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Introduction

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

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.”1 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
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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 Much more recently, “safety” has been replaced by “loss prevention.”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
occurs.

• Hazard: a chemical or physical condition that has the potential to cause damage to people,
property, or the environment.

• 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.

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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1-1 Safety Programs 3

Fundamentals
Experience

Time

You

Attitude

System

Figure 1-2 The ingredients of a success-
ful safety program.

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
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4 Chapter 1 • Introduction

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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1-3 Accident and Loss Statistics 5

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,
• 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 � 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:

(1-1)
OSHA incidence rate

(based on injuries
and illness)

�

Number of injuries and
illnesses � 200,000

Total hours worked by
all employees during

period covered.
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Table 1-2 Glossary of Terms Used by OSHA and 
Industry to Represent Work-Related Losses 1,2

Term Definition

First aid 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.

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

Lost workdays 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.

Medical treatment 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.

Occupational injury 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.

Occupational illness 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.

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

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

Recordable nonfatal Cases of occupational injury or illness that do not involve fatalities or lost 
cases without lost workdays but do result in (1) transfer to another job or termination of 
workdays 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.

Recordable lost workday Injuries that result in the injured person not being able to perform their 
cases due to restricted regular duties but being able to perform duties consistent with their 
duty normal work.

Recordable cases with Injuries that result in the injured person not being able to return to work 
days away from work on their next regular workday.

Recordable medical cases 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.

1Injury Facts, 1999 ed. (Chicago: National Safety Council, 1999), p. 151.
2OSHA regulations, 29 CFR 1904.12.
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1-3 Accident and Loss Statistics 7

An incidence rate can also be based on lost workdays instead of injuries and illnesses. For
this case

(1-2)

The definition of a lost workday is given in Table 1-2.
The OSHA incidence rate provides information on all 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 is used mostly by the British chemical industry. This statistic is 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 108 working hours.
The resulting equation is

(1-3)

The last method considered is the fatality rate or deaths per person per year. This system
is independent 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

(1-4)

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.

Fatality rate �

Number of
fatalities per year

Total number of people in
applicable population.

FAR �

Number of
fatalities � 108

Total hours worked by all
employees during period covered.

OSHA incidence rate
(based on lost

workdays)

�

Number of lost
workdays � 200,000

Total hours worked by
all employees during

period covered.

01-P1929  10/10/01  2:09 PM  Page 7



8 Chapter 1 • Introduction

Table 1-3 Accident Statistics for Selected Industries

OSHA incident rate 
(cases involving 
days away from FAR

work and deaths) (deaths)

Industry 1985 1 1998 2 1986 3 1990 4

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 4.53 0.89 10 3.7
Meat products 5.27 0.96
Trucking 7.28 2.10
All manufacturing 1.68 1.2

1Accident 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.

2T. A. Kletz, “Eliminating Potential Process Hazards,” Chemical Engineering (Apr. 1, 1985).

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

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.2

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

 � 4.8 � 10�5.

 Deaths per person per year � 18 hr/day 2 � 1300 days/yr 2 � 12 deaths/108 hr 2

01-P1929  10/10/01  2:09 PM  Page 8



1-3 Accident and Loss Statistics 9

Table 1-4 Fatality Statistics for Common Nonindustrial Activities 1,2

FAR Fatality rate 
(deaths /108 (deaths per 

Activity hours) person per year)

Voluntary activity
Staying at home 3
Traveling by

Car 57 17 � 10�5

Bicycle 96
Air 240
Motorcycle 660

Canoeing 1000
Rock climbing 4000 4 � 10�5

Smoking (20 cigarettes/day) 500 � 10�5

Involuntary activity
Struck by meteorite 6 � 10�11

Struck by lightning (U.K.) 1 � 10�7

Fire (U.K.) 150 � 10�7

Run over by vehicle 600 � 10�7

1Frank 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.

3Kletz, “Eliminating Potential Process Hazards.”

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?
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10 Chapter 1 • Introduction

4Kletz, “Eliminating Potential Process Hazards.”

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.
c. 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.
c. The fatality rate will double. Twice as many fatalities will occur within this group.
d. 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.4

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.
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1-3 Accident and Loss Statistics 11

Figure 1-3 The accident pyramid.

5Large Property Damage Losses in the Hydrocarbon-Chemical Industries: A Thirty-Year Review (New
York: J & H Marsh & McLennan Inc., 1998), p. 2.

6T. A. Kletz, “Eliminating Potential Process Hazards.”

Loss data5 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,6 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
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12 Chapter 1 • Introduction

Table 1-5 All Accidental Deaths 1

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%)

Public2 20,000
Subtotal 20,000 (21.1%)

Total accidental deaths 92,2003

1Injury 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.

It is also 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-

01-P1929  10/10/01  2:09 PM  Page 12
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Transportation
incidents

(n � 2,630)

Assaults and
violent acts
(n � 960)

Contact with
objects and
equipment
(n � 941)

Falls
(n � 702)

Exposure due to
harmful

substances and
environments

(n � 572)

Fires and 
explosions
(n � 205)

Highway
Worker

struck by
vehicle

Non-
highway Aircraft Other

Homicide Suicide

Struck by
object Other

Electrocutions Other

Accidents (%)
5          10          15          20         25          30          35         40       45

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).

7Modern site layouts require sufficient separation of plants within the site to minimize risks of multiple
exposures.

able.” That is, 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
a single 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.7
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14 Chapter 1 • Introduction

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.

8T. A. Kletz, “Eliminating Potential Process Hazards.”

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,8 accident statistics demonstrate that this
will result in a greater number of fatalities because the FAR for agriculture is higher.
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1-6 The Nature of the Accident Process 15

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%

Fires
31%

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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Figure 1-7 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.

count for the largest 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 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.

9One Hundred Largest Losses: A Thirty-Year Review of Property Losses in the Hydrocarbon-Chemical
Industries (Chicago: M & M Protection Consultants, 1986), p. 3.

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:

• initiation (the event that starts the accident),
• propagation (the event or events that maintain or expand the accident), and
• 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.
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Table 1-7 Defeating the Accident Process

Desired 
Step effect Procedure

Initiation 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

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

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

10One Hundred Largest Losses, p. 10.

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 filed10:

Failure of a threaded 11⁄2� 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 � 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.
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11CCPS, 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).

Solution
Initiation: Failure of threaded 11⁄2� 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 plant11,12 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:

• intensification
• substitution
• attenuation
• limitation of effects
• simplification/error tolerance
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Table 1-8 Definitions for Case Histories 1

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.

1CCPS, 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)
• 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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Figure 1-10 A failure of a temporary pipe section replacing reactor 5 caused the Flixborough
accident.

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 weekday 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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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 produced 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 conditions is 39.1°C, and it has a vapor pressure of 348 mm Hg at 20°C. The vapor is 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 MIC to 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 a release. 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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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, Italy

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�9 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.

13Occupational Safety and Health Administration, The Pasadena Accident: A Report to the President
(Washington, DC: US Department of Labor, 1990).

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 investigation13 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-
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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.
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Engineers, 1996).
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14One Hundred Largest Losses.

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 worker is told her chances of being killed 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 plant employs 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.14 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 � 122-ft fractionator tower, causing it to weaken and fall across two major pipe-

01-P1929  10/10/01  2:09 PM  Page 30



Problems 31

lines, breaking piping—which added more fuel to the fire. Extinguishment, achieved
basically by isolating the fuel sources, took 21⁄2 hours.

The fault was traced to a 10-in valve that had been prevented from closing the
last 3⁄4-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.

1-8. 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?

1-9. 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.

1-10. Based on workplace fatalities (Figure 1-4) and assuming you are responsible for a safety
program of an organization, what would you emphasize?

1-11. Based on the causes of the largest losses (Figure 1-7), what would you emphasize in a
safety program?

1-12. After reviewing the answers of Problems 1-10 and 1-11, can inherent safety help?
1-13. What conclusions can you derive from Figure 1-9?
1-14. What is the worst thing that could happen to you as a chemical engineer in industry?
1-15. 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?
a. The other employees who work in the process area affected.
b. The other employees elsewhere in the plant site.
c. Middle management.
d. Upper management.
e. The president of the company.
f. The union.

1-16. 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?

1-17. 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 to make you leave? What
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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.
1-18. 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?

1-19. 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?

1-20. 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?

1-21. 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?

1-22. 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?

1-23. 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?

1-24. 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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enough water vapor to pressurize the tank to 8 in of water gauge pressure, the burst
pressure of the tank?

1-25. 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?

1-26. 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 41⁄2 hr.
What are the FARs for the two methods of transportation? Which travel method is saf-
est, based on the FAR?

1-27. 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?

1-28. 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-lb 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.

1-29. A 50-gal drum with bulged ends is found in the storage yard of your plant. You are un-
able to identify 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.

1-30. 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. At about 4 A.M. a problem develops. A slip plate or blind has accidentally
been left in 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?
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