Chapter 11. Hazards Identification

Hazards are everywhere. Unfortunately, a hazard is not always identified until an accident
occurs. It is essential to identify the hazards and reduce the risk well in advance of an
accident.

For each process in a chemical plant the following questions must be asked:
1. What are the hazards?
2. What can go wrong and how?
3. What are the chances?
4. What are the consequences?

The first question represents hazard identification. The last three questions are associated
with risk assessment, considered in detail in Chapter 12. Risk assessment includes a
determination of the events that can produce an accident, the probability of those events,
and the consequences. The consequences could include human injury or loss of life,
damage to the environment, or loss of production and capital equipment. Question 2 is
frequently called scenario identification.

The terminology used varies considerably. Hazard identification and risk assessment are
sometimes combined into a general category called hazard evaluation. Risk assessment is
sometimes called hazard analysis. A risk assessment procedure that determines
probabilities is frequently called probabilistic risk assessment (PRA), whereas a procedure
that determines probability and consequences is called quantitative risk analysis (QRA).

Figure 11-1 illustrates the normal procedure for using hazards identification and risk
assessment. After a description of the process is available, the hazards are identified. The
various scenarios by which an accident can occur are then determined. This is followed by
a concurrent study of both the probability and the consequences of an accident. This
information is assembled into a final risk assessment. If the risk is acceptable, then the
study is complete and the process is operated. If the risk is unacceptable, then the system
must be modified and the procedure is restarted.
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Figure 11-1. Hazards identification and risk assessment procedure. Adapted from
Guidelines for Hazards Evaluation Procedures (New York: American Institute of
Chemical Engineers, 1985), pp. 1-9.

The procedure described by Figure 11-1 is frequently abbreviated based on circumstances.
If failure rate data on the applicable equipment are not available, then risk assessment
procedures cannot be fully applied. Most plant sites (and even subunits within a plant)
modify the procedure to fit their particular situation.

Hazards identification and risk assessment studies can be performed at any stage during
the initial design or ongoing operation of a process. If the study is performed with the
initial design, it should be done as soon as possible. This enables modifications to be
easily incorporated into the final design.

Hazard identification can be performed independent of risk assessment. However, the best
result is obtained if they are done together. One outcome is that hazards of low probability
and minimal consequences are identified and addressed with the result that the process is
“gold-plated.” This means that potentially unnecessary and expensive safety equipment
and procedures are implemented. For instance, flying aircraft and tornadoes are hazards to
a chemical plant. What are the chances of their occurrence, and what should be done about
them? For most facilities the probability of these hazards is small: No steps are required
for prevention. Likewise, hazards with reasonable probability but minimal consequences
are sometimes also neglected.



An important part of the hazard identification procedure shown in Figure 11-1 is the risk
acceptance step. Each organization using these procedures must have suitable criteria.

Many methods are available for performing hazard identification and risk assessment.!
Only a few of the more popular approaches are considered here. No single approach is
necessarily best suited for any particular application. The selection of the best method
requires experience. Most companies use these methods or adaptations to suit their
particular operation.

The hazard identification methods described in this chapter include the following:

1. Process hazards checklists: This is a list of items and possible problems in the
process that must be checked.

2. Hazards surveys: This can be as simple as an inventory of hazardous materials, or it
can be as detailed as the Dow indexes. The Dow indexes are a formal rating system,
much like an income tax form, that provides penalties for hazards and credits for
safety equipment and procedures.

3. Hazards and operability (HAZOP) studies: This approach allows the mind to go free
in a controlled environment. Various events are suggested for a specific piece of
equipment with the participants determining whether and how the event could occur
and whether the event creates any form of risk.

4. Safety review: An effective but less formal type of HAZOP study. The results are
highly dependent on the experience and synergism of the group reviewing the
process.

11-1. Process Hazards Checklists

A process hazards checklist is simply a list of possible problems and areas to be checked.
The list reminds the reviewer or operator of the potential problem areas. A checklist can
be used during the design of a process to identify design hazards, or it can be used before
process operation.

A classic example is an automobile checklist that one might review before driving away
on a vacation. This checklist might contain the following items:

* Check oil in engine

* Check air pressure in tires

* Check fluid level in radiator

* Check air filter

* Check fluid level in windshield washer tank
* Check headlights and taillights

* Check exhaust system for leaks

* Check fluid levels in brake system

* Check gasoline level in tank



Checklists for chemical processes can be detailed, involving hundreds or even thousands
of items. But, as illustrated in the vacation example, the effort expended in developing and
using checklists can yield significant results.

A typical process design safety checklist is shown in Figure 11-2. Note that three checkoff
columns are provided. The first column is used to indicate those areas that have been
thoroughly investigated. The second column is used for those items that do not apply to
the particular process. The last column is used to mark those areas requiring further
investigation. Extensive notes on individual areas are kept separate from the checklist.

Further study reguired |
Does not apply &
Completed !
General layout
1. Areas properly drained? a] o o
2. Alsleways provided? o o o
3. Fire walls, dikes and special guardrails
neaeded? o o o
4. Hazardous underground cobstructions? o o o
5. Hazardous overhead restrictions? a o a
6. Emergency accesses and exits? o o o
7. Enough headroom? o o o
8. Access for emergency vehicles? o o a
9. Safe storage space for raw materials and
finished products? a o o
10.Adequate platforms for safe maintenance
operations? o o o
11.Hoists and elevators properly designed
and safeguarded? o o o
12.Clearance for overhead power lines? o o o
Buildings
. Adequate ladders, stairways and
escapeways? o o o
2. Fire doors required? D o o
3. Head cbatructions marked? o o o
4. Ventilation adegquate? o o o
5. Need for ladder or stairway to roof? o o o
6. Safety glass specified whera nacessary? o o o
7. Heed for fireproofed structural steel? o o o
Procass
1. Consequences of exposure to adjacent
operations considered? o o o
2. Special fume or dust hoods required? o o o
3. Unstable materials properly stored? o o o
4. Process laboratory checked for runaway
explosive conditions? o o o
5. Provisions for protection from explosions? o o o
6. Hazardous reactions possible due to
mistakes or contamination? o o o
7. Chamistry of processes complataly
understood and reviewed? o o o
8. Provisions for rapid disposal of reactants
in an emergency? o o o
9. Pailure of mechanical eguipment possible
cause of hazards? o o o




Further study reguired i
Does not apply |
Completed |

10.4azards possible from gradual or sudden

blockages in piping or equipment? a] o o
11.Public liability risks possible from

sprays, fumes, mists or noise? o o o
12.Provisions made for disposal of toxic

materials? o o =]
13.Hazards involved in sewering material? o o o
l4.Material safety data sheets available for

all chemical species? o o o
15.Hazards possible from simultanecus loss

of two or more utilities? o o o
16.5afety factors altered by design revisions? O o o
17.Consequences of reasonably worst incident,

or combination of incidents, reviewed? o o o
18.Process diagrams correct and up-to-date? o o o

Piping

1, Saferty showers and eye baths required? o o o
2. Sprinkler systems reguired? o o o
3. Provisions for thermal expansion? o o o
4. All overflow lines directed to safe areas? O a o
5. Vent lines directed safaly? o o a
6. Piping specifications followed? o a o
7. Washing-down hoses needed? o o o
B. Check wvalves provided as needed? o o o
9. Protection and identification of fragile

pipe considered? o a o
10.Possible deterioration of exterior of

piping by chemicals? o a o
11l.Emergency valves readily accessible? o o a
12.Long and large vent lines supported? o o o
13.5team condensate piping safely designed? a o o
14.Relief valve piping designed to prevent

plugging? o o o
15.0rains to relieve pressure on suction and

discharge of all process pumps? o o a
16.City water lines not connected to process

pipas? o o o
17.Flammable fluids feeding production units

shut off from a safe distance in case

of fire or other emergency? o o o
18.Personnel protective insulation provided? o o o
19.Hot steam lines insulated? o u] o

Egquipment

1. Designs correct for maximum operating

pressure? o o o
2. Corrosion allowance considered? o o o




Further study reguired !
Does not apply |

Completad |

3. Special isclation for hazardous eguipment? O o o
4. Guards for belts, pulleys, sheaves and

gears? o o o
5. Schedule for checking protective devices? o o o
6. Dikes for any storage tanks? o o o
7. Guard rails for storage tanks? o o o
B. Construction materials compatible with

process chemicals? o o o
9. Reclaimed and replacement eguipment checked

structurally and for process pressures? o o o
10.Pipelines independently supported to relieve

pumps and other equipment, as necessary? o o s}
1l.hutomatic lubrication of critical

machinery? o o o
12.Emergency standby eguipment needed? o o o

Venting

1. Relief valves or rupture disks reguired? o o o
2, Materials of construction corrosion

registant? o (] o
3. Vents properly designed? (Slze, direction,

configuration?} o o o
4. Flame arrestors reguired on vent lines? o o o
5. Relief valves protected from plugging

by rupture disks? o o o
6. Telltale pressura gauges installed betwean

rupture disks and relief valve? o u] o

Instrument and Electrical

1. All controls fail safe? o o o
2. Dual indication of process variables

necessary? o o o
3., all eqguipment properly labelled? o o [u]
4. Tubing runs protected? o u] o
5. Safeguards provided for process control

when an instrument must be taken out

of service? o o o
6. Process gpafety affected by response lag? =] o u]
7. Labels for all start-stop switches? o o o
8. Eguipment designed to permit lockout

protection? o o o
9. Electrical failures cause unsafe

conditions? o u} o
10.8ufficient lighting for both outside

and inside operations? o o o
11.Lights provided for all sight glasses,

showears and eyebaths? o a o
12.Breakers adequated for circuit protection? O o o
13,411 eguipment grounded? o o o




Further study reguired !
Does not apply |
Completad L
14.8pecial interlocks needed for safe
operation? o u} o
15.Emergency standby power on lighting
equipment reguired? o o o
16.Emergency escape lighting required
during power failure? o o o
17.A11 necessary communications eguipment
provided? o o o
18.Emergency disconnect switches properly
marked? o o ]
19,8pecial explosion proof electrical
fixtures required? al a ]
Safety Eguipment
1. Fire extinguishers regquired? O o o
2. Special respiratory equipment required? o o o
3. Diking material required? O o O
4. Colorimetric indicator tubes reguired? O o O
5. Flammable wapor detection apparatus
required? o o O
6. Fire extinguishing materials compatible
with process materials? o n| o
7. Special emergency procedures and alarms
reguired? i} o o
Raw Materials
1. Any materials and products reguire special
handling eguipment? o o o
2. Any raw materials and products affected by
extreme weather conditions? o o o
3. Any products hazardous from a toxic or
fire standpoint? o o o
4. Proper containers being used? o o o
5. Containers properly labelled for toxicity,
flammability, stability, etc? o o o
6. Consequences of bad spills considered? o o o
7. Special instructions needed for containers
or for storage and warehousing by
distributors? o o O
8. Does warehouse have operating instructions
covering each product regarded as
critical? o o o

Figure 11-2. A typical process safety checklist. A list of this type is frequently used
before a more complete analysis. Adapted from Henry E. Webb, “What to Do When
Disaster Strikes,” in Safe and Efficient Plant Operation and Maintenance, Richard
Greene, ed. (New York: McGraw-Hill, 1980).

The design of the checklist depends on the intent. A checklist intended for use during the
initial design of the process will be considerably different from a checklist used for a
process change. Some companies have checklists for specific pieces of equipment, such as
a heat exchanger or a distillation column.

Checklists should be applied only during the preliminary stages of hazard identification
and should not be used as a replacement for a more complete hazard identification
procedure. Checklists are most effective in identifying hazards arising from process
design, plant layout, storage of chemicals, electrical systems, and so forth.

11-2. Hazards Surveys



A hazards survey can be as simple as an inventory of hazardous materials in a facility or as
complicated as a rigorous procedure such as the Dow Fire and Explosion Index (F&EI)?

and the Dow-Chemical Exposure Index (CEI)2, which are two popular forms of hazards
survey. These are formal systematized approaches using a rating form, similar to an
income tax form. The final rating number provides a relative ranking of the hazard. The
F&ETI also contains a mechanism for estimating the dollar loss in the event of an accident.

The Dow F&EI is designed for rating the relative hazards with the storage, handling, and
processing of explosive and flammable materials. The main idea of this procedure is to
provide a purely systematic approach, mostly independent of judgmental factors, for
determining the relative magnitude of flammable hazards in a chemical plant. The main
forms used for the computations are shown in Figures 11-3 and 11-4.




FIRE & EXPLOSION INDEX

AREA | COUNTRY DIVEBION LOCATION DATE
BTE MANUFACTURING LUNIT PROCESS UNIT
PREPARED BY: APPROVED BY: (Suparimendant) BUILDING
REVIEWED BY: (Managemesd} REVIEWED BY: (Technalogy Centar) REVIEWED BY: {Salety & Loas Prevantlon]
[ MATERIALS IN PROCESS UNIT
STATE OF OFERATION BASIC NATERIAL[S) FOR MATERIAL FACTOR
__ DESIGH ___ STARTU® ___ NORMAL OPERATION __ SHUTDOWN

MATERIAL FACTOR (Sow Table 1 or Appandicos A or B) Note requinsments whan unit ismporsture over 140 °F (B0 °C)

1. General Process Hazards Penalty Fac- | Penalty Fac-
tor Range tor Used(1)
T e e R e M R T R T T 1.00 1.00
A.  Exothermic Chemical Reactions 0.30101.25
B. Endothermic Procasses 0.20 to 0.40
C. Material Handling and Transter 0.2510 1.05
D. Enclosed or Indoor Process Units 0,25 10 0.90
E. Access 0.20 1o 0.35
F. Drainage and Spill Conirol galorcum.| 0.25100.50

General Process Hazards FACLOT [F1) ........cccormiimmmimmmimiimmemmesinmssssns i s ssssssssssasssssssssassss

2. Special Process Hazards

T 1.00 1.00
A,  Toxic Materlal(s) 0.20to 0.80
B. Sub-Atmospheric Pressure {< 500 mm Hg) 0.50
C. Operation In or Near Flammable Range ___Inerted __ Not Inerled

1. Tank Farms Storage Flammabile Liquids 0.50

2. Process Upsel or Purge Fallure 0.30

3. Always in Flammable Range 0.80
D. Dust Explosion (See Table 3) 0.2510 2.00
E. Pressure (See Figure 2) Operating Pressure psig or kPa gauga

Rallal Setting psig or kPa gauge

F. Low Temparature 0.20 to 0.30
G. Quantity of Flammable/nstable Material: Quantity _____ Iborkg

Hg = BTU/b or kealikg

1. Liquids or Gasas in Procass (See Figure 3)

2. Liquids or Gases in Storage (See Figure 4)

3. Combustible Solids in Storage, Dust in Process (See Figure 5)

H. Corrosion and Erosion 0.10to 0.75
l. Leakage - Joinis and Packing 0.1010 1.50
J. Use of Fired Equipment (See Figure )
K. Hot Oll Heat Exchange System (Ses Table 5) 0.15t0 1.15
L. Fotating Equipment 0.50
Special Process Hazards Factor (F2) .............cocceviiiniens T T L T rr——
Process Unit Hazards Factor (F1 X F2) = F3 .o crssssessssssssnss i
Fire and Explosion Index (F3 x MF = F&EIl).................. R L SRR

(1) For no penafty usa 0.00,

5

Rl -8




Figure 11-3. Form used in the Dow Fire and Explosion Index. The figures and tables
referenced in the form are provided in the index booklet. Source: Dow’s Fire and
Explosion Index Hazard Classification Guide, 7th ed. (1994). Reproduced by
permission of the American Institute of Chemical Engineers.



LOSS CONTROL CREDIT FACTORS

1. Process Control Credit Factor (C,)
Credit Credit Credit Credit
Feature Factor Factor Feature Factor Factor
Range Used(2) Range Used(z)
a Emargancy Power 0.98 1. lnert Gas 0.94 100,96
b. Cooling 0.87 10 0.99 g Oparating Instructions/Procedures | 0.91 10099
¢. Explosion Control 0.B4100.98 h. Asactive Chemical Review 09110058
d. Emergency Shutdown 0.96 10 0.99 I. Other Process Hazard Analysis 09110098
e Computer Control 0.93 10 0.99
Civaiew [ ]
2. Material Isolation Credit Factor (C3)
Credit Credit Credit Credit
Feature Factor Factor Feature Factor Factor
Range Usedn Range Used(z)
a. Remole Control Valves 0.96 to 0.98 ¢. Drainage 0.91100.87
b. Dump/Blowdown 0.961c 0.98 d. Interlock 0.98
cavae [
3. Fire Protection Credit Factor (C3)
Credit Credit Credit Credit
Feature Factor Factor Feature Factor Factor
Range Used(z) Range | Used?)
a. Leak Detection 0.94 10 0.98 {. Water Curtains 0.97 to 0,98
b. Structural Stesl 0.8510 0.98 g. Foam 0.92 to 0.97
c. Fire Walar Supply 0.94 100,97 h. Hand Extinguishers/Monitors 0.93 t0 0,98
d. Special Systems om L. Cable Protection 0.94tc0.98
8. Sprinkler Systems 0.74 to 0.97
C; Value(n I___]
Loss Control Credit Factor = C; X Cz X Cay= [ | (Enteronline 7 below)
PROCESS UNIT RISK ANALYSIS SUMMAHY
1. Fire & Explosion Indax (FEEN.............ccoeeeninnas (Sea Front)
2. Radius of EXPOSUM ..........covvmmmemismssmmmmiinssiansas (Figure 7) fiorm
3. Area Of EXPOSUM.......ocviviiiierririsssomesssssnrs s anes s sasssssssnes f? or m?
4. Valua ol Area of EXPOSUIE........oe..covesrmemriosrarerssnns MM |
5 DamageFaslor. . ...l {Flgure 8) I
6. Base Maximum Probabie Property Damage — (Base MPPD) [4 X 5] ........cccoresrersmmsriceneeree | SMM ]
7. Loss Conlrol Credit Faclor.............c.c.cene....(S88 Above) ]
8. Actual Maximum Probable Property Damage — (Actual MPPD) [B X 7] .ocvmeemrerrecesrcesmanees MM _J
9. Maximum Probable Days Outage — (MPDO)......(Figure 9} | days
10, Business INEmuption = (BI)..........occeooremsmieniions R e MM ]

{2) For no credi factor enter 1.00.

{3) Product of ail factors used.

Raler to Fire & Explosion Index Hazard Classification Guide for details.

Pl 104

Figure 11-4. Form used for consequences analysis. Source: Dow’s Fire and Explosion
Index Hazard Classification Guide, 7th ed. (1994). Reproduced by permission of the

American Institute of Chemical Engineers.



The procedure begins with a material factor that is a function only of the type of chemical
or chemicals used. This factor is adjusted for general and special process hazards. These
adjustments or penalties are based on conditions such as storage above the flash or boiling
point, endo- or exothermic reactions, and fired heaters. Credits for various safety systems
and procedures are used for estimating the consequences of the hazard, after the fire and
explosion index has been determined.

The form shown in Figure 11-3 consists of three columns of numbers. The first column is
the penalty column. Penalties for various unsafe situations are placed in this column. The
second column contains the penalty actually used. This allows for a reduction or increase
in the penalty based on extenuating circumstances not completely covered by the form. In
the event of uncertainty here, the complete penalty value from the first column is used.
The final column is used for computation.

The first step in the procedure is to conceptually divide the process into separate process
units. A process unit is a single pump, a reactor, or a storage tank. A large process results
in hundreds of individual units. It is not practical to apply the fire and explosion index to
all these units. The usual approach is to select only the units that experience shows to have
the highest likelihood of a hazard. A process safety checklist or hazards survey is
frequently used to select the most hazardous units for further analysis.

The next step is to determine the material factor (MF) for use in the form shown in Figure
11-3. Table 11-1 lists MFs for a number of important compounds. This list also includes
data on heat of combustion and flash and boiling point temperatures. The additional data
are also used in the computation of the Dow F&EI. A procedure is provided in the
complete index for computing the material factor for other compounds not listed in Table
11-1 or provided in the Dow reference.

Table 11-1. Selected Data for the Dow Fire and Explosion Index?



Heat of Flash Boiling
Material combustion point point

Compound factor (Btu/lb x 107%) (°F) (°F)
Acetone 16 123 —4 133
Acetylene 29 20.7 Gas —118
Benrzene 16 7.3 12 176
Bromine 1 0.0 - -
1.3-Butadiene 24 19.2 —105 24
Butane 21 19.7 Gas 31
Calcium carbide 24 9.1 - -
Carbon monoxide 21 4.3 Gas —313
Chlorine 1 0.0 Gas —29
Cyclohexane 16 18.7 —4 179
Cyclohexanol 10 15.0 154 322
Diesel fuel 10 18.7 100-130 315
Ethane 21 2004 Gas —128
Ethylene 24 20.8 Gas —155
Fuel oil #1 10 18.7 100-162 304-574
Fuel oil #6 10 18.7 100-270 -
Gasoline 16 18.8 —45 100400
Hydrogen 21 51.6 Gas —-423
Methane 21 21.3 Gas -258
Methanol 16 8.6 52 147
Mineral oil 4 17.0 380 680
Nitroglycerine 40 7.8 - -
Octane 16 20.5 56 258
Pentane 21 19.4 <—40 97
Petroleum (crude) 16 21.3 20-90 -
Propylene 21 19.7 —162 —54
Styrene 24 17.4 88 293
Toluene 16 17.4 40 232
Vinyl chloride 24 8.0 —108 7
Xylene 16 17.6 77 279

2 Selected from Dow'’s Fire and Explosion Index Hazard Classification Guide, 7th ed. (New York: American Institute

of Chemical Engineers, 1994).

In general, the higher the value of the MF, the more flammable and/or explosive the
material. If mixtures of materials are used, the MF is determined from the properties of the
mixture. The highest value of the MF under the complete range of operating conditions is
suggested. The resulting MF value for the process is written in the space provided at the
top of the form in Figure 11-3.

The next step is to determine the general process hazards. Penalties are applied for the

following factors:



1. Exothermic reactions that might self-heat

2. Endothermic reactions that could react because of an external heat source such as a
fire

3. Material handling and transfer, including pumping and connection of transfer lines
4. Enclosed process units preventing dispersion of escaped vapors
5. Limited access for emergency equipment
6. Poor drainage of flammable materials away from the process unit
Penalties for special process hazards are determined next:
1. Toxic materials, which could impede fire fighting
. Less than atmospheric pressure operation with a risk of outside air entering
. Operation in or near the flammable limits
. Dust explosion risks
. Higher than atmospheric pressure
. Low-temperature operation with potential embrittlement of carbon steel vessels
. Quantity of flammable material

. Corrosion and erosion of process unit structures

O 0 N & 1 A W N

. Leakage around joints and packings

10. Use of fired heaters, providing a ready ignition source

11. Hot oil heat exchange systems where the hot oil is above its ignition temperature
12. Large rotating equipment, including pumps and compressors

Detailed instructions and correlations for determining the general and special process
hazards are provided in the complete Dow F&EI.

The general process hazard factor (F;) and special process hazard factor (F,) are
multiplied together to produce a unit hazard factor (F5). The Dow F&EI is computed by
multiplying the unit hazard factor by the MF. Table 11-2 provides the degree of hazard
based on the index value.

Table 11-2. Determining the Degree of Hazard from the Dow Fire and Explosion
Index



Dow

Fire and Degree of
Explosion Index hazard
1-60 Light
61-96 Moderate
97127 Intermediate
128-158 Heavy
159 and above Severe

The Dow F&EI can be used to determine the consequences of an accident. This includes
the maximum probable property damage (MPPD) and the maximum probable days outage
(MPDO).

The consequences analysis is completed using the worksheet form shown in Figure 11-4.
The computations are completed in the Risk Analysis Summary table at the bottom of the
form. The damage radius is first estimated using a correlation published in the complete
Dow index. This correlation is based on the previously determined F&EI. The dollar value
of the equipment within this radius is determined. Next, a damage factor (based on a
correlation provided) is applied to the fraction of the equipment actually damaged by the
explosion or fire. Finally, a credit factor is applied based on safety systems. The final
number, in dollars, is the MPPD value. This number is used to estimate the MPDO using a
correlation. Details on the procedure are available in the complete Dow reference.

The Dow indexes are useful for determining equipment spacing requirements. The F&EI
uses an empirical correlation based entirely on the F&EI value to estimate the radius of
exposure. It is assumed that any equipment located outside this distance would not be
damaged by a fire or explosion. The CEI estimates the hazard distance for chemical
exposure based on the emergency response planning guideline (ERPG) values for the
particular material released.

Example 11-1.

Your plant is considering the installation of a new railcar tank unloading facility. The
facility will unload nominal 25,000-gal tank cars containing either pure butadiene or
cyclohexane. The unloading system will be equipped with an emergency shutdown system
with remotely operated block valves. The unloading operation will be done by computer
control. The railcars are inerted with nitrogen to a pressure of 40 psig, and the railcar relief
system has a set pressure of 75 psig. The unloading operating instructions are written and
have been reviewed by the corporate technical staff. A reactive chemicals review has
already been completed on the proposed facility. Combustible gas detectors will be located
at the unloading station. A deluge system will be installed at the unloading site with an
excellent water supply. A diking system will surround three sides of the facility, with any
spills directed to a covered impounding area.

Determine the Dow F&EI for this operation, and determine the minimum spacing from
adjacent units.



Solution

The Dow Index contains most of the data required to complete the evaluation. The data for
the chemical species used in this facility are

Heat of
Material NFPA combustion Flash point
Species factor health rating (Btu/lb) i
Butadiene 24 2 19.2 x 10° ~105
Cyclohexane 16 1 18.7 x 10° —4

Because the butadiene has the higher MF, it is the material we need to evaluate using the
Dow F&EI.

The completed F&EI form is shown in Figure 11-5. Each nonzero item on the form is
discussed in what follows.



FIRE & EXPLOSION INDEX

[TAREA | COUNTRY DAISION LOCATION DATE
North America North Central Arkansas 03/04/94
ShE MANUFACTURING UNIT PROCESS UNIT
No Loss Dow Polymer Rail Car Unloading
PREFARED BY: APPROVED BT, (Supsintendent) BUILDING
John Smith Alvin Doe A-103
REVIEWED BY: |Management) REVIEWED BY: (Technology Centet) REVIEWED BY: [Safety & Loss Prevention)
Robert Big Bill Wright
WATERIALS [N PROCESS UNIT
Butadiene, Cyclohexane
STATE OF OPERATION BASIC MATERIAL|S) FOR MATERIAL FACTOR
__ DESION _ STARTUR X NORMAL CPERATION __ SHUTDOWN Butadiene
MATERIAL FACTOR {See Table 1 or Appendices A o B] Note requirements when unit lemperature over 140 °F {60 °C) 24
1. General Process Hazards Penalty Fac- | Penalty Fac-
tor Range tor Used|1)
BREE FAEEOT i iy st it i a i sy R e as R P FA S A breman e 1.00 1.00
A Exothermic Chemical Reactions 0.30to 1.25 =
B. Endothermic Processes 0.20to 0.40 -
C. Material Handling and Transfer 0.285to 1.05 5
D. Enclosed or Indoor Process Units 0.25 10 0.90 -
E Access 0.20 to 0.35 -
F. Drainage and Spill Control gal orcum. | 0.2510 0.50 -
General Process Hazards FACIOr {Fq) ... s ssssssssssismmss amans e semsansasess serres 144 1.5
2. Special Process Hazards
Ba5h FROEOT i i it st el s st o b s ot AR A a A T T 1.00 1.00
A Toxic Material(s) Nh=2 0.20 to D.8D A
B. Sub-Atmospheric Pressure (< 500 mm Hg) 0.50 -
C. Operation In or Near Flammable Range X ineted __ Mot inefted -
1. Tank Farms Storsge Flammable Liquids 0.50 -
2 Process Upsel or Purge Fallure 0.30 30
3. Always in Flammable Range 0.80 -
0. Dust Explosion (See Table 3) 0.25t0 200 =
E. Pressure (See Figure 2) Cperafing Pressure ___ 40 psigsrkPagavge 2B
Relief Sefting ___ 75 nsig-arkPa gnung
F. Low Temperature 020 to 0.30 —
G Cuantity of Flammable/Unstable Material: Quantity _130K__ lb-arka
Hg = _ 18.2K_ BTUMb or keallkg
1. Liguids or Gases in Process {See Figure 3) =
2 Liguids or Gases in Storage {See Figure 4) JE
3 Combustible Solids in Storage, Dust In Process [See Figure §) =
H. Corrosion and Erosion 0.10to 0.75 1
|. Leakage - Joints and Packing 0.10 te 1.50 A
J.  Use of Fired Equipment (See Figure B) -
K. Hoct Oil Heat Exchange System [See Table §) 0.15t0 1.156 -
L Reotaling Equipment 0.50 -
Special Process Hazards FACtOF [F2) ..ot siisssaen oo secmsdmemnit et st sbinsasssnassnssssisnis 2.94
Process Unit Hazards FACIOr (Fq X F2) & B it sbbesenssinsssns s st dnsdsbih b sbrmsanis 4.41
Fire and Explosion Index (F3 X MF = FEEI) ..cccvvrriessimmssismmsmess s sssnmsrasssrsss sstrsssss ssss s s snne 106.00
{1) For no penally use 0.00.

FORM G0 Mm-S
Figure 11-5. The Dow Fire and Explosion Index applied to the railcar unloading
facility of Example 11-1.

1.A. Exothermic chemical reactions: The reactive chemical review has determined that
an exothermic chemical reaction here is not possible. The penalty is zero.



1.B. Endothermic chemical reactions: This penalty applies only to reactors, so the
penalty is zero.

1.C. Material handling and transfer: The index documentation states: “Any loading and
unloading operation involving Class I flammables or LPG-type materials where
transfer lines are connected and disconnected receives a penalty of 0.50.”

1.D. Enclosed or indoor process units: The unit is outdoors, so the penalty is zero.
1.E. Access: The unit will have emergency access from all sides, so the penalty is zero.

1.F. Drainage and spill control: No penalty is applied because the dike and impounding
system is present.

2.A. Toxic materials: The index suggests using a penalty value of 0.20 x NFPA Health
Rating. Because the rating is 2, the penalty value is 0.4.

2.B. Subatmospheric pressure: The operation is pressurized, so no penalty is applied
here.

2.C. Operation in or near flammable range

1. Tank farms storage flammable liquids: The tanks are inerted with a closed vapor
recovery system, so the penalty here is zero.

2. Process upset or purge failure: The unit relies on inert purging to keep it out of
the flammable range, so a penalty of 0.30 is applied.

3. Always in flammable range: The process is not in the flammable range during
normal operation, so the penalty is zero.

2.D. Dust explosion: No dusts are involved, so the penalty is zero.

2.E. Pressure: The Dow index provides a detailed procedure for determining this
penalty. The operating pressure penalty is determined from Figure 2 in the Dow
index booklet using the operating pressure. In this case the operating pressure of 40
psig results in a penalty of 0.24. Second, a penalty is determined at the relief set
pressure (75 psig), again using Figure 2 in the Dow index booklet. This value is
0.27. The operating pressure penalty is then divided by the set pressure penalty to
get a final pressure penalty adjustment. In this case the adjustment is 0.24/0.27 =
0.8889. This is multiplied by the operating pressure penalty to obtain 0.24(0.8889)
= 0.2133. Finally, this is multiplied by a correction factor of 1.3 because this is a
liquefied flammable gas. The final penalty is 0.2133(1.3) = 0.28.

2.F. Low temperature: Low-temperature operating is not expected, so the penalty is
zZero.

2.G. Quantity of flammable/unstable material
1. Liquids or gases in process: This is not part of the process, so the penalty is zero.

2. Liquids or gases in storage: The total energy contained within the storage
inventory is estimated in order to determine the penalty. This requires the specific
gravity of butadiene, which can be found on the MSDS sheet or other reference.
This value is 0.6263. Thus the total energy is



(25,000 gal)(8.345 Ib/gal)(0.6263) = 130,662 1b,

(1.30 x 10° Ib)(19.2 x 103 Btw/Ib) = 2.51 x 10° Btu.
From Figure 4, curve B, in the Dow index booklet, the penalty is 0.76.

3. Combustible solids in storage, dust in process: No solids are present here, so the
penalty is zero.

2.H. Corrosion and erosion: Corrosion and erosion are expected to be less than 0.5
mil/yr. Thus the penalty is 0.10.

2.1. Leakage—joints and packing: The pump and gland seals are expected to have some

small but minor leakage. Thus the penalty here is 0.10.
2.J. Use of fired equipment: No fired equipment is present, so the penalty is zero.
2.K. Hot oil heat exchange system: Not present, so the penalty is zero.
2.L. Rotating equipment: No large rotating equipment is present, so the penalty is zero.

These penalties and factors are summarized in Figure 11-5. The resulting calculation
shows an F&EI value of 106, which means that this unloading station is an intermediate
hazard.

Figure 7 in the Dow index booklet provides the radius of exposure based on the F&EI
value. For this case the radius is 90 ft. Thus the unloading station must be located a
minimum of 90 ft from any other equipment or processes.

The Dow CEI is a simple method of rating the relative acute health hazard potential for
people in neighboring plants or communities arising from possible chemical release
incidents.

To use the CEI, the following items are required:
* An accurate plot plan of the plant and the surrounding area

« A simplified process flow sheet showing the containment vessels, major piping, and
chemical inventories

* Physical and chemical properties of the materials investigated
* ERPG values, from Table 5-6

* The CEI guide

* The CEI form shown in Figure 11-6



CHEMICAL EXPOSURE INDEX SUMMARY

Plant Location
Chemical Total Quantity In Plant
Largest Single Containment
Pressure Of Containment Temperature Of Containment
1. Scenario Being Evaluated
2. Airbome Release Rate from Scenario kgfsec

Ib/min

3. Chemical Exposure Index

4. Concentration Hazard Distance
mg/m? PPM meters feet
ERPG-1/EEPG-1
ERPG-2/EEPG-2
ERPG-3/EEPG-3

5. Distances to:
meters feet

Public {generally considered property ling)
Other in-company facility
Non-company plant or business

6. The CEI and the Hazard Distance establish the level of review needed.

7. If fumher review is required, complete Containment and Mitigation Checklist (Chemical Exposure
Index Guide, 2nd Edition — Appendix 2, page 26) and prepare Review Package.

£

List any sights, odors or sounds that might come from your facility and cause public concern or inquir-
ies (e.g., smoke, large relief valves, odors below hazardous levels such as mercaptans or amines, e1c.)

Prepared by:
Reviewed by:

Plant Supcrintendent or Manager

Site Review Representative

Additional Management Review
(if required)

Figure 11-6. Form used for the Dow Chemical Exposure Index. Source: Dow’s
Chemical Exposure Index Guide (New York: American Institute of Chemical
Engineers, 1998). Reproduced by permission of the American Institute of Chemical
Engineers.

A flowchart of the CEI procedure is shown in Figure 11-7. The procedure begins with a



definition of possible release incidents. These include releases from pipes, hoses, pressure
relief devices relieving directly to the atmosphere, vessels, and tank overflows and spills.
The CEI guide has detailed guidelines for these incidents, as shown in Table 4-6. The

incidents are used with a number of simplified source models provided in the Dow guide?
to estimate the release rate of material. The ERPGs are then used with a simplified
dispersion model to determine the CEI value and downwind hazard distances resulting
from the release.

Define possible chemical
incldents

r

Datarmina tha Airborna
Quantity (AC)
for each scenario

y

BT

Select the scenario with
the largest Airborme
Cluantity (ACH)

y

Dhtain EAPG-2 or ERPG3
values

Calculate the CEI

y

Calculate the
hazard distance

PR . W (R R N . SR R

¥

Completa CEI w
summary sheets

A T S T A T s I

Figure 11-7. Procedure for calculating the Chemical Exposure Index (CEI). Source:
Dow’s Chemical Exposure Index Guide (New York: American Institute of Chemical
Engineers, 1998).

Hazards surveys are suitable for identifying hazards associated with equipment design,
layout, material storage, and so forth. They are not suitable for identifying hazards
resulting from improper operation or upset conditions. On the other hand, this approach is
fairly rigorous, requires little experience, is easy to apply, and provides a quick result.



11-3. Hazards and Operability Studies

The HAZOP study is a formal procedure to identify hazards in a chemical process

facility.2 The procedure is effective in identifying hazards and is well accepted by the
chemical industry.

The basic idea is to let the mind go free in a controlled fashion in order to consider all the
possible ways that process and operational failures can occur.

Before the HAZOP study is started, detailed information on the process must be available.
This includes up-to-date process flow diagrams (PFDs), process and instrumentation
diagrams (P&IDs), detailed equipment specifications, materials of construction, and mass
and energy balances.

The full HAZOP study requires a committee composed of a cross-section of experienced
plant, laboratory, technical, and safety professionals. One individual must be a trained
HAZOP leader and serves as the committee chair. This person leads the discussion and
must be experienced with the HAZOP procedure and the chemical process under review.
One individual must also be assigned the task of recording the results, although a number
of vendors provide software to perform this function on a personal computer. The
committee meets on a regular basis for a few hours each time. The meeting duration must
be short enough to ensure continuing interest and input from all committee members. A
large process might take several months of biweekly meetings to complete the HAZOP
study. Obviously, a complete HAZOP study requires a large investment in time and effort,
but the value of the result is well worth the effort.

The HAZOP procedure uses the following steps to complete an analysis:

1. Begin with a detailed flow sheet. Break the flow sheet into a number of process
units. Thus the reactor area might be one unit, and the storage tank another. Select a
unit for study.

2. Choose a study node (vessel, line, operating instruction).

3. Describe the design intent of the study node. For example, vessel V-1 is designed to
store the benzene feedstock and provide it on demand to the reactor.

4. Pick a process parameter: flow, level, temperature, pressure, concentration, pH,
viscosity, state (solid, liquid, or gas), agitation, volume, reaction, sample,
component, start, stop, stability, power, inert.

5. Apply a guide word to the process parameter to suggest possible deviations. A list of
guide words is shown in Table 11-3. Some of the guide word process parameter
combinations are meaningless, as shown in Tables 11-4 and 11-5 for process lines
and vessels.

Table 11-3. Guide Words Used for the HAZOP Procedure




Guide words

Meaning

Comments

NO, NOT, NONE
MORE, HIGHER,
GREATER

LESS, LOWER

AS WELL AS

PART QF

REVERSE

OTHER THAN

SOONER THAN

LATER THAN

WHERE ELSE

The complete negation
of the intention
Quantitative increase

Quantitative decrease

Qualitative increase

Qualitative decrease

The logical opposite of

Complete substitution

Too early or in the
wrong order

Too late or in the
wrong order

In additional locations

No part of the design intention is achieved, but
nothing else happens.

Applies to quantities such as flow rate and tempera-
ture and to activities such as heating and reaction.

Applies to quantities such as flow rate and tempera-
ture and to activities such as heating and reaction.
All the desien and operating intentions are
achieved along with some additional activity, such
as contamination of process streams.

Omnly some of the design intentions are achieved,
some are not.

Most applicable to activities such as flow or chemi-
cal reaction. Also applicable to substances, for ex-
ample, poison instead of antidote.

No part of the original intention is achieved—the
original intention is replaced by something else.

Applies to process steps or actions.

Applies to process steps or actions.

Applies to process locations, or locations in operat-
ing procedures.

Table 11-4. Valid Guide Word and Process Parameter Combinations for Process
Lines (x’s represent valid combinations)

No, More, As
Process not, higher, Less, well Part Other Sooner, Later, Where
parameters none greater lower as of Reverse than faster slower else
Flow X X X X X X X X X
Temperature X X X X
Pressure X X X X X
Concentration X X X X X X X
pH X X X X
Viscosity X X X X
State X X X

Table 11-5. Valid Guide Word and Process Parameter Combinations for Process
Vessels (x’s represent valid combinations)



No, More, As

Process not, higher, Less, well Part Other Sooner, Later, Where
Parameters none greater lower as of Reverse than faster slower else
Level X X .4 X X X X X X
Temperature X X % X

Pressure X X X X X
Concentration X X X X X X X X

pH X X X X

Viscosity X X X X

Agitation X X X X X X X

Volume X X X X X X X X
Reaction X X X X X

State X X X

Sample X X X X X

6. If the deviation is applicable, determine possible causes and note any protective
systems.

7. Evaluate the consequences of the deviation (if any).
8. Recommend action (what? by whom? by when?).
9. Record all information.

10. Repeat steps 5 through 9 until all applicable guide words have been applied to the
chosen process parameter.

11. Repeat steps 4 through 10 until all applicable process parameters have been
considered for the given study node.

12. Repeat steps 2 through 11 until all study nodes have been considered for the given
section and proceed to the next section on the flow sheet.

The guide words AS WELL AS, PART OF, and OTHER THAN can sometimes be conceptually
difficult to apply. As weLL As means that something else happens in addition to the
intended design intention. This could be boiling of a liquid, transfer of some additional
component, or the transfer of some fluid somewhere else than expected. PART OF means
that one of the components is missing or the stream is being preferentially pumped to only
part of the process. OTHER THAN applies to situations in which a material is substituted for
the expected material, is transferred somewhere else, or the material solidifies and cannot
be transported. The guide words SOONER THAN, LATER THAN, and WHERE ELSE are applicable
to batch processing.

An important part of the HAZOP procedure is the organization required to record and use
the results. There are many methods to accomplish this and most companies customize
their approach to fit their particular way of doing things.

Table 11-6 presents one type of basic HAZOP form. The first column, denoted “Item,” is
used to provide a unique identifier for each case considered. The numbering system used
is a number-letter combination. Thus the designation “1A” would designate the first study
node and the first guide word. The second column lists the study node considered. The
third column lists the process parameter, and the fourth column lists the deviations or
guide words. The next three columns are the most important results of the analysis. The



first column lists the possible causes. These causes are determined by the committee and
are based on the specific deviation—guide word combination. The next column lists the
possible consequences of the deviation. The last column lists the action required to
prevent the hazard from resulting in an accident. Notice that the items listed in these three
columns are numbered consecutively. The last several columns are used to track the work
responsibility and completion of the work.

Table 11-6. HAZOP Form for Recording Data

Hazards and Operability Review

) Gompleted:

Project name; Date; Page of P l
Mo action:

Process: l

Section: Reference drawing: Reply date: l

Deviations y
ltem Sy E¥cioges (guide Possible causes Possible consequences | Action required Assigned
node | parameters words) to:

Example 11-2.

Consider the reactor system shown in Figure 11-8. The reaction is exothermic, so a
cooling system is provided to remove the excess energy of reaction. In the event that the
cooling function is lost, the temperature of the reactor would increase. This would lead to
an increase in reaction rate, leading to additional energy release. The result would be a
runaway reaction with pressures exceeding the bursting pressure of the reactor vessel.



Reactor

Cooling Water Out =———

Cooling Water In ‘%

Thermocouple

Figure 11-8. An exothermic reaction controlled by cooling water.

The temperature within the reactor is measured and is used to control the cooling water
flow rate by a valve.

Perform a HAZOP study on this unit to improve the safety of the process. Use as study
nodes the cooling coil (process parameters: flow and temperature) and the stirrer (process
parameter: agitation).

Solution

The guide words are applied to the study node of the cooling coils and the stirrer with the
designated process parameters.

The HAZOP results are shown in Table 11-7, which is only a small part of the complete
analysis.

Table 11-7. HAZOP Study Applied to the Exothermic Reactor of Example 11-2.



Hazards and Operability Review

Project name: Example 11-2 Date: 1/1/93 Page 1 of 2 Completed: l
Process: Reactor of Example 11-2 No action: l
Section: Reactor shown in Example 11-2 Reference drawing: Plenlydat: l
Deviations .
ltem | Study | Process (guide Possible causes Possible consequences |Action required Assignad
node |parameters to:
words)
1A | Cooling |Flow No 1. Contral valve fails closed 1. Loss of cooling, possible 1. Belect valve to fail open DAC| /93
coils 2. Plugged cooling coils MUnaway 2. Install filter with maintenance |DAC| 153
2. " procedure
Install cocling water flow meter |DAC|2/03
and low flow alarm
Install high temperature alarm  |DAG[2/93
to alert operator
3. Cooling water service failure 3 3, Chack and manitor reliability of |DAT|2/83
water senvice
4. Controller fails and closes valve 4. 4, Place controller on cntical DAC| 153
instrumentaticn list
5. Air pressure fails, chosing valve B. 5, Bee 1A.1
1B High 1. Control valve fails open 1. Reactor cools, reactant 1. Instruct operators and update  |JFL | 1/93
cone. builds, possible procedures
runaway on heating
2. Contraller tails and opens valve 2. " 2, 5ee 1A4
1C Low 1. Partially plugged ceoling line 1. Dimimished cooling, 1. See 1A2
possible runaway
2. Partial water source failure 2. " 2. See 1A2
3. Conlrol valve tails to respond 3. 3, Place valve on critical JFL [1/53
instrumentaticn list
10 Aswell as, 1. Contamination of water supply 1. Not pessible here 1. None X
1E part of, 1. Covered under 1C X
1F TBVerse 1. Failure of water source resulting in | 1. Loss of cooling, possible 1. See 1A2
backilow runaway
2. Backfiow due to high backpressura{ 2. r 2. Install check valve JFL (2/53
1G Other than, | 1. Not considered possible A
1H sooner than, | 1.Cooling normally started early 1. Nona X
1 tater than 1. Operator ermor 1. Temperature nses, 1. Interlock between cooling flow [JW | 1/83
possible unaway and reactor feed
ih Wherz else | 1. Mot considered possible A
1K Temp. Low 1. Low water supply temperature 1. Mone—controller handles | 1. None X
iL High 1. High water supply temperature 1. Cooling system capacity 1. Install high flow afarm andior  |JW |[1/93
< o 3 limited, temp. increases cooling water high temp. alarm
op | Stimer | Agitation Mo 1. Stirrer motor malfunction 1. No mixing, possible 1. Interiock with fesd line 1483
accumulation of unreacted Jw
materials 253
2, Power failure 2. Monomer feed continues, | 2. Mencmer feed valve must fail W
possible accumulation of closed on power loss
unreacted materials
2B Maore 1. Stirrer motor contreller fails, 1. Nene X
resulting in high motor speed

The potential process modifications resulting from this study (Example 11-2) are the
following:

* Install a high-temperature alarm to alert the operator in the event of cooling function
loss

* Install a high-temperature shutdown system (this system would automatically shut
down the process in the event of a high reactor temperature; the shutdown temperature
would be higher than the alarm temperature to provide the operator with the
opportunity to restore cooling before the reactor is shut down)

* Install a check valve in the cooling line to prevent reverse flow (a check valve could
be installed both before and after the reactor to prevent the reactor contents from
flowing upstream and to prevent the backflow in the event of a leak in the coils)

* Periodically inspect the cooling coil to ensure its integrity

» Study the cooling water source to consider possible contamination and interruption of
supply



* Install a cooling water flow meter and low-flow alarm (which will provide an
immediate indication of cooling loss)

In the event that the cooling water system fails (regardless of the source of the failure), the
high-temperature alarm and emergency shutdown system prevents a runaway reaction.
The review committee performing the HAZOP study decided that the installation of a
backup controller and control valve was not essential. The high-temperature alarm and
shutdown system prevents a runaway reaction in this event. Similarly, a loss of coolant
water source or a plugged cooling line would be detected by either the alarm or the
emergency shutdown system. The review committee suggested that all coolant water
failures be properly reported and that if a particular cause occurred repeatedly, then
additional process modifications were warranted.

Example 11-2 demonstrates that the number of suggested process changes is great,
although only a single process intention is considered.

The advantage to this approach is that it provides a more complete identification of the
hazards, including information on how hazards can develop as a result of operating
procedures and operational upsets in the process. Companies that perform detailed
HAZOPs studies find that their processes operate better and have less downtime, that their
product quality is improved, that less waste is produced, and that their employees are more
confident in the safety of the process. The disadvantages are that the HAZOP approach is
tedious to apply, requires considerable staff time, and can potentially identify hazards
independent of the risk.

11-4. Safety Reviews

Another method that is commonly used to identify safety problems in laboratory and
process areas and to develop solutions is the safety review. A “safety review” brings
together a diverse group of people to review a project or operation with a broad safety
perspective. The review team identifies and eliminates hazards in the design and
procedures. The review process includes finding initiating events or upset conditions that
can cause an accident. The team subsequently develops recommendations including new,
modified, and improved equipment, controls, and procedures (operating, emergency,
maintenance, etc.). The focus should be on developing a high-quality review that prevents
personnel injuries, equipment damage or failures, and business interruptions.

Safety reviews include a review of previous accidents and incidents in similar plants or
processes. Some incidents are referred to as “near-misses,” meaning that a serious
consequence did not occur but could have. Incident investigations or case histories contain

actions to prevent a recurrence of similar incidents.2. They identify the underlying causes
of incidents and outline steps to be implemented to prevent similar events. The study of
previous accident and incident reports helps the reviewers avoid repeating past mistakes;
that is, learn from history or you’re doomed to repeat it.

The review should be conducted periodically during the entire life of a project. The first
review (before the detailed design) is the most important, because changes in the original
design are less expensive compared to changes in an operating plant. Often an informal
safety review will identify the need for a more detailed review, such as a formal safety



review described in Section 11-3, or other PHA methods described in Section 11-5.Z,2
After startup, the periodic reviews should be conducted about every year or whenever the
process adds new equipment, new chemicals, new reactions, and new procedures.

A safety review is a cooperative, constructive, and creative process that improves the
safety and performance of the process. Safety reviews are positive experiences, and good
reviews prevent the dreadful experiences associated with accidents and accident
investigations. An especially high-quality review is not limited to environmental and

9

safety consequences but is expanded to include operability and product quality concerns.=.
In all of the methods mentioned above, checklists are recommended to facilitate the
review process. A typical checklist is shown in Figure 11-2. The reviewers should develop

checklists specifically tailored to the plant and personnel conducting the review. An
adaptation of Figure 11-2 is shown in Table 11-8.

Table 11-8. Checklist for Informal and Formal Safety Reviews



Design: Design features
to prevent accidents

Construction: Construction
practices to prevent
accidents in specific

area and adjacent arcas

Startups: Thought and
actions that are dedicated
to this critical and hectic
period to prevent problems

Operation: Procedures to
help plant personnel to
remain diligent to minimize
operating hazards
Cleaning: Procedures for
routine and

emergency situations
Shutdown: Procedures for
systematic and

safe shutdowns

Materials:

a. Flammability — ATT, LFL/UFL., flash point

b. Explosivity —conditions to prevent

¢. Toxieity — TEV-TWA, IDLH, required protection

d. Corrosivity and compatibility —correct materials of construction

e, Waste disposal —equipment, personnel, and legal constrainis

L. Storage —constraints including stability in storage

g. Static electricity —bonding and grounding

h. Reactivity —reactivity alone or with other components in
the process, effect of impurities, temperatures for auto-reactions

Equipment:

a, Safety margins —temperature, pressure, flow, level, etc.

b. Pressure relief —scenarios, worst cases, correct type and size

¢. Plant arrangement —spacing adequate, [lame arrestors,
remotely operated safety control valves, containment of chemicals

d. Electrical equipment —electrical classifications

¢. Controls —redundancy and fail-safe designs

Procedures: Operating and maintenance procedures for construction,
startup, operation, cleaning, and shutdown, including emergency
situations and normal operation

Materials: Authorized individuals check materials received in
relationship to specifications, spare parts

Equipment: Hydrostatic tests, mechanical integrity of equipment
and controls

Procedures: Craftsmen trained, permits used appropriately, house-
keeping. maintenance defined and scheduled

Materials: All raw materials in place, and disposal methods for off-
specification materials

Equipment:

a. Actual equipment, pipes and controls as specified in the design
documents (after including the recommendations of the safely
review)

b. Equipment purged, blinds removed, instrument and interlock
checks completed

Procedures: Procedures and training completed, detailed plans
communicated

Conduct periodic audits to be sure matenials, equipment, procedures,
training (operators and maintenance ). and permit systems are
appropriate and current

Procedures must be i place for cleaning equipment. and for disposing
of cleaning materials

Procedures for handling all chemicals, cleaning equipment, disposing of
chemicals and materials, inerting equipment and pipe systems, and a
system to keep the system in a safe shutdown mode, and a procedure in
place for the transition from shutdown to startup

The first review uses a checklist for each of the six phases of a project’s life (see Table 11-



8, that is, design construction, startup, operation, cleaning, and shutdown.Z The periodic
and follow-up reviews include the last four items: startup, operation, cleaning, and
shutdown.

There are two types of safety reviews: the informal and the formal.

Informal Review

The informal safety review is used for small changes to existing processes and for small
bench-scale or laboratory processes. The informal safety review procedure usually
involves just two or three people. It includes the individual responsible for the process and
one or two others not directly associated with the process but experienced with proper
safety procedures. The idea is to provide a lively dialogue where ideas can be exchanged
and safety improvements can be developed.

The reviewers simply meet in an informal fashion to examine the process equipment and
operating procedures and to offer suggestions on how the safety of the process might be
improved. Significant improvements should be summarized in a memo for others to
reference in the future. The improvements must be implemented before the process is
operated.

Example 11-3.

Consider the laboratory reactor system shown in Figure 11-9. This system is designed to
react phosgene (COCl,) with aniline to produce isocyanate and HCI. The reaction is

shown in Figure 11-10. The isocyanate is used for the production of foams and plastics.
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Figure 11-9. Original design of phosgene reactor before informal safety review.

NH, NCO
@/ + COClL, — @ + 2 HCI
S

Aniling Isccyanate
Figure 11-10. Reaction stoichiometry for phosgene reactor.

Phosgene is a colorless vapor with a boiling point of 46.8°F. Thus it is normally stored as
a liquid in a container under pressure above its normal boiling point temperature. The TLV
for phosgene is 0.1 ppm, and its odor threshold is 0.5-1 ppm, well above the TLV.

Aniline is a liquid with a boiling point of 364°F. Its TLV is 2 ppm. It is absorbed through
the skin.



In the process shown in Figure 11-9 the phosgene is fed from the container through a
valve into a fritted glass bubbler in the reactor. The reflux condenser condenses aniline
vapors and returns them to the reactor. A caustic scrubber is used to remove the phosgene
and HCI vapors from the exit vent stream. The complete process is contained in a hood.

Conduct an informal safety review of this process.
Solution

The safety review was completed by two individuals. The final process design is shown in
Figure 11-11. The changes and additions to the process are as follows:

1. Vacuum is added to reduce boiling temperature

2. Relief system is added with an outlet to a scrubber to prevent hazards resulting from
a plugged fritted glass bubbler

3. Flow indicator provides visual indication of flow

4. Bubblers are used instead of scrubbers because they are more effective
5. Ammonium hydroxide bubbler is more effective for absorbing phosgene
6. Trap catches liquid phosgene

7. Pail of caustic is added (the phosgene cylinder would be dumped into this pail in the
event of a cylinder or valve leak; the caustic would absorb the phosgene)
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Figure 11-11. Final design of phosgene reactor after informal safety review.

In addition, the reviewers recommended the following: (1) Hang phosgene indicator paper
around the hood, room, and operating areas (this paper is normally white but turns brown
when exposed to 0.1 ppm of phosgene), (2) use a safety checklist, daily, before the process
is started, and (3) post an up-to-date process sketch near the process.

Formal Review

The formal safety review is used for new processes, substantial changes in existing
processes, and processes that need an updated review. The formal safety review is a three-
step procedure. This consists of preparing a detailed formal safety review report, having a
committee review the report and inspect the process, developing improvements in the
design and operating procedures, and implementing the recommendations. The formal



safety review report includes the following sections:
I. Introduction

A. Overview or summary: Provides a brief summary of the results of the formal
safety review. This is done after the formal safety review is complete.

B. Process overview or summary: Provides a brief description of the process with an
emphasis on the major hazards in the operation.

C. Reactions and stoichiometry: Provides the chemical reaction equations and
stoichiometry.

D. Engineering data: Provides operating temperatures, pressures, and relevant
physical property data for the materials used.

I1. Raw materials and products: Refers to specific hazards and handling problems
associated with the raw materials and products. Discusses procedures to minimize
these hazards.

I11. Equipment setup

A. Equipment description: Describes the configuration of the equipment. Sketches of
the equipment are provided.

B. Equipment specifications: Identifies the equipment by manufacturer name and
model number. Provides the physical data and design information associated with
the equipment.

IV. Procedures
A. Normal operating procedures: Describes how the process is operated.

B. Safety procedures: Provides a description of the unique concerns associated with
the equipment and materials and specific procedures used to minimize the risk.
This includes:

1. Emergency shutdown: Describes the procedure used to shut down the
equipment if an emergency should occur. This includes major leaks, reactor
runaway, and loss of electricity, water, and air pressure.

2. Fail-safe procedures: Examines the consequences of utility failures, such as loss
of steam, electricity, water, air pressure, or inert padding. Describes what to do
for each case so that the system fails safely.

3. Major release procedures: Describes what to do in the event of a major spill of
toxic or flammable material.

C. Waste disposal procedure: Describes how toxic or hazardous materials are
collected, handled, and disposed.

D. Cleanup procedures: Describes how to clean the process after use.

V. Safety checklist: Provides the complete safety checklist for the operator to complete
before operation of the process. This checklist is used before every startup.

VI. Material safety data sheets: Provided for each hazardous material used.



Example 11-4.

A toluene water wash process is shown in Figure 11-12. This process is used to clean
water-soluble impurities from contaminated toluene. The separation is achieved with a
Podbielniak centrifuge, or Pod, because of a difference in densities. The light phase
(contaminated toluene) is fed to the periphery of the centrifuge and travels to the center.
The heavy phase (water) is fed to the center and travels countercurrent to the toluene to
the periphery of the centrifuge. Both phases are mixed within the centrifuge and separated
countercurrently. The extraction is conducted at 190°F.
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Figure 11-12. Toluene water wash process before formal safety review.

The contaminated toluene is fed from a storage tank into the Pod. The heavy liquid out
(contaminated water) is sent to waste treatment and the light liquid out (clean toluene) is
collected in a 55-gal drum.

Perform a formal safety review of this process.
Solution

The complete safety review report is provided in Appendix D. Figure 11-13 shows the
modified process after the formal safety review has been completed. The significant
changes or additions added as a result of the review are as follows:

1. Add grounding and bonding to all collection and storage drums and process vessels
2. Add inerting and purging to all drums
3. Add elephant trunks at all drums to provide ventilation

4. Provide dip legs in all drums to prevent the free fall of solvent resulting in the
generation and accumulation of static charge

5. Add a charge drum with grounding, bonding, inerting, and ventilation
6. Provide a vacuum connection to the dirty toluene storage for charging
7. Add a relief valve to the dirty toluene storage tank

8. Add heat exchangers to all outlet streams to cool the exit solvents below their flash
point (this must include temperature gauges to ensure proper operation)

9. Provide a waste water collection drum to collect all waste water that might contain



substantial amounts of toluene from upset conditions
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Figure 11-13. Toluene water wash process after formal safety review.
Additional changes were made in the operating and emergency procedure. They included

1. Checking the room air periodically with colorimetric tubes to determine whether any
toluene vapors are present

2. Changing the emergency procedure for spills to include (a) activating the spill
alarm, (b) increasing the ventilation to high speed, and (c) throwing the sewer
isolation switch to prevent solvent from entering the main sewer lines

The formal safety review can be used almost immediately, is relatively easy to apply, and
is known to provide good results. However, the committee participants must be
experienced in identifying safety problems. For less experienced committees, a more
formal HAZOP study may be more effective in identifying the hazards.

11-5. Other Methods

Other methods that are available for identifying hazards are the following:

1. “What if” analysis: This less formal method of identifying hazards applies the words
“what if” to a number of areas of investigation. For instance, the question might be,
What if the flow stops? The analysis team then decides what the potential
consequences might be and how to solve any problems.

2. Human error analysis: This method is used to identify the parts and the procedures
of a process that have a higher than normal probability of human error. Control panel
layout is an excellent application for human error analysis because a control panel
can be designed in such a fashion that human error is inevitable.

3. Failure mode, effects, and criticality analysis (FMECA): This method tabulates a list
of equipment in the process along with all the possible failure modes for each item.
The effect of a particular failure is considered with respect to the process.
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Problems

11-1. The hydrolysis of acetic anhydride is being studied in a laboratory-scale
continuously stirred tank reactor (CSTR). In this reaction acetic anhydride
[(CH3CO),0] reacts with water to produce acetic acid (CH;COOH).

The concentration of acetic anhydride at any time in the CSTR is determined by
titration with sodium hydroxide. Because the titration procedure requires time
(relative to the hydrolysis reaction time), it is necessary to quench the hydrolysis
reaction as soon as the sample is taken. The quenching is achieved by adding an
excess of aniline to the sample. The quench reaction is

(CH,CO), + CgHsNH, — CH3COOH + CgHsNHCOCH;.

The quenching reaction also forms acetic acid, but in a different stoichiometric ratio
from the hydrolysis reaction. Thus it is possible to determine the acetic anhydride
concentration at the time the sample was taken.

The initial experimental design is shown in Figure 11-14. Water and acetic
anhydride are gravity-fed from reservoirs and through a set of rotameters. The
water is mixed with the acetic anhydride just before it enters the reactor. Water is
also circulated by a centrifugal pump from the temperature bath through coils in the
reactor vessel. This maintains the reactor temperature at a fixed value. A
temperature controller in the water bath maintains the temperature to within 1°F of
the desired temperature.
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Figure 11-14. Acetic anhydride reactor system.
Samples are withdrawn from the point shown and titrated manually in a hood.
a. Develop a safety checklist for use before operation of this experiment.
b. What safety equipment must be available?

c¢. Perform an informal safety review of the experiment. Suggest modifications to
improve the safety.

11-2. Perform a HAZOP study on the laboratory process of Problem 11-1. Consider the
intention “reactant flow to reactor” for your analysis. What specific
recommendations can you make to improve the safety of this experiment?

11-3. A heat exchanger is used to heat flammable, volatile solvents, as shown in Figure
11-15. The temperature of the outlet stream is measured by a thermocouple, and a
controller valve manipulates the amount of steam to the heat exchanger to achieve
the desired set point temperature.

a. Identify the study nodes of the process.

b. Perform a HAZOP study on the intention “hot solvent from heat exchanger.”
Recommend possible modifications to improve the safety of the process.
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Figure 11-15. Volatile solvent heating system.

11-4. A gas-fired furnace is shown in Figure 11-16. The hot combustion gases pass
through a heat exchanger to heat fresh air for space heating. The gas flow is
controlled by an electric solenoid valve connected to a thermostat. The gas is
ignited by a pilot light flame. A high-temperature switch shuts off all gas in the
event of high temperature in the fresh air plenum.

a. Determine the various ways in which this system can fail, leading to excessive
heating of the plenum and possible fire.

b. What type of valve (normally open or normally closed) is recommended for the
gas supply?
¢. What is the most likely failure mode?

d. A problem can also arise because of failure of the pilot light, leading to
combustible gases in the furnace, heat exchanger, and chimney. Suggest at least
two ways to prevent this problem.
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Figure 11-16. Furnace control system.



11-5. Beverage dispensers are notorious for either taking one’s money or not delivering
the proper beverage. Consider a beverage dispenser that delivers a paper cup, ice,
and beverage (composed of syrup and water) in a sequential order. The machine
also makes change.

Identify as many failure modes as possible. Use the HAZOP guide words to
identify additional possibilities.

11-6. World War II submarines used torpedo tubes with outer and inner doors. The
torpedo was loaded into the tube from the torpedo room using the inner door. The
inner door was then closed, the outer door opened, and the torpedo launched.

One problem was ensuring that the outer door was closed before the inner door was
opened. Because no direct visible check was possible, a small pipe and valve were
attached to the top of the torpedo tube in the torpedo room. Before opening the
inner door, the valve was opened momentarily to check for the presence of
pressurized water in the tube. The presence of pressurized water was a direct
indication that the outer door was open.

Determine a failure mode for this system, leading to the inner door being opened
when the outer door was open, resulting in flooding of the torpedo room and
possible sinking of the sub.

11-7. Five process pumps are lined up in a row and numbered as shown in Figure 11-17.
Can you identify the hazard? A similar layout led to a serious accident by a
maintenance worker who was sprayed by hot solvent when he disconnected a pump
line on the wrong pump. An accident like this might be attributed to human error
but is really a hazard resulting from poor layout.
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Figure 11-17. Pump layout.

11-8. A good acronym in chemical plant design is KISS—Keep It Simple, Stupid! This
also applies to hazards. Complicated designs are almost always more hazardous
than simple ones.

Figure 11-18 shows a sump designed to collect process fluids. The level controller
and pump ensure that the sump level is maintained below a maximum height. Can
you suggest a much simpler system?
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Figure 11-18. Sump level control system.

11-9. Storage tanks typically are not capable of withstanding much pressure or vacuum.
Standard storage tanks are designed for a maximum of 2.5 in of water gauge
vacuum (0.1 psi) and about 6 in of water gauge pressure (0.2 psi).

A welding operation was to occur on the roof of a storage vessel. The tank
contained a flammable, volatile liquid. The roof was equipped with a vent pipe with
a flame arrestor.

The foreman recognized a possible hazard from flammable vapor escaping from the
vent pipe and igniting on the sparks from the welding operation. He connected a
hose to the vent at the top of the tank and ran the hose down to the ground. Because
the flammable vapors were water soluble, he stuck the end of the hose in a drum
full of water. During a subsequent operation that involved emptying the tank, an
accident occurred. Can you explain what happened and how?

11-10. Figure 11-19 shows a storage tank blanketed with nitrogen. This configuration
resulted in an explosion and fire because of loss of inert material. Can you explain

why?
Storage Tank
_,—'—"'_'_'__'__ __\_\_——\_\__\__
g RS (\;é
“.r0. .t Hydrocarbon - oLl _
SR Liguid IO i |. 2 Nltrogen
---------- 1 psi 4i psi
: . = .
\\\\ g A \ \‘- 5, \\ k. \‘\ Y

Figure 11-19. Nitrogen padding system for a storage tank.

11-11. Figure 11-20 shows two tanks in series, both with independent level controllers.
This configuration will result in the lower tank inevitably overflowing. Can you
explain why?
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Figure 11-20. Level tanks in series.

11-12. Develop a safety checklist for the system described in Example 11-3 and shown in

Figure 11-14. The intention of the checklist is to ensure the system is safe before
operation.

11-13. Prepare a formal safety review memo for the gas-fired furnace described in
Problem 11-4 and shown in Figure 11-16. This memo will be given to each
committee member before the formal safety review committee meeting.

11-14. Describe an informal safety review process for using a cylinder of phosgene to
charge gaseous phosgene to a reactor. Review up to the reactor only.

11-15. In Figure 11-8, identify the study nodes of the reactor process, as shown.

11-16. “Fail-safe” is a concept used to specify the position of process instrumentation in
the event of power, air pressure, or other utility failures. For instance, the valve
supplying cooling water to a chemical reactor would fail in the open position (“fail
open”) in the event of a power failure. This would provide maximum cooling to the
reactor and prevent dangerous high temperatures in the vessel.

Specify the proper fail-safe positions for the valves in the following equipment.
Specify either fail open or fail close.

a. A flammable solvent is heated by steam in a heat exchanger. The valve controls
the flow of steam to the exchanger.

b. A valve controls the flow rate of reactant to a reactor vessel. The reaction is
exothermic.

c. A valve controls the flow rate of reactant to a reactor vessel. The reaction is
endothermic.

d. A valve controls the flow of natural gas to a utility furnace in a power station.
e. A remotely operated valve is connected to a drain on a storage tank.
f. A remotely operated valve is used to fill a tank from a supply line.

g. A valve controls combustion air to a furnace.



h. A valve controls the pressure in a steam header.

11-17. Interlocks are used to ensure that operations in a chemical plant are performed in
the proper sequence. Interlocks can be mechanical or electronic. In many cases they
can be as simple as a lock and key.

Specify the simplest mechanical interlock capable of achieving the following
functions:

a. A valve cannot be closed until a furnace is shut down.
b. Two valves cannot both be closed at the same time.
c¢. A valve must be closed before a pump is started.

d. Feed to a reactor cannot be started until the reactor vessel stirring motor is
activated.

11-18. A process operator is given the following instructions: “Charge 10 1b of catalyst
into batch reactor A at 3 hr into the cycle.” Determine at least 15 ways in which the
operator might fail to perform the instructions correctly.

11-19. Thermocouples in chemical plants are usually found in sheaths. These sheaths
protect the thermocouple and also allow the thermocouple to be removed and
replaced without shutting down the process. One chemical plant had some
thermocouples that did not have sheaths, although they looked like the sheathed

type. This led to an accidental release of toxic and flammable material. Can you
explain why?

11-20. Liquid levels in storage tanks are frequently determined by measuring the pressure
at the bottom of the tank. In one such tank the material stored in the tank was
changed and an overflow resulted. Why?

11-21. La La Pharmaceuticals has recently discovered a new drug, Lalone, in their
chemical laboratories. Lalone is expected to be a blockbuster drug, raking in
billions of dollars each year. For the next stage of clinical studies over 50 kg of
Lalone is required, and La La Pharmaceuticals has decided to produce this in their
existing pilot plant operations in Lala Land. As the safety director for the pilot plant

operations, you are in charge of ensuring the safety of all operations.°

During a meeting with the chemist who synthesized Lalone in the laboratory, you
have learned the following: (1) Lalone is a fine, white powder; (2) Lalone is
synthesized by a batch process through a series of four major steps—three sets of
reactions to produce intermediates, followed by drying to produce Lalone (all
reactions are carried out in the liquid phase and require acetone as a solvent); (3)
the chemical reactions are not fully understood, and most physical and chemical
properties are not known; (4) so far, Lalone has been manufactured only in the
laboratory and in small quantities (less than 50 g); (5) management wants the pilot
plant operations to be started as soon as possible; and (6) the Engineering Division
has already started writing the operating procedures for the eventual process.

As the safety director of the pilot plant:



a. Based on your safety knowledge and experience, identify the major hazards in
this process that you would be concerned about.

b. Describe how you would structure a hazard study for the L.alone manufacturing
process.

¢. What additional information will you need to conduct the hazard analysis study?

11-22. An operator was told to control the temperature of a reactor at 60°C. He set the set
point of the temperature controller at 60. The scale actually indicated 0—100% of a
temperature range of 0—200°C. This caused a runaway reaction that overpressured
the vessel. Liquid was discharged and injured the operator. What was the set point
temperature the operator actually set?

11-23. Pneumatic process equipment operates in the range of 3—15 psig. Thus, for
example, a signal of 3 psig might represent 0 psig in the process and 15 psig might
represent 1200 psig in the process.

A pneumatic pressure gauge was designed to operate in the range of 3—15 psig,
corresponding to the pneumatic signal sent from the plant. However, the scale
printed on the gauge read 0 to 1200 psig, corresponding to the actual process
pressures.

This gauge was accidentally overpressured, resulting in an accident. What
happened?

11-24. A light in the control room of a chemical plant indicated whether a valve was
closed or not. In reality it indicated only the status of the signal being sent to the
valve. The valve did not close when it should have, and the plant exploded. Why?
How would you prevent this problem?

11-25. A coffee maker has a reservoir where a quantity of clean water is poured. A small
heater percolates the water up to the top of the coffee maker, where it drips down
through the coffee grounds and filter assembly. The coffee product is collected in
the coffee pot.

a. Draw a sketch of the coffee machine, and identify the study nodes.

b. Perform a HAZOP study on a common coffee maker. Use as a design objective
hot, fresh-brewed coffee in the coffee pot.

11-26. (This problem requires student access to the Dow Fire and Explosion Index
manual.) In a devolatilizer, a solvent (60% cyclohexane and 40% pentane) is
removed from a polymer and sent to the solvent recycle section of the plant for
treatment and recovery. The devolatilizer is located in an open structure with good
access for fire fighting. The process area has a 1% sloping concrete surface with a
remote impounding area capable of handling all of a spill and 30 min of fire water.
The process is run above the flash point of the solvent at 300 mm Hg. The vessel
has a relief device set at 50 psig. Assume a potential spill of 8000 Ib of flammable

material with a heat of combustion of 19.4 x 103 Btu/Ib.

The process unit has many loss control features. The plant has a diesel emergency
power generator with an emergency cooling system. The plant is also under



computer control with emergency shutdown based on redundant inputs. Vacuum is
always broken with nitrogen. The process has complete, written, and up-to-date
operating instructions. A reactive chemicals review was completed recently. The
process has several interlocks to prevent polymerization.

The process area has combustible gas detectors, fireproofing, and a water deluge
system. Cable trays are protected with deluge, and portable dry chemical
extinguishers are in the process area. Diesel-powered fire water pumps can provide
a maximum fire water demand for 4 hr.

a. Determine the Dow F&EI value for this process to estimate the relative degree
of hazard.

b. Assuming an equipment value within the radius of exposure of $1 million,
estimate the maximum probable property damage.

c. Assuming a product value of $1.50 per pound and an annual plant production
rate of 35 million Ib, estimate the business interruption loss.

11-27. (This problem requires student access to the Dow Fire and Explosion Index
manual.) Consider a butadiene storage vessel in a tank farm area containing
butadiene, cyclohexane, isopentane, styrene, and isopropene. The maximum
butadiene storage capacity is 100,000 gal. The normal pressure of the butadiene
storage vessel is 15 psig, with the relief valve set at 50 psig. The butadiene storage
is diked separately from the other materials. The butadiene storage area is equipped
with a chilled glycol cooling system that can be operated from an emergency
generator if necessary. The transfer operations in and out of storage are monitored
by computer control with emergency shutdown capability. The vapor space in the
vessel is inerted. Operating instructions are current, and the system has been
through a recent reactive chemicals review.

The storage system has remotely operated emergency block valves on all transfer
lines into and out of the tank. The storage area has the required drainage to direct a
spill away from the tank. Backflow protection has been installed and is tested to
prevent backflow into the transfer line and storage.

Loss control features include combustible gas detectors installed around the
containment area and transfer system. A diesel-driven fire pump is capable of
handling the emergency demand for 4 hr. A water deluge system has been installed
around the storage tank and transfer pump.

The specific gravity of the butadiene is 0.6263.

a. Determine the Dow F&EI value for this process to estimate the relative degree
of hazard.

b. Assuming an equipment value within the radius of exposure of $1 million,
estimate the maximum probable property damage.

c. Assuming a product value of $2.00 per pound for this plant and an annual
production rate of 10 million Ib, estimate the business interruption loss.

11-28. Exothermic chemical reactions are frequently dangerous because of the potential



for a runaway reaction. Cooling coils are provided in batch reactors to remove the
energy of reaction. In the event of a cooling water failure, the reactor temperature
rises, resulting in a higher reaction rate and higher energy generation. The result is a
runaway reaction. During a runaway reaction, the temperature can rise quickly,
resulting in dangerous pressures within the reactor and a possible explosion.

Loss of cooling can be detected by measuring the temperature within the reactor
and sounding an alarm. Frequently, by the time the alarm sounds, it is too late.
Design a better instrumentation and alarm configuration to detect loss of cooling
more directly. Draw the instrumentation diagram.

11-29. A flammable liquid is to be stored in a large storage vessel. Two vessels are
available. One vessel is called a weak seam roof tank, with the weakest part of the
vessel being the welded seam between the roof and the vertical wall of the tank.
The other vessel is a domed roof tank, with the weakest part being the seam along
the bottom of the tank. Which tank is the better choice for storing this material?

11-30. Your manufacturing plant has purchased a number of robots to facilitate
production. What are the main hazards associated with robots? What are some
effective safeguards against these hazards?1!

11-31. As described in Section 11-4, checklists are used to facilitate a high-quality safety
review, and the checklists are tailored for a specific process and a specific group of
reviewers (for example, experienced or inexperienced reviewers). Tailor a checklist
for a group of chemical engineering students who are preparing to review a new
ChemE Car for the annual AIChE ChemE Car competition.

11-32. Safety reviews should include a review and study of previous incidents and
accidents, as described in Section 11-4. Part of the solution to Problem 11-31
includes a review of previous accidents. Summarize the accidents that have
previously occurred in AIChE ChemE Car competitions, and state the teaching
relevant to new competitors. (See ChemE Car Safety, Workshop Presentation
(PDF), www.SACHE.org.)




