61. Then

16T M. Smith and H. C. Van Ness, Introduction to Chemical Engineering Thermodynamics, 4th ed. (New
York: McGraw-Hill, 1987), p. 314.

"Hans K. Fauske, “Flashing Flows or: Some Practical Guidelines for Emergency Releases,” Plant/Oper-
ations Progress (July 1985), p. 133.
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Qm = Aco v 2pfgc(P - Psat)

2
_ (0.61)(3.14)(0.‘(‘)945 m)

X V/2(603 kg/m*)[ 1 (kg m/s?)/N](1.4 X 105 — 0.968 X 10°)(N/m?)

On = 97.6 kg/s.

For liquids stored at their saturation vapor pressure, P = P**', and Equation 4-91 is no
longer valid. A much more detailed approach is required. Consider a fluid that is initially quies-
cent and is accelerated through the leak. Assume that kinetic energy is dominant and that po-
tential energy effects are negligible. Then, from a mechanical energy balance (Equation 4-1),
and realizing that the specific volume (with units of volume /mass) v = 1/p, we can write

2 =2
- f vdP = —2. (4-92)
| 2g.

A mass velocity G with units of mass/(area time) is defined by

< |

G = pu = —. (4-93)

Combining Equation 4-93 with Equation 4-92 and assuming that the mass velocity is constant
results in
% GY

2g. 28

2
- f vdP = (4-94)

Solving for the mass velocity G and assuming that point 2 can be defined at any point along the

flow path, we obtain
N f [ vdP

G=—""" (4-95)

Equation 4-95 contains a maximum, at which choked flow occurs. Under choked flow condi-
tions, dG/dP = (. Differentiating Equation 4-95 and setting the result equal to zero gives

dG (dvidP) | J g

== |  oJR L — -

iP 0 7 2g. | vd (4-96)
—2gCJvdP '

G(dvldP) g,
= =-——— 4'
0 ; ve (4-97)
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Solving Equation 4-97 for G, we obtain

_On_ | &
G="4 " (dvldP)

The two-phase specific volume is given by

Vv = Vfgfv + Vi,
where

vy, is the difference in specific volume between vapor and liquid,
v¢ is the liquid specific volume, and
v 1s the mass fraction of vapor.

Differentiating Equation 4-99 with respect to pressure gives

dv _ | df
P Y TN
But, from Equation 4-86,
d Co_qr
fV - AHV ’

and from the Clausius-Clapyron equation, at saturation

dP _AH,
dT Ty

Substituting Equations 4-102 and 4-101 into Equation 4-100 yields

2
dv Vig
dP AH%TCP‘

The mass flow rate is determined by combining Equation 4-103 with Equation 4-98:

_AHA | &

m Vfg TCP

Chapter 4 « Source Models

(4-98)

(4-99)

(4-100)

(4-101)

(4-102)

(4-103)

(4-104)

Note that the temperature 7 in Equation 4-104 is the absolute temperature from the Clausius-

Clapyron equation and is not associated with the heat capacity.

Small droplets of liquid also form in a jet of flashing vapor. These aerosol droplets are
readily entrained by the wind and transported away from the release site. The assumption that
the quantity of droplets formed is equal to the amount of material flashed is frequently made.'®

8Trevor A. Kletz, “Unconfined Vapor Cloud Explosions,” in Eleventh Loss Prevention Symposium (New

York: American Institute of Chemical Engineers, 1977).
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Example 4-8

157

Propylene is stored at 25°C in a tank at its saturation pressure. A 1-cm-diameter hole develops in

the tank. Estimate the mass flow rate through the hole under these conditions for propylene:

AH, =3.34 X 10° I/kg,
Vg = 0.042 m’/kg,

Pt =115 X 10° Pa,
C, =218 X 10* I/kg K.

Solution
Equation 4-104 applies to this case. The area of the leak is

mdt  (3.14)(1 X 10 2m)?

= 7.85 x 1075 m?.
4 2 7.85 X 107 m

A=

Using Equation 4-104, we obtain

_AH,A | g
On = vie VTC,

(3.34 X 10° J/kg)(1 N m/J)

(7.85 X 1075 m?)
(0.042 m¥kg)

y \/ 1.0(kg m/s?)/N
(2.18 x 10° J/kg K)(298 K)(1 N m/I)

O, = 0.774 kg/s.

4-8 Liquid Pool Evaporation or Boiling

The case for evaporation of a volatile from a pool of liquid has already been considered in

chapter 3. The total mass flow rate from the evaporating pool is given by Equation 3-12:

_ MKAP™

R

where

Q. is the mass vaporization rate (mass/time},

M is the molecular weight of the pure material,
K is the mass transfer coefficient (length/time),
A is the area of exposure,

P is the saturation vapor pressure of the liquid,
R, is the ideal gas constant, and

T, is the temperature of the liquid.

(3-12)
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For liquids boiling from a pool the boiling rate is limited by the heat transfer from the
surroundings to the liquid in the pool. Heat is transferred (1) from the ground by conduction,
(2) from the air by conduction and convection, and (3) by radiation from the sun and/or adja-
cent sources such as a fire.

The initial stage of boiling is usually controlled by the heat transfer from the ground. This
is especially true for a spill of liquid with a normal boiling point below ambient temperature
or ground temperature. The heat transfer from the ground is modeled with a simple one-
dimensional heat conduction equation, given by
= M (4-105)

dg ()"

where

q, is the heat flux from the ground (energy/area-time),

k, is the thermal conductivity of the soil (energy/length-time-degree),
T, is the temperature of the soil (degree),

T is the temperature of the liquid pool (degree),

a; is the thermal diffusivity of the soil (area/time), and

tis the time after spill (time).

Equation 4-105 is not considered conservative.
The rate of boiling is determined by assuming that all the heat is used to boil the liquid.
Thus
A

= 4-106
0n =317 (4-106)

where

Q. is the mass boiling rate (mass/time),

q, is the heat transfer for the pool from the ground, determined by Equation 4-105 (en-
ergy/area-time),

A is the area of the pool (area), and

AH, is the heat of vaporization of the liquid in the pool (energy/mass).

At later times, solar heat fluxes and convective heat transfer from the atmosphere be-
come important. For a spill onto an insulated dike floor these fluxes may be the only energy
contributions. This approach seems to work adequately for liquefied natural gas (LNG) and
perhaps for ethane and ethylene. The higher hydrocarbons (C; and above) require a more de-
tailed heat transfer mechanism. This model also neglects possible water freezing effects in the
ground, which can significantly alter the heat transfer behavior. More details on boiling pools
is provided elsewhere.!?

1% Guidelines for Consequence Analysis of Chemical Releases (1999).
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4-9 Realistic and Worst-Case Releases

Table 4-5 lists a number of realistic and worst-case releases. The realistic releases represent the
incident outcomes with a high probability of occurring. Thus, rather than assuming that an en-
tire storage vessel fails catastrophically, it is more realistic to assume that a high probability ex-
ists that the release will occur from the disconnection of the largest pipe connected to the tank.

The worst-case releases are those that assume almost catastrophic failure of the process,
resulting in near instantaneous release of the entire process inventory or release over a short
period of time.

The selection of the release case depends on the requirements of the consequence study.
If an internal company study is being completed to determine the actual consequences of plant
releases, then the realistic cases would be selected. However, if a study is being completed to
meet the requirements of the EPA Risk Management Plan, then the worst-case releases must
be used.

4-10 Conservative Analysis

All models, including consequence models, have uncertainties. These uncertainties arise be-
cause of (1) an incomplete understanding of the geometry of the release (that is, the hole size),
(2) unknown or poorly characterized physical properties, (3) a poor understanding of the chemi-
cal or release process, and (4) unknown or poorly understood mixture behavior, to name a few.

Uncertainties that arise during the consequence modeling procedure are treated by as-
signing conservative values to some of these unknowns. By doing so, a conservative estimate of
the consequence is obtained, defining the limits of the design envelope. This ensures that the re-
sulting engineering design to mitigate or remove the hazard is overdesigned. Every effort, how-
ever, should be made to achieve a result consistent with the demands of the problem.

For any particular modeling study several receptors might be present that require differ-
ent decisions for conservative design. For example, dispersion modeling based on a ground-
level release will maximize the consequence for the surrounding community but will not maxi-
mize the consequence for plant workers at the top of a process structure.

To illustrate conservative modeling, consider a problem requiring an estimate of the gas
discharge rate from a hole in a storage tank. This discharge rate isused to estimate the downwind
concentrations of the gas, with the intent of estimating the toxicological impact. The discharge
rate depends on a number of parameters, including (1) the hole area, (2) the pressure within and
outside the tank, (3) the physical properties of the gas, and (4) the temperature of the gas, to
name a few.

The reality of the situation is that the maximum discharge rate of gas occurs when the
leak first occurs, with the discharge rate decreasing as a function of time as the pressure within
the tank decreases. The complete dynamic solution to this problem is difficult, requiring a mass
discharge model cross-coupled to a material balance on the contents of the tank. An equation
of state (perhaps nonideal) is required to determine the tank pressure given the total mass.
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Table 4-5 Guidelines for Selection of Process Incidents

Incident characteristic Guideline

Realistic release incidents!
Process pipes Rupture of the largest diameter process pipe as follows:

For diameters smaller than 2 in, assume a full bore rupture.
For diameters 2—4 in, assume rupture equal to that of a 2-inch-
diameter pipe.

For diameters greater than 4 in, assume rupture area equal to
20% of the pipe cross-sectional area.

Hoses Assume full bore rupture.

Pressure relief devices relieving Use calculated total release rate at set pressure. Refer to pres-

directly to the atmosphere sure relief calculation. All material released is assumed to be
airborne.

Vessels Assume a rupture based on the largest diameter process pipe

attached to the vessel. Use the pipe criteria.

Other Incidents can be established based on the plant’s experience, or
the incidents can be developed from the outcome of a review or
derived from hazard analysis studies.

Worst-case incidents?
Quantity Assume release of the largest quantity of substance handled on
site in a single process vessel at any time. To estimate the re-
lease rate, assume the entire quantity is released within 10 min.

Wind speed / stability Assume F stability, 1.5 m/s wind speed, unless meteorological
data indicate otherwise.

Ambient temperature / humidity Assume the highest daily maximum temperature and average
humidity.

Height of release Assume that the release occurs at ground level.

Topography Assume urban or rural topography, as appropriate.

Temperature of release substance Consider liquids to be released at the highest daily maximum
temperature, based on data for the previous 3 years, or at pro-
cess temperature, whichever is highest. Assume that gases lique-
fied by refrigeration at atmospheric pressure are released at
their boiling points.

LDow’s Chemical Exposure Index Guide (New York: American Institute of Chemical Engineers, 1994).
2US EPA, RMP Offsite Consequence Analysis Guidance (Washington, DC: US Environmental Protection Agency, 1996).

Complicated temperature effects are also possible. A modeling effort of this detail is not nec-
essarily required to estimate the consequence.

A much simpler procedure is to calculate the mass discharge rate at the instant the leak
occurs, assuming a fixed temperature and pressure within the tank equal to the initial temper-
ature and pressure. The actual discharge rate at later times will always be less, and the down-
wind concentrations will always be less. In this fashion a conservative result is ensured.
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For the hole area a possible decision is to consider the area of the largest pipe connected
to the tank, because pipe disconnections are a frequent source of tank leaks. Again, this max-
imizes the consequence and ensures a conservative result. This procedure is continued until all
the model parameters are specified.

Unfortunately, this procedure can result in a consequence that is many times larger than
the actual, leading to a potential overdesign of the mitigation procedures or safety systems.
This occurs, in particular, if several decisions are made during the analysis, with each decision
producing a maximum result. For this reason, consequence analysis should be approached with
intelligence, tempered with a good dose of reality and common sense.

Suggested Reading
Consequence Modeling

AICHE/CCPS, Guidelines for Consequence Analysis of Chemical Releases (New York: American Insti-
tute of Chemical Engineers, 1999).

AICHE/CCPS, Guidelines for Chemical Process Quantitative Risk Analysis (New York: American Insti-
tute of Chemical Engineers, 2000).

Flow of Liquid through Holes

Frank P. Lees, Loss Prevention in the Process Industries, 2d ed. (London: Butterworths, 1996), p. 15/6.

Flow of Liquid through Pipes

Octave Levenspiel, Engineering Flow and Heat Exchange (New York: Plenum Press, 1984), ch. 2.
Warren L. McCabe, Julian C. Smith, and Peter Harriott, Unit Operations of Chemical Engineering, 6th ed.
(New York: McGraw-Hill, 2001), ch. 5.

Flow of Vapor through Holes

Lees, Loss Prevention, p. 15/10.
Levenspiel, Engineering Flow, pp. 48-51.

Flow of Vapor through Pipes

Levenspiel, Engineering Flow, ch. 3.

Flashing Liquids

Steven R. Hanna and Peter J. Drivas, Guidelines for Use of Vapor Dispersion Models, 2d ed. (New York:
American Institute of Chemical Engineers, 1996), pp. 24-32.
Lees, Loss Prevention, p. 15/22.
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Liquid Pool Evaporation and Boiling

Hanna and Drivas, Guidelines, pp. 31, 39.

Problems

4-1.

4-3.

4-5.

4-6.

A 0.20-in hole develops in a pipeline containing toluene. The pressure in the pipeline at
the point of the leak is 100 psig. Determine the leakage rate. The specific gravity of tolu-
ene is 0.866.

. A 100-ft-long horizontal pipeline transporting benzene develops a leak 43 ft from the

high-pressure end. The diameter of the leak is estimated to be 0.1 in. At the time, the up-
stream pressure in the pipeline is 50 psig and the downstream pressure is 40 psig. Esti-
mate the mass flow rate of benzene through the leak. The specific gravity of benzene is
0.8794.

The TLV-TWA for hydrogen sulfide gas is 10 ppm. Hydrogen sulfide gas is stored in a
tank at 100 psig and 80°F. Estimate the diameter of a hole in the tank leading to a local
hydrogen sulfide concentration equal to the TLV. The local ventilation rate is 2000 ft*/min
and is deemed average. The ambient pressure is 1 atm.

. A tank contains pressurized gas. Develop an equation describing the gas pressure as a

function of time if the tank develops a leak. Assume choked flow and a constant tank gas

temperature of 7,.

For incompressible flow in a horizontal pipe of constant diameter and without fittings or

valves show that the pressure is a linear function of pipe length. What other assumptions

are required for this result? Is this result valid for nonhorizontal pipes? How will the
presence of fittings, valves, and other hardware affect this result?

A storage tank is 10 m high. At a particular time the liquid level is 5 m high within the

tank. The tank is pressurized with nitrogen to 0.1 bar gauge to prevent a flammable at-

mosphere within the tank. The liquid in the tank has a density of 490 kg/m’.

a. If a 10-mm hole forms 3 m above the ground, what is the initial mass discharge rate of
liquid (in kg/s)?

b. Estimate the distance from the tank the stream of liquid will hit the ground. Deter-
mine whether this stream will be contained by a 1-m-high dike located 1 m from the
tank wall.

Hint: For a freely falling body the time to reach the ground is given by

where ¢ is the time, 4 is the initial height above the ground, and g is the acceleration
due to gravity.
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4-7.

4-9.

4-10.

4-11.

Water is pumped through a 1-in schedule 40 pipe (internal diameter = 1.049 in) at
400 gal/hr. If the pressure at one point in the pipe is 103 psig and a small leak develops
22 ft downstream, compute the fluid pressure at the leak. The pipe section is horizontal
and without fittings or valves. For water at these conditions the viscosity is 1.0 centipoise
and the density is 62.4 1b,/ft’.

. If a globe valve is added to the pipe section of Problem 4-7, compute the pressure as-

suming that the valve is wide open.

A 31.5% hydrochloric acid solution is pumped from one storage tank to another. The
power input to the pump is 2 kW and is 50% efficient. The pipe is plastic PVC pipe with
an internal diameter of 50 mm. At a certain time the liquid level in the first tank is 4.1 m
above the pipe outlet. Because of an accident, the pipe is severed between the pump and
the second tank, at a point 2.1 m below the pipe outlet of the first tank. This point is 27 m
in equivalent pipe length from the first tank. Compute the flow rate (in kg/s) from the leak.
The viscosity of the solution is 1.8 X 1073 kg/m s, and the density is 1600 kg/m?>.

The morning inspection of the tank farm finds a leak in the turpentine tank. The leak is
repaired. Aninvestigation finds that the leak was 0.1 in in diameter and 7 ft above the tank
bottom. Records show that the turpentine level in the tank was 17.3 ft before the leak oc-
curred and 13.0 ft after the leak was repaired. The tank diameter is 15 ft. Determine (a) the
total amount of turpentine spilled, (b) the maximum spill rate, and (c) the total time the
leak was active. The density of turpentine at these conditions is 55 Ib/ft’.

Compute the pressure in the pipe at the location shown on Figure 4-17. The flow rate
through the pipe is 10,000 L/hr. The pipe is commercial steel pipe with an internal di-
ameter of 50 mm. The liquid in the pipe is crude oil with a density of 928 kg/m* and a vis-
cosity of 0.004 kg/m s. The tank is vented to the atmosphere.

Vent
T m
= = bﬂd
A~

10,000

liters ___)éJ

per
Hour \
Leak Occurs Here

Figure 4-17 Process configuration for Problem 4-11.

Bm—l




164

4-12.

4-13.

4-14.

4-15.

4-16.

Chapter 4 « Source Models

T~ 50 mm ID Pipe Figure 4-18 Tank draining pro-
cess for Problem 4-12.

A tank with a drain pipe is shown in Figure 4-18. The tank contains crude oil, and there
is concern that the drain pipe might shear off below the tank, allowing the tank contents
to leak out.
a. If the drain pipe shears 2 meters below the tank, and the oil level is 7 m at the time,
estimate the initial mass flow rate of material out of the drain pipe.
b. If the pipe shears off at the tank bottom, leaving a 50-mm hole, estimate the initial
mass flow rate.
The crude oil has a density of 928 kg/m’ and a viscosity of 0.004 kg/m s.
A cylinder in the laboratory contains nitrogen at 2200 psia. If the cylinder falls and the
valve is sheared off, estimate the initial mass flow rate of nitrogen from the tank. Assume
a hole diameter of 0.5 in. What is the force created by the jet of nitrogen?
A laboratory apparatus uses nitrogen at 250 psig. The nitrogen is supplied from a cylinder,
through a regulator, to the apparatus through 15 ft of 0.25-in (internal diameter) drawn-
copper tubing. If the tubing separates from the apparatus, estimate the flow of nitrogen
from the tubing. The nitrogen in the tank is at 75°F.
Steam is supplied to the heating coils of a reactor vessel at 125 psig, saturated. The coils
are 0.5-in schedule 80 pipe (internal diameter = 0.546 in). The steam is supplied from a
main header through similar pipe with an equivalent length of 53 ft. The heating coils con-
sist of 20 ft of the pipe wound in a coil within the reactor.

If the heating coil pipe shears accidently, the reactor vessel will be exposed to the
full 125-psig pressure of the steam, exceeding the vessel’s pressure rating. As a result, the
reactor must be equipped with a relief system to discharge the steam in the event of a coil
shear. Compute the maximum mass flow rate of steam from the sheared coils using two
approaches:

a. Assuming the leak in the coil is represented by an orifice.

b. Assuming adiabatic flow through the pipe.

A home hot water heater contains 40 gal of water. Because of a failure of the heat con-
trol, heat is continuously applied to the water in the tank, increasing the temperature and
pressure. Unfortunately, the relief valve is clogged and the pressure rises past the maxi-
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4-17.

4-18.

4-19.

mum pressure of the vessel. At 250 psig the tank ruptures. Estimate the quantity of wa-
ter flashed.

Calculate the mass flux (kg/m?s) for the following tank leaks given that the storage pres-
sure is equal to the vapor pressure at 25°C:

Heat of Heat
Toxic Pressure vaporization Vig capacity
material (Pa) (J/kg) (m%kg) (J/kg K)
a. Propane 0.95 x 10° 333 x10° 0.048 2.23 X 10°
b. Ammonia 1% 108 1.17 x 108 0.127 4.49 x 10°
¢. Methyl chloride 0.56 % 10° 3.75 X 10° 0.077 1.5 x 10°
d. Sulfur dioxide 0.39 x 10° 3.56 x 10° 0.09 1.36 X 10°

Large storage tanks need a breather vent (technically called a conservation vent) to al-
low air to move into and out of the tank as a result of temperature and pressure changes
and a change in the tank liquid level. Unfortunately, these vents also allow volatile ma-
terials to escape, resulting in potential worker exposures.

An expression that can be used to estimate the volatile emission rate in a storage
tank resulting from a single change in temperature is given by

MP?V ( Ty )
m=———-1]1
RTy \Tp
where m is the total mass of volatile released, M is the molecular weight of the volatile,
P s the saturation vapor pressure of the liquid, V,, is the vapor volume of the tank, R,
is the ideal gas constant, 77 is the initial low absolute temperature, and Ty is the final ab-
solute temperature.
A storage tank is 15 m in diameter and 10 m tall. It is currently half full of toluene

(M =92, P* = 36.4 mm Hg). If the temperature changes from 4°C to 30°C over a period
of 12 hr,
a. Derive the equation for m.
b. Estimate the rate of emission of toluene (in kg/s).
¢. If a worker is standing near the vent, estimate the concentration (in ppm) of toluene

in the air. Use an average temperature and an effective ventilation rate of 3000 ft*/min.

Is the worker overexposed?
A tank 100 ft in diameter and 20 ft tall is filled with crude oil to within 2 ft of the top of
the tank. One accident scenario is that a 6-in-diameter line connected to the bottom of
the tank might break loose from the tank, allowing crude oil to drain out. If a 30-min
emergency response time is required to stop the leak, estimate the maximum amount of
crude oil (in gallons) leaked. The tank is vented to the atmosphere, and the specific grav-
ity of crude oil is 0.9.
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One accident mitigation procedure is called emergency material transfer, in which the
material is transported away from the accident site before it becomes involved. We plan
on mitigating a crude oil tank fire scenario by pumping the tank empty in 1 hr total time.

The crude oil storage tank is 30 m in diameter, and the crude oil is typically at a
level of 9 m.

The transfer will be accomplished by pumping the crude oil through a 200-mm (in-
ternal diameter) commercial steel pipe to another tank 40 m in diameter and 10 m high.
The pipeline represents 50 m of equivalent pipe.

a. Estimate the minimum pump size (in HP) required to pump the entire tank empty in
1 hr. Assume a pump efficiency of 80%.

b. If a 100-HP pump (80% efficient) is available, how long will it take to empty the tank?

¢. What conclusions can be drawn about the viability of this approach?

The density of the crude oil is 928 kg/m? with a viscosity of 0.004 kg/m s.

A storage tank contains water contaminated with a small quantity of a soluble hazardous

waste material. The tank is 3 m in diameter and 6 m high. At the current time the liquid

height is within 1 m of the top of the tank.

a. If a 3-cm (internal diameter) feed pipe at the bottom of the tank breaks off, how much
liquid (in m?) is spilled if an emergency response procedure requires 30 min to stop
the flow?

b. What is the final liquid level (in m)?

¢. What is the maximum spill rate of liquid (in kg/s)?

Assume that the tank is vented.

A 3-cm (internal diameter) pipe has broken off of a 1-ton pig (or tank) of nitrogen. Es-

timate the maximum mass flow rate (in kg/s) of the gas if the initial pressure in the tank

is 800 kPa gauge. The temperature is 25°C, and the ambient pressure is 1 atm.

A storage tank is vented to the atmosphere. If a hole develops in the tank, the liquid level

Ay is given by the following differential equation:

LA\ ogh,
- L»

dt A,

where A, is the liquid level height above the leak, C, is the constant discharge coefficient

(= 0.61), A is the cross-sectional area of the leak, A, is the cross-sectional area of the

tank, and g is the acceleration due to gravity.

a. Integrate the equation to determine an expression for the liquid level height as a func-
tion of time. Assume an initial liquid level above the leak of A7.

b. What is the driving force that pushes the water out of the hole in the tank?

¢. If the cross-sectional area of the tank is increased, does the liquid level change faster,
slower, or the same?

d. If the liquid level is increased, does the liquid level change faster, slower, or the same?
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4-26.
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e. A cylindrical tank 10 ft high and 20 ft in diameter is used to store water. The liquid
level in the tank is initially at 7 ft. If a 1-in puncture occurs 2 ft off the bottom of the
tank, how long will it take for the water to drain down to the leak? What is the total
amount of liquid (in gallons) discharged?

f. What would be the significance of the leak if the liquid were flammable? toxic?

Use a mechanical energy balance to show that the pump work required to pump a liquid

through a pipe from one tank to another is given by

B 2fLm’ 32fLir’

gdp A2 g dp”

where W is the work input to the pump, fis the Fanning friction factor, L is the length of
the pipe, 1 is the mass flow rate, d is the diameter of the pipe, p is the density of the lig-
uid, and A is the cross-sectional area of the pipe. Be sure to list clearly your assumptions!
In Example 4-5 the maximum flow through the nitrogen line was determined in order to
size the relief device.

An important concept in process safety is inherent safety. This means that the pro-
cess is designed in such a fashion as to prevent hazards from resulting in an accident.

Suppose that the reactor of Example 4-5 is equipped with a relief device capable of
relieving nitrogen from the reactor vessel at the rate of 0.5 lb,,/s. This is not enough to
prevent overpressuring of the reactor in the event of a regulator failure. One inherently
safer design method is to install an orifice in the nitrogen supply line to limit the flow of
nitrogen.

a. Calculate the orifice diameter required to reduce the flow from the nitrogen line to
0.5 Iby/s.

b. What new safety or operational problems might arise as a result of installing the
orifice?

A 10-m-diameter round tank sits on the ground within a 20-m-square diked area. The

tank contains a hazardous material dissolved in mostly water. The tank is vented to the

atmosphere.

A leak occurred in the tank because a 0.1-m-diameter pipe located 1 m above the
bottom of the tank was accidentally disconnected. By the time the liquid flow was
stopped, the liquid level in the diked area had reached a height of 0.79 m.

a. Estimate the total amount of liquid spilled (in m® and in kg).

b. If the liquid level in the tank at the end of the spill was 8.5 m above the tank bottom,
estimate the length of time for the leak.

¢. What was the original liquid level in the tank?

a. Show that for any pump the maximum liquid discharge velocity is given by

3 2g W,
pA "’
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where u is the maximum liquid discharge velocity, W; is the pump shaft work, p is the
density of the liquid, and A is the pump outlet discharge area. Make sure you list your
assumptions in your solution.

b. A 1-kW pump discharges water through a 50-mm (internal diameter) pump outlet.
What is the maximum velocity of the liquid from this pump? What is the maximum
discharge rate (in kg/s)?

Consider an oil well drilled to a depth of 1000 ft and connected to the surface with 4-in
(internal diameter) commercial steel pipe. If the pressure in the well reservoir is a con-
stant 500 psig, what is the expected flow rate of liquid oil (in barrels per day) at the sur-
face if the surface pipe is open to the atmosphere? Assume 1000 ft of equivalent pipe and
no gas flow with the oil. The specific gravity of the oil is 0.93, and its viscosity is 0.4 cen-
tipoise. Make sure that you clearly state and justify any assumptions! Remember, an oil
barrel is 42 gal.

Pumps can be blocked in by closing valves on the inlet and outlet sides of the pump. This

can lead to a rapid increase in the temperature of the liquid blocked inside the pump.

A pump contains 4 kg of water. If the pump is rated at 1 HP, what is the maximum
temperature increase expected in the water in °C/hr? Assume a constant heat capacity
for the water of 1 kcal/kg®C. What will happen if the pump continues to operate?

Calculate the number of liters per year of liquid that can be transported through the fol-

lowing pipe sizes, assuming a constant liquid velocity of 1 m/s:

a. 3 cm internal diameter.

b. 5 cm internal diameter.

¢. 25 cm internal diameter.

d. 50 cm internal diameter.

Comment on the magnitude of the result and the necessity for large pipe sizes in a chemi-

cal plant.

Calculate the number of kilograms per year of ideal gas that can be transported through

the following pipe sizes, assuming a gas velocity of 3 m/s, a pressure of 689 kPa gauge, a

temperature of 25°C, and a molecular weight of 44:

a. 3 cm internal diameter.

b. 5 cm internal diameter.

¢. 25 cm internal diameter.

d. 50 cm internal diameter.

Comment on the magnitude of the result and the necessity for large pipe sizes in a chemi-

cal plant.

The strip chart in Figure 4-19 displays the history of a leak in a storage tank. No other

pumping or filling operations occur during this time. The tank is 10 m high and 10 m in

diameter, and it contains a liquid with a specific gravity of 0.9.

a. When did the leak start, and about how long did it last?

b. At what height is the leak?

¢. What is the total quantity (in kg) leaked?
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Figure 4-19 Strip chart data for Problem 4-32.

d. Estimate the maximum discharge rate of the fluid (in kg/s).

e. Estimate the leak hole diameter (in cm).

A storage vessel containing carbon tetrachloride (CCl,) is contained within a diked area

with dimensions of 10 m X 10 m. The storage tank is in a horizontal bullet configuration

with legs to raise the vessel well above the dike floor. The temperature of the liquid is

35°C, and the ambient pressure is 1 atm. The atomic weight of chlorine is 35.4.

a. What spill rate (in kg/s) from the storage vessel is required to completely fill the floor
of the dike with liquid?

b. If one of the accident scenarios for this vessel results in a leak with a discharge rate of
1 kg/s, estimate the CCl, vapor concentration near the vessel (in ppm), assuming an
effective ventilation rate for the outdoors of 3000 ft*/min.

Show that for a spherical storage vessel containing liquid at an initial height &, the time

for the liquid to drain from a hole in the bottom of the sphere is given by

3
vartuo( - 2n)
= y

3AC, Vg
where D is the inside diameter of the sphere, A is the area of the hole, C, is the discharge
coefficient, and g is the acceleration due to gravity.
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4-35. Estimate the vaporization rate resulting from heating from the ground at 10 s after the
instantaneous spill of 1500 m* of liquefied natural gas (LNG) into a rectangular concrete
dike of dimensions 7 m by 10 m. You will need the following data:

Thermal diffusivity of soil: 4.16 X 1077 m%s
Thermal conductivity of soil: 0.92 W/ m K
Temperature of liquid pool: 109 K

Temperature of soil: 293 K

Heat of vaporization of pool: 498 kJ/kg at 109 K



CHAPTER 5

Toxic Release and Dispersion Models

D uring an accident, process equipment can release
toxic materials quickly and in significant enough quantities to spread in dangerous clouds
throughout a plant site and the local community. A few examples are explosive rupture of a pro-
cess vessel as a result of excessive pressure caused by a runaway reaction, rupture of a pipeline
containing toxic materials at high pressure, rupture of a tank containing toxic material stored
above its atmospheric boiling point, and rupture of a train or truck transportation tank follow-
ing an accident.

Serious accidents (such as Bhopal) emphasize the importance of planning for emergencies
and of designing plants to minimize the occurrence and consequences of a toxic release. Toxic
release models are routinely used to estimate the effects of a release on the plant and commu-
nity environments.

An excellent safety program strives to identify problems before they occur. Chemical en-
gineers must understand all aspects of toxic release to prevent the existence of release situa-
tions and to reduce the impact of a release if one occurs. This requires a toxic release model.

Toxic release and dispersion models are an important part of the consequence modeling
procedure shown in Figure 4-1. The toxic release model represents the first three steps in the
consequence modeling procedure. These steps are

1. identifying the release incident (what process situations can lead to a release? This was
described in sections 4-9 and 4-10),

2. developing a source model to describe how materials are released and the rate of release
(this was detailed in chapter 4), and

3. estimating the downwind concentrations of the toxic material using a dispersion model
(once the downwind concentrations are known, several criteria are available to estimate
the impact or effect, as discussed in section 5-4).

171
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Various options are available, based on the predictions of the toxic release model, for ex-
ample, (1) developing an emergency response plan with the surrounding community, (2) de-
veloping engineering modifications to eliminate the source of the release, (3) enclosing the
potential release and adding appropriate vent scrubbers or other vapor removal equipment,
(4) reducing inventories of hazardous materials to reduce the quantity released, and (5) adding
area monitors to detect incipient leaks and providing block valves and engineering controls to
eliminate hazardous levels of spills and leaks. These options are discussed in more detail in sec-
tion 5-6 on release mitigation.

5-1 Parameters Affecting Dispersion

Dispersion models describe the airborne transport of toxic materials away from the accident site
and into the plant and community. After a release the airborne toxic material is carried away
by the wind in a characteristic plume, as shown in Figure 5-1, or a puff, as shown in Figure 5-2.
The maximum concentration of toxic material occurs at the release point (which may not be at
ground level). Concentrations downwind are less, because of turbulent mixing and dispersion
of the toxic substance with air.

A wide variety of parameters affect atmospheric dispersion of toxic materials:

e wind speed,

e atmospheric stability,

¢ ground conditions (buildings, water, trees),

* height of the release above ground level,

¢ momentum and buoyancy of the initial material released.

As the wind speed increases, the plume in Figure 5-1 becomes longer and narrower; the
substance is carried downwind faster but is diluted faster by a larger quantity of air.

Atmospheric stability relates to vertical mixing of the air. During the day, the air temper-
ature decreases rapidly with height, encouraging vertical motions. At night the temperature de-
crease is less, resulting in less vertical motion. Temperature profiles for day and night situations
are shown in Figure 5-3. Sometimes an inversion occurs. During an inversion, the temperature
increases with height, resulting in minimal vertical motion. This most often occurs at night be-
cause the ground cools rapidly as a result of thermal radiation.

Atmospheric stability is classified according to three stability classes: unstable, neutral,
and stable. For unstable atmospheric conditions the sun heats the ground faster than the heat
can be removed so that the air temperature near the ground is higher than the air temperature
at higher elevations, as might be observed in the early morning hours. This results in unstable
stability because air of lower density is below air of greater density. This influence of buoyancy
enhances atmospheric mechanical turbulence. For neutral stability the air above the ground
warms and the wind speed increases, reducing the effect of solar energy input, or insolation. The
air temperature difference does not influence atmospheric mechanical turbulence. For stable
atmospheric conditions the sun cannot heat the ground as fast as the ground cools; therefore
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Figure 5-3 Air temperature as a function of aititude for day and night conditions. The tempera-
ture gradient affects the vertical air motion. Adapted from D. Bruce Turner, Workbook of Atmo-
spheric Dispersion Estimates (Cincinnati: US Department of Health, Education, and Weilfare,

1970), p. 1.

the temperature near the groundislower than the air temperature at higher elevations. This con-
dition is stable because the air of higher density is below air of lower density. The influence of
buoyancy suppresses mechanical turbulence.

Ground conditions affect the mechanical mixing at the surface and the wind profile with
height. Trees and buildings increase mixing, whereas lakes and open areas decrease it. Fig-
ure 5-4 shows the change in wind speed versus height for a variety of surface conditions.
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Figure 5-4 Effect of ground conditions on vertical wind gradient. Adapted from D. Bruce
Turner, Workbook of Atmospheric Dispersion Estimates, (Cincinnati: US Department of Health,

Education, and Weifare, 1970), p. 2.
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Continuous release source
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As release height increases, this distance
increases. The increased distance leads to
greater dispersion and a lower concentration
at ground level.

Figure 5-5 Increased release height decreases the ground concentration.

The release height significantly affects ground-level concentrations. As the release height
increases, ground-level concentrations are reduced because the plume must disperse a greater
distance vertically. This is shown in Figure 5-5.

The buoyancy and momentum of the material released change the effective height of the
release. Figure 5-6 demonstrates these effects. The momentum of a high-velocity jet will carry
the gas higher than the point of release, resulting in a much higher effective release height. If
the gas has a density less than air, the released gas will initially be positively buoyant and will
lift upward. If the gas has a density greater than air, then the released gas will initially be neg-
atively buoyant and will slump toward the ground. The temperature and molecular weight of
the released gas determine the gas density relative to that of air (with a molecular weight of
28.97). For all gases, as the gas travels downwind and is mixed with fresh air, a point will even-
tually be reached where the gas has been diluted adequately to be considered neutrally buoy-
ant. At this point the dispersion is dominated by ambient turbulence.

5-2 Neutrally Buoyant Dispersion Models

Neutrally buoyant dispersion models are used to estimate the concentrations downwind of a
release in which the gas is mixed with fresh air to the point that the resulting mixture is neu-
trally buoyant. Thus these models apply to gases at low concentrations, typically in the parts per
million range.

Two types of neutrally buoyant vapor cloud dispersion models are commonly used: the
plume and the puff models. The plume model describes the steady-state concentration of ma-
terial released from a continuous source. The puff model describes the temporal concentration
of material from a single release of a fixed amount of material. The distinction between the two



5-2 Neutrally Buoyant Dispersion Models 177

Initial acceleration

and dilution
————
~
~
~ ~ .
~ Wind s
-~ ~ — > - -
Dominance of T Domi f
internal buoyancy Ogi?;gﬁf °©
o turbulence
~
~
~
~
~
~
AN
AN
AN
AN
AN
\ ~
| /
Release source Transition from dominance of

internal buoyancy to
dominance of ambient turbulence

Figure 5-6 The initial acceleration and buoyancy of the released material affects the plume
character. The dispersion models discussed in this chapter represent only ambient turbulence.
Adapted from Steven R. Hanna and Peter J. Drivas, Guidelines for Use of Vapor Cloud Dispersion
Models (New York: American Institute of Chemical Engineers, 1987), p. 6.

models is shown graphically in Figures 5-1 and 5-2. For the plume model a typical example is the
continuous release of gases from a smokestack. A steady-state plume is formed downwind from
the smokestack. For the puff model a typical example is the sudden release of a fixed amount of
material because of the rupture of a storage vessel. A large vapor cloud is formed that moves
away from the rupture point.

The puff model can be used to describe a plume; a plume is simply the release of contin-
uous puffs. However, if steady-state plume information is all that is required, the plume model
is recommended because it is easier to use. For studies involving dynamic plumes (for instance,
the effect on a plume of a change in wind direction), the puff model must be used.

Consider the instantaneous release of a fixed mass of material, Q7 into an infinite ex-
panse of air (a ground surface will be added later). The coordinate system is fixed at the source.
Assuming no reaction or molecular diffusion, the concentration C of material resulting from
this release is given by the advection equation

aC d
i O =0 (5-1)

where u; is the velocity of the air and the subscript j represents the summation over all coordi-
nate directions x, y, and z. If the velocity u; in Equation 5-1is set equal to the average wind ve-
locity and the equation is solved, we would find that the material disperses much faster than
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predicted. This is due to turbulence in the velocity field. If we could specify the wind velocity
exactly with time and position, including the effects resulting from turbulence, Equation 5-1
would predict the correct concentration. Unfortunately, no models are currently available to
adequately describe turbulence. As a result, an approximation is used. Let the velocity be rep-
resented by an average (or mean) and stochastic quantity

w; = uy) + uj, (5-2)
where
{u) is the average velocity and
u} is the stochastic fluctuation resulting from turbulence.
It follows that the concentration C will also fluctuate as a result of the velocity field; so
C=C+C, (5-3)

where

(C) is the mean concentration and
C’ is the stochastic fluctuation.

Because the fluctuations in both C and u; are around the average or mean values, it follows that

{Ch=0. (5-4)
Substituting Equations 5-2 and 5-3 into Equation 5-1 and averaging the result over time yields

28 (w0 + e =0 (5-5)
at ax; ! ax;" ’

/
The terms (4)C' and u}(C) are zero when averaged ((u)C’) = (u)(C") = 0), but the turbulent
flux term (u;C’) is not necessarily zero and remains in the equation.

An additional equation is required to describe the turbulent flux. The usual approach is
to define an eddy diffusivity K; (with units of area/time) such that

@C = —K,—~. (5-6)
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Substituting Equation 5-6 into Equation 5-5 yields

{C) 9 d (C)
—81 + 8_( u/-><C>) = —<Kj— . (5-7)
X; 9x; 9x;
If the atmosphere is assumed to be incompressible, then
o(u;)
Wy, (5-8)
9x;
and Equation 5-7 becomes
3(C) G _ 9 < a<c>>
— + =— K; . -
a ax;  ax;\ 7 ox; (5-9)

Equation 5-9 together with appropriate boundary and initial conditions forms the fun-
damental basis for dispersion modeling. This equation will be solved for a variety of cases.

The coordinate system used for the dispersion models is shown in Figures 5-7 and 5-8.
The x axis is the centerline directly downwind from the release point and is rotated for differ-
ent wind directions. The y axis is the distance off the centerline, and the z axis is the elevation

Z

Continuous Release of Material

at Rate Qm Occurs Here

Y

Wind Direction \
with

Wind Speed, u X

Figure 5-7 Steady-state continuous point source release with wind. Note the coordinate sys-
tem: x is downwind direction, y is off-wind direction, and z is vertical direction.
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z
Wind Direction
Wind Speed, u
initial Puff at t = Q
/ Puff Moves Downwind at
Velocity u
y
Instantaneous Release of \\
Material Q}n'\‘ , Occurs Puff at t = fl
z
Here at t = 0 X /

._>.y

X

Concentrations Are Equal on Both ""Rough’” Surfaces

Figure 5-8 Puff with wind. After the initial instantaneous release, the puff moves with the wind.

above the release point. The point (x, y, z) = (0, 0, 0) is at the release point. The coordinates
(x, y, 0) are level with the release point, and the coordinates (x, 0, 0) are along the centerline,

or x axis.

Case 1: Steady-State Continuous Point Release with No Wind
The applicable conditions are

* constant mass release rate (Q,, = constant),

e no wind ((u;) = 0),

e steady state (9(CYat = 0), and

* constant eddy diffusivity (K; = K* in all directions).

For this case Equation 5-9 reduces to the form

HCy Oy FHC)
s to o t—7 =0 (5-10)
dx oy 4z

Equation 5-10 is more tractable by defining a radius as r* = x* + y* + z2. Transforming Equa-
tion 5-10 in terms of r yields

d 2d<C>)_
dr<r ) =0 (5-11)
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For a continuous steady-state release the concentration flux at any point r from the origin must
equal the release rate Q,, (with units of mass/time}). This is represented mathematically by the
following flux boundary condition:

d(C)
— 2k -
dmr’K* === Oy, (5-12)

The remaining boundary condition is
As r — oo, C)y—>0. (5-13)

Equation 5-12 is separated and integrated between any point r and r = co:

0 00
On J dr
dcy = — —. 5-14
Jc, =Kk 7 (5-14)
Solving Equation 5-14 for (C) yields
_ On
) = 4 (5-15)

It is easy to verify by substitution that Equation 5-15 is also a solution to Equation 5-11 and
thus a solution to this case. Equation 5-15 is transformed to rectangular coordinates to yield

On
Cyx,y,2) = .
. y.2) 4TK*Vx? + yr + 72

(5-16)

Case 2: Puff with No Wind

The applicable conditions are

» puff release, that is, instantaneous release of a fixed mass of material Q} (with units of
mass),

* no wind ({u;) = 0), and

* constant eddy diffusivity (K; = K* in all directions).

Equation 5-9 reduces for this case to

1 3¢y FO) G O
[ el + + . 5-17
4 K* o ox*  ay* a7 (>-17)
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The initial condition required to solve Equation 5-17 is
Cy(x,y,2,t) =0 att=0. (5-18)

The solution to Equation 5-17 in spherical coordinates! is

C O (— a ) 5-19
<><r’Z)_8(7TK*Z)3/2exp 4K*Z B (' )

and in rectangular coordinates it is
* X2 4 24 2
Q222 ) s

<C><x’ Y9 Zs t) = 8 4K*t

2 a5 ¢
(WK*I):HZ

Case 3: Non-Steady-State Continuous Point Release with No Wind

The applicable conditions are

 constant mass release rate (Q,, = constant),
* no wind ((u;) = 0), and
e constant eddy diffusivity (K; = K* in all directions).

For this case Equation 5-9 reduces to Equation 5-17 with the initial condition expressed by
Equation 5-18 and the boundary condition expressed by Equation 5-13. The solution is found
by integrating the instantaneous solution (Equation 5-19 or 5-20) with respect to time. The re-
sult in spherical coordinates? is

On r
= f 5-21
0 = oy e 77, ) o
and in rectangular coordinates it is
Qm A\ /x2 + y2 + Z2
Cy(x, y,2,1) = erfc( . (5-22)
( ) ArK*Vx? + y* + 22 2V K*t

As t — oo, Equations 5-21 and 5-22 reduce to the corresponding steady-state solutions
(Equations 5-15 and 5-16).

TH. S. Carslaw and J. C. Jaeger, Conduction of Heat in Solids (London: Oxford University Press, 1959),
p. 256.
2Carslaw and Jaeger, Conduction of Heat, p. 261.
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Case 4: Steady-State Continuous Point Source Release with Wind

This case is shown in Figure 5-7. The applicable conditions are
* continuous release (Q,, = constant),
* wind blowing in x direction only ((u;) = (u,) = u = constant), and
» constant eddy diffusivity (K; = K* in all directions).

For this case Equation 5-9 reduces to

u 9C) FC)  HC)  FHC)
- =5 Tt
K™ ax dx dy 0z

(5-23)

Equation 5-23 is solved together with boundary conditions expressed by Equations 5-12 and
5-13. The solution for the average concentration at any point? is

On T e e
<C>(x, ys Z) = 47TK*\/mexp _2K*( ‘xz + }’2 + Zz - x) . (5'24)

If a slender plume is assumed (the plume is long and slender and is not far removed from the
x axis), that is,

Vot (5-25)

then by using V1 + a = 1 + a/2, Equation 5-24 is simplified to

On U 5 }
= — + . -
(€)%, y,2) = g~ exp = (v + 7)) (5-26)
Along the centerline of this plume, y = z = 0, and
On
C = xm ;
) = 4 25 (5:27)

Case 5: Puff with No Wind and Eddy Diffusivity Is a Function of Direction

This case is the same as case 2 but with eddy diffusivity a function of direction. The ap-
plicable conditions are

* puff release (O = constant),
* no wind ((u;) = 0), and
e each coordinate direction has a different but constant eddy diffusivity (K, K,, and K).

3Carslaw and Jaeger, Conduction of Heat, p. 267.
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Equation 5-9 reduces to the following equation for this case:

3(C) 40 34C) 340
7=Kxaz+Kyaz+Kzaz. (5-28)
X y z
The solution is*
Q;:‘1 1 x2 y2 ZZ
C)(x, y,z,1) = exp| ——| —+ -+ (5-29)
8(mt)** VK K K, 4\K, K, K,

Case 6: Steady-State Continuous Point Source Release
with Wind and Eddy Diffusivity Is a Function of Direction

This case is the same as case 4 but with eddy diffusivity a function of direction. The ap-
plicable conditions are

¢ continuous release (Q,, = constant),

s steady-state ((C)at = 0),

* wind blowing in x direction only ((;) = (u,) = u = constant),

* ecach coordinate direction has a different but constant eddy diffusivity (K, K, and K ), and
s slender plume approximation (Equation 5-25).

Equation 5-9 reduces to

3(C) 34C) 34C) 34C)
u——=K,—5 +K,—5 +K,—— (5-30)
9x dx dy 9z
The solution is?
S22
Ox,y,2) = ——F—— —— =+ 5-31
Oy =42 KK, Pl ax\K, " K, (5-31)
Along the centerline of this plume, y = z = 0, and the average concentration is given by
= On (5-32)

O = VR

Case 7: Puff with Wind

This case is the same as case 5 but with wind. Figure 5-8 shows the geometry. The appli-
cable conditions are

* puff release (Q) = constant),
* wind blowing in x direction only () = (u,) = u = constant), and
e each coordinate direction has a different but constant eddy diffusivity (K,, K, and K,).

4Frank P. Lees, Loss Prevention in the Process Industries, 2d ed. (London: Butterworths, 1996), p. 15/106.
SLees, Loss Prevention, p. 15/107.
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The solution to this problem is found by a simple transformation of coordinates. The solution
to case 5 represents a puff fixed around the release point. If the puff moves with the wind along
the x axis, the solution to this case is found by replacing the existing coordinate x by a new
coordinate system, x — ut, that moves with the wind velocity. The variable ¢ is the time since the
release of the puff, and u is the wind velocity. The solution is simply Equation 5-29, trans-
formed into this new coordinate system:

On L[(x—w)? 2
(C>(X, Y, 2, t) = 8(7Tt)3/2\/m CXP{__{i + ? + ?:l} (5-33)

Case 8: Puff with No Wind and with Source on Ground

This case is the same as case 5 but with the source on the ground. The ground represents
an impervious boundary. As a result, the concentration is twice the concentration in case 5.
The solution is 2 times Equation 5-29:

v { : < R )}
» Y &Ky t) = |t — + — . 5'34
Clrrat) =Rk k. P w\x, Tk K (5-34)

Case 9: Steady-State Plume with Source on Ground

This case is the same as case 6 but with the release source on the ground; as shown in Fig-
ure 5-9. The ground represents an impervious boundary. As a result, the concentration is twice
the concentration in case 6. The solution is 2 times Equation 5-31:

O [ u(Y Z_zﬂ
Cx,y,2) = ZWX\/TKy exp{ 4x<Ky + k)| (5-35)

Continuous Release of Material

Q, at Origin

Wind Direction
with
Wind Speed, u

Figure 5-9 Steady-state plume with source at ground level. The concentration is twice the con-
centration of a plume without the ground.
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Case 10: Continuous Steady-State Source
with Source at Height H, above the Ground

For this case the ground acts as an impervious boundary at a distance H from the source.
The solution is®

O)x. v, 2) O ( uy? )
x,y,2) =————exp| —
R Y S ST "

X {exp{—‘”i:x(z - Hr)z} + exp|:—4;<:x(z + Hr)z}}' (5-36)

If H, = 0, Equation 5-36 reduces to Equation 5-35 for a source on the ground.

Pasquill-Gifford Model

Cases 1 through 10 all depend on the specification of a value for the eddy diffusivity K.
In general, K; changes with position, time, wind velocity, and prevailing weather conditions. Al-
though the eddy diffusivity approach is useful theoretically, it is not convenient experimentally
and does not provide a useful framework for correlation.

Sutton? solved this difficulty by proposing the following definition for a dispersion
coefficient:

7% = R, (537

with similiar expressions given for o, and o,,. The dispersion coefficients o, o, and o, represent
the standard deviations of the concentration in the downwind, crosswind, and vertical (x, y, )
directions, respectively. Values for the dispersion coefficients are much easier to obtain experi-
mentally than eddy diffusivities.

The dispersion coefficients are a function of atmospheric conditions and the distance
downwind from the release. The atmospheric conditions are classified according to six differ-
ent stability classes, shown in Table 5-1. The stability classes depend on wind speed and quan-
tity of sunlight. During the day, increased wind speed results in greater atmospheric stability,
whereas at night the reverse is true. This is due to a change in vertical temperature profiles from
day to night.

The dispersion coefficients o, and o, for a continuous source are given in Figures 5-10 and
5-11, with the corresponding correlations given in Table 5-2. Values for o, are not provided

6Lees, Loss Prevention, p. 15/107.
70. G. Sutton, Micrometeorology (New York: McGraw-Hill, 1953), p. 286.
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Table 5-1 Atmospheric Stability Classes for Use
with the Pasquill-Gifford Dispersion Model 12

Nighttime conditions+

Surface Daytime insolation? Thin overcast
wind speed or >4/8 =3/8
(m/s) Strong Moderate Slight low cloud cloudiness
<2 A A-B B F> F>
2-3 A-B B C E F
3-4 B B-C C D¢ E
4-6 C C-D D¢ D¢ D¢
>6 C D¢ D¢ D¢ D¢
Stability classes:

A, extremely unstable

B, moderately unstable

C, slightly stable

D, neutrally stable

E, slightly stable

F, moderately stable
'F. A. Gifford, “Use of Routine Meteorological Observations for Estimating Atmospheric Dispersion,” Nuclear
Safety (1961), 2(4): 47.
2F. A. Gifford, “Turbulent Diffusion-Typing Schemes: A Review,” Nuclear Safety (1976), 17(1): 68.
3Strong insolation corresponds to a sunny midday in midsummer in England. Slight insolation to similar condi-
tions in midwinter.
4Night refers to the period 1 hour before sunset and 1 hour after dawn.
5These values are filled in to complete the table.
The neutral category D should be used, regardless of wind speed, for overcast conditions during day or night and
for any sky conditions during the hour before or after sunset or sunrise, respectively.

10* 10*
A
1 03 Ba % 1 03 /” q B
z E z 1 7 i
\E/ 102 PEetie® s72%d \E/ 102 w7 AP
> == bN = E
T === st
107 c 01 107 A A AT i
10° 10°
0.1 1 10 0.1 1 10
Distance downwind, km Distance downwind, km

Figure 5-10 Dispersion coefficients for Pasquill-Gifford plume model for rural releases.



188 Chapter 5 » Toxic Release and Dispersion Models

104 10* = AB
3 lx c
103 i " == 0
—_ D —_ ',/,’ - E-F
= —Zardwl T E g | =t
> Vi o = —
102 T T
7 1 W P
A 10" ==
o v.a
" //
10! 100
0.1 1 10 0.1 1 10
Distance downwind, km Distance downwind, km

Figure 5-11 Dispersion coefficients for Pasquill-Gifford plume model for urban releases.

Table 5-2 Recommended Equations for Pasquill-Gifford Dispersion Coefficients
for Plume Dispersion12 (the downwind distance x has units of meters)

Pasquill-Gifford

stability class o, (m) o,(m)
Rural conditions
A 0.22x(1 + 0.0001x)™2 0.20x
B 0.16x(1 + 0.0001x)~"? 0.12x
C 0.11x(1 + 0.0001x) "2 0.08x(1 + 0.0002x) "
D 0.08x(1 + 0.0001x) "7 0.06x(1 + 0.0015x)~'"?
E 0.06x(1 + 0.0001x) "2 0.03x(1 + 0.0003x) !
F 0.04x(1 + 0.0001x) 0.016x(1 + 0.0003x) !
Urban conditions
A-B 0.32x(1 + 0.0004x) " 0.24x(1 + 0.0001x)*"?
D 0.22x(1 + 0.0004x) " . 0.20x
D 0.16x(1 + 0.0004x)"12 0.14x(1 + 0.0003x) "2
E-F 0.11x(1 + 0.0004x) ™" 0.08x(1 + 0.0015x) "

A-F are defined in Table 5-1.

IR, F. Griffiths, “Errors in the Use of the Briggs Parameterization for Atmospheric Dispersion Coefficients,” Atmo-
spheric Environment (1994), 28(17): 2861-2865.

2G. A. Briggs, Diffusion Estimation for Small Emissions, Report ATDL-106 (Washington, DC: Air Resources, Atmo-
spheric Turbulence, and Diffusion Laboratory, Environmental Research Laboratories, 1974).
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Figure 5-12 Dispersion coefficients for Pasquill-Gifford puff model.

because it is reasonable to assume that o, = o,. The dispersion coefficients o, and o, for a puff
release are given in Figure 5-12 and the equations are provided in Table 5-3. The puff disper-
sion coefficients are based on limited data (shown in Table 5-2) and should not be considered

precise.

Table 5-3 Recommended Equations for Pasquill-
Gifford Dispersion Coefficients for Puff Dispersion!2
(the downwind distance x has units of meters)

Pasquill-Gifford o, (m)

stability class or o, (m) o, (m)
A 0.18x%% 0.60x%7
B 0.14x%% 0.53x%7
C 0.10x%% 0.34x"7
D 0.06x%% 0.15x%7
E 0.04x"2 0.10x%6°
F 0.02x%% 0.05x"6!

A-F are defined in Table 5-1.

IR.F. Griffiths, “Errors in the Use of the Briggs Parameterization for At-
mospheric Dispersion Coefficients,” Atmospheric Environment (1994),
28(17): 2861-2865.

2G. A. Briggs, Diffusion Estimation for Small Emissions, Report
ATDL-106 (Washington, DC: Air Resources, Atmospheric Turbulence,
and Diffusion Laboratory, Environmental Research Laboratories, 1974).
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The equations for cases 1 through 10 were rederived by Pasquill® using expressions of the
form of Equation 5-37. These equations along with the correlations for the dispersion coeffi-
cients are known as the Pasquill-Gifford model.

Case 11: Puff with Instantaneous Point Source at Ground Level,
Coordinates Fixed at Release Point, Constant Wind Only
in x Direction with Constant Velocity u

This case is identical to case 7. The solution has a form similar to Equation 5-33:

= { 1[()‘_”)2 - 22”
C ) = ———— ] + S5+ -
G . 2.1) V20 0,0, P12 oy o2 ol (5-38)

The ground-level concentration is given at z = 0:

= e el e |
<C>(X, Y Ov t) - \/2773/20'10'),0'1 exXp 2 o, + 0'2, . (5-39)

The ground-level concentration along the x axis is given aty = z = 0:

9 _l(x—“fﬂ i
(Cy(x,0,0,¢8) = VD exp[ 2\ o . (5-40)

The center of the cloud is found at coordinates (ut, 0, 0). The concentration at the center
of this moving cloud is given by

(Cy(ut,0,0,1) = L (5-41)

B 312 ’
V27¥e o o

The total integrated dose D4 received by an individual standing at fixed coordinates
(x, y, z) is the time integral of the concentration:

Dtid(xv Vs Z) = J <C>(X, Y Z7t) dat. (5'42)
0

8F. Pasquill, Atmospheric Diffusion (London: Van Nostrand, 1962).
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The total integrated dose at ground level is found by integrating Equation 5-39 according to
Equation 5-42. The result is

on ( 1 y2>
D, - - 4
tld(x7 ¥, 0) ﬂ_o_yo_zu €xp 2 0_3 (5 3)

The total integrated dose along the x axis on the ground is

On

7O \,O U

Dtid(x’ 0’ 0) = (5_44)

Frequently the cloud boundary defined by a fixed concentration is required. The line
connecting points of equal concentration around the cloud boundary is called an isopleth. For
a specified concentration (C)* the isopleths at ground level are determined by dividing the
equation for the centerline concentration (Equation 5-40) by the equation for the general
ground-level concentration (Equation 5-39). This equation is solved directly for y:

_ \/21H<M> (5-45
FTONT N oy 0n ) 43

The procedure is

1. Specify (C)*, u, and ¢.

2. Determine the concentrations (C(x, 0, 0, f) along the x axis using Equation 5-40. Define
the boundary of the cloud along the x axis.

3. Set (Cy(x, y, 0, 1) = (C)* in Equation 5-45, and determine the values of y at each center-
line point determined in step 2.

The procedure is repeated for each value of ¢ required.

Case 12: Plume with Continuous Steady-State Source at Ground Level
and Wind Moving in x Direction at Constant Velocity u

This case is identical to case 9. The solution has a form similar to Equation 5-35:

el 55
-=(5+5)| 5-46

Cy(x,y,2) = o




192 Chapter 5 ¢ Toxic Release and Dispersion Models

The ground-level concentration is given at z = 0:

Cy(x, y,0) = On exp{—%(fv—)z}. (5-47)

TO O U a,
The concentration along the centerline of the plume directly downwind is given at y = z = O:

On

7O T U

(C)(x,0,0) = (5-48)

The isopleths are found using a procedure identical to the isopleth procedure used for

case 11.
For continuous ground-level releases the maximum concentration occurs at the release

point.

Case 13: Plume with Continuous Steady-State Source at Height H, above
Ground Level and Wind Moving in x Direction at Constant Velocity u

This case is identical to case 10. The solution has a form similar to Equation 5-36:

€)(x,y,2) = -2778:;—1; exp[_%(a_yﬂ (5-49)
Aow| 3557 | rew[ 5557 1}

The ground-level concentration is found by setting z = O:

aor3(7) 35
= ~=l=) —=l—= | 5-50
(€)x. y.0) OO U XP| 73 a, 2\ o, (5-50)
The ground-level centerline concentrations are found by settingy = z = 0:
e 30
= == | -51
(€1(x,0,0) = =8 exp| ~3 (5-51)

The maximum ground-level concentration along the x axis (C);,,, is found using

Clmax = 20n (2> (5-52)

emuH?\ o,
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The distance downwind at which the maximum ground-level concentration occurs is found from

_.Hr
z_\/i'

o

(5-53)

The procedure for finding the maximum concentration and the downwind distance is to use
Equation 5-53 to determine the distance, followed by using Equation 5-52 to determine the
maximum concentration.

Case 14: Puff with Instantaneous Point Source at Height H, above Ground
Level and a Coordinate System on the Ground That Moves with the Puff

For this case the center of the puff is found at x = ut. The average concentration is given by

_ o Ly
C)(x.y.2.1) = mexp[—2<gy) }
Al A el |

The time dependence is achieved through the dispersion coefficients, because their values
change as the puff moves downwind from the release point. If wind is absent (x = 0), Equation
5-54 does not predict the correct result.

At ground level, z = 0, and the concentration is computed using

I
(C)(x, y,0,1) \/Zwalza'xa'ya'z €xp 2\, 2\ o, - (5-55)

The concentration along the ground at the centerline is given at y = z = 0:

m 1(H.\
(€)(x,0,0,1) = mexp[—z<7) :| (5-56)

=y

The total integrated dose at ground level is found by applying Equation 5-42 to Equation 5-55.
The result is

oz a(z) -3(5)]
Dtid(X,}’aO)—ﬂ_a_a_ueXP 2\, 2\, ) | (5-57)




194 Chapter 5 « Toxic Release and Dispersion Models

Case 15: Puff with Instantaneous Point Source at Height H, above Ground
Level and a Coordinate System Fixed on the Ground at the Release Point

For this case the result is obtained using a transformation of coordinates similar to the
transformation used for case 7. The result is

[Puff equations with moving coordinate
system (Equations 5-54 through 5-56)]

)
X exp —E pn y

where 1 is the time since the release of the puff.

(Cy(x, y,2,1) = (5-58)

Worst-Case Conditions

For a plume the highest concentration is always found at the release point. If the release
occurs above ground level, then the highest concentration on the ground is found at a point
downwind from the release.

For a puff the maximum concentration is always found at the puff center. For a release
above ground level the puff center will move parallel to the ground and the maximum concen-
tration on the ground will occur directly below the puff center. For a puff isopleth the isopleth
is close to circular as it moves downwind. The diameter of the isopleth increases initially as the
puff travels downwind, reaches a maximum, and then decreases in diameter.

If weather conditions are not known or are not specified, then certain assumptions can
be made to result in a worst-case result; that is, the highest concentration is estimated. The
weather conditions in the Pasquill-Gifford dispersion equations are included by means of the
dispersion coefficients and the wind speed. By examining the Pasguill-Gifford dispersion equa-
tions for estimating the concentrations, it is readily evident that the dispersion coefficients and
wind speed are in the denominator. Thus the maximum concentration is estimated by selecting
the weather conditions and wind speed that result in the smallest values of the dispersion co-
efficients and the wind speed. By inspecting Figures 5-10 through 5-12, we can see that the small-
est dispersion coefficients occur with F stability. Clearly, the wind speed cannot be zero, so a
finite value must be selected. The EPA? suggests that F stability can exist with wind speeds as
low as 1.5 m/s. Some risk analysts use a wind speed of 2 m/s. The assumptions used in the cal-
culation must be clearly stated.

Limitations to Pasquill-Gifford Dispersion Modeling

Pasquill-Gifford or Gaussian dispersion applies only to neutrally buoyant dispersion of
gases in which the turbulent mixing is the dominant feature of the dispersion. Itis typically valid
only for a distance of 0.1-10 km from the release point.

SEPA, RMP Offsite Consequence Analysis Guidance (Washington, DC: US Environmental Protection
Agency, 1996).



5-3 Dense Gas Dispersion 195

The concentrations predicted by the Gaussian models are time averages. Thusitis possible
for instantaneous local concentrations to exceed the average values predicted — this might be
important for emergency response. The models presented here assume a 10-minute time aver-
age. Actual instantaneous concentrations may vary by as much as a factor of 2 from the con-
centrations computed using Gaussian models.

5-3 Dense Gas Dispersion

A dense gas is defined as any gas whose density is greater than the density of the ambient air
through which it is being dispersed. This result can be due to a gas with a molecular weight
greater than that of air or a gas with a low temperature resulting from autorefrigeration dur-
ing release or other processes.

Following a typical puff release, a cloud having similar vertical and horizontal dimensions
(near the source) may form. The dense cloud slumps toward the ground under the influence of
gravity, increasing its diameter and reducing its height. Considerable initial dilution occurs be-
cause of the gravity-driven intrusion of the cloud into the ambient air. Subsequently the cloud
height increases because of further entrainment of air across both the vertical and the hori-
zontal interfaces. After sufficient dilution occurs, normal atmospheric turbulence predominates
over gravitational forces and typical Gaussian dispersion characteristics are exhibited.

The Britter and McQuaid ° model was developed by performing a dimensional analysis
and correlating existing data on dense cloud dispersion. The model is best suited for instanta-
neous or continuous ground-level releases of dense gases. The release is assumed to occur at
ambient temperature and without aerosol or liquid droplet formation. Atmospheric stability
was found to have little effect on the results and is not a part of the model. Most of the data came
from dispersion tests in remote rural areas on mostly flat terrain. Thus the results are not ap-
plicable to areas where terrain effects are significant.

The model requires a specification of the initial cloud volume, the initial plume volume
flux, the duration of release, and the initial gas density. Also required is the wind speed at a
height of 10 m, the distance downwind, and the ambient gas density.

The first step is to determine whether the dense gas model is applicable. The initial cloud
buoyancy is defined as

8o = 8(Po = Pa)/Pas (5-59)
where

g, is the initial buoyancy factor (length/time?),

g is the acceleration due to gravity (length/time?),

P, 1s the initial density of released material (mass/volume), and
p, is the density of ambient air (mass/volume).

10R. E. Britter and J. McQuaid, Workbook on the Dispersion of Dense Gases (Sheffield, United Kingdom:
Health and Safety Executive, 1988).
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A characteristic source dimension, dependent on the type of release, can also be defined. For

D, = (&y, (5-60)

continuous releases

u

where

D is the characteristic source dimension for continuous releases of dense gases (length),
g, 1s the initial plume volume flux for dense gas dispersion (volume/time), and
u is the wind speed at 10 m elevation (length/time).

For instantaneous releases the characteristic source dimension is defined as
D, =V, (5-61)
where

D, is the characteristic source dimension for instantaneous releases of dense gases
(length) and
V, is the initial volume of released dense gas material (length?).

The criteria for a sufficiently dense cloud to require a dense cloud representation are, for con-
tinuous releases,

1/3
(%%) =0.15 (5-62)
u C
and, for instantaneous releases,
OVO
‘ fD = 0.20. (5-63)

If these criteria are satisfied, then Figures 5-13 and 5-14 are used to estimate the downwind
concentrations. Tables 5-4 and 5-5 provide equations for the correlations in these figures.
The criteria for determining whether the release is continuous or instantaneous is calcu-
lated using the following group:
uR
—, (5-64)

X

where

R, is the release duration (time) and
x is the downwind distance in dimensional space (length).
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Table 5-4 Equations Used to Approximate the Curves in the
Britter-McQuaid Correlations Provided in Figure 5-13 for Plumes

Concentration

Valid range for

ratio _ 9§Qo>”5 _ x }
(CnlCo) * '°g( v £ =log (qiu™
0.1 a= —0.55 1.75
—055<a=-014 0.24a + 1.88
—0ld4<a=1 0.50a + 1.78
0.05 a = —0.68 1.92
—0.68 <a=—-0.29 0.36a + 2.16
029 < a= —0.18 2.06
—-018<a=1 —0.56a + 1.96
0.02 a=-0.69 2.08
—0.69 <a=—0.31 0.45a + 2.39
-03l <a=-0.16 2.25
—Ql6<a=1 —0.54a + 2.16
0.01 a=<—0.70 2.25
070 < a=-029 0.49« + 2.59
029 <a=-020 2.45
020 <a=1 —0.52a +2.35
0.005 a<= —0.67 2.40
—067T<a=-028 0.59a + 2.80
028 < a=-015 2.63
-015<a=1 —0.49« + 2.56
0.002 a= —0.69 2.6
0.002 —0.69 <a=-025 0.39« + 2.87
0.002 025 <a=-013 2.77
0.002 03 <a=1 —-0.50a + 2.71

If this group has a value greater than or equal to 2.5, then the dense gas release is considered con-
tinuous. If the group value is less than or equal to 0.6, then the release is considered instanta-
neous. If the value lies in-between, then the concentrations are calculated using both continu-
ous and instantaneous models and the maximum concentration result is selected.

For nonisothermal releases the Britter-McQuaid model recommends two slightly differ-
ent calculations. For the first calculation a correction term is applied to the initial concentra-
tion (see Example 5-3). For the second calculation heat addition is assumed at the source to
bring the source material to ambient temperature, which provides a limit to the effect of heat
transfer. For gases lighter than air (such as methane or liquefied natural gas) the second calcu-
lation might be meaningless. If the difference between the two calculations is small, then the
nonisothermal effects are assumed negligible. If the two calculations are within a factor of 2,
then the calculation providing the maximum, or most pessimistic, concentration is used. If the
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Table 5-5 Equations Used to Approximate the Curves in the
Britter-McQuaid Correlations Provided in Figure 5-14 for Puffs

Concentration

Valid range for

173\ 1/2
ratio _ <govo > _ < X >
a = lo =log{ —
(CalCo) Ny p=lo9 v
0.1 a < —0.44 0.70
—0.44 < =043 0.26c + 0.81
043 <a=1 0.93
0.05 a = —0.56 0.85
—0.56 <a =031 0.26a + 1.0
03l<a=10 —0.12a + 1.12
0.02 a < —0.66 0.95
—0.66 <a=032 036 + 1.19
032 <a=1 —-0.26a + 1.38
0.01 a=—-0.71 1.15
-0.71 < a =037 034 + 1.39
037 <a=1 —0.38x + 1.66
0.005 a=—0.52 1.48
-052<a=0.24 0.26c + 1.62
02U <a=1 0.30a + 1.75
0.002 o =0.27 1.83
027 <a=1 —0.32a + 1.92
0.001 a=—-0.10 2.075
-010<a=1 —0.27a + 2.05
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difference is very large (greater than a factor of 2), then the maximum, or most pessimistic, con-
centration is selected, but further investigation using more detailed methods (such as a com-
puter code) may be worthwhile.

The Britter-McQuaid model is a dimensional analysis technique, based on a correlation
developed from experimental data. However, the model is based only on data from flat rural
terrain and is applicable only to these types of releases. The model is also unable to account for
the effects of parameters such as release height, ground roughness, and wind speed profiles.

5-4 Toxic Effect Criteria

Once the dispersion calculations are completed, the question arises: What concentration is
considered dangerous? Concentrations based on TLV-TWA values, discussed in chapter 2, are
overly conservative and are designed for worker exposures, not short-term exposures under
emergency conditions.

One approach is to use the probit models developed in chapter 2. These models are also
capable of including the effects resulting from transient changes in toxic concentrations. Unfor-
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tunately, published correlations are available for only a few chemicals, and the data show wide
variations from the correlations.

One simplified approach is to specify a toxic concentration criterion above which it is as-
sumed that individuals exposed to this value will be in danger. This approach has led to many
criteria promulgated by several government agencies and private associations. Some of these
criteria and methods include

¢ emergency response planning guidelines (ERPGs) for air contaminants issued by the
American Industrial Hygiene Association (AIHA),

¢ IDLH levels established by NIOSH,

¢ emergency exposure guidance levels (EEGLs) and short-term public emergency guidance
levels (SPEGLs) issued by the National Academy of Sciences/National Research Council,

* TLVs established by the ACGIH, including short-term exposure limits (TLV-STELSs)
and ceiling concentrations (TLV-Cs),

¢ PELs promulgated by OSHA,

e toxicity dispersion (TXDS) methods used by the New Jersey Department of Environ-
mental Protection, and

¢ toxic endpoints promulgated by the EPA as part of the RMP.

These criteria and methods are based on a combination of results from animal experi-
ments, observations of long- and short-term human exposures, and expert judgment. The fol-
lowing paragraphs define these criteria and describe some of their features.

ERPGs are prepared by an industry task force and are published by the AIHA. Three
concentration ranges are provided as a consequence of exposure to a specific substance:

1. ERPG-1 is the maximum airborne concentration below which it is believed nearly all in-
dividuals could be exposed for up to 1 hr without experiencing effects other than mild
transient adverse health effects or perceiving a clearly defined objectionable odor.

2. ERPG-2 is the maximum airborne concentration below which it is believed nearly all in-
dividuals could be exposed for up to 1 hr without experiencing or developing irreversible
or other serious health effects or symptoms that could impair their abilities to take pro-
tective action.

3. ERPG-3 is the maximum airborne concentration below which i