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Executive Summary

On August 19, 2004, an explosion at the Sterigenics International, Inc., ethylene oxide (EO) sterilization
facility in Ontario, California, injured four workers and caused extensive damage to the 66,000 square-
foot facility. Flying glass from the control room windows was responsible for all of the injuries, and both
the facility structure and equipment sustained severe damage. The Sterigenics plant and neighboring

facilities were evacuated, and plant operations were disrupted for 9 months.

Sterigenics is a contract medical sterilization services provider that specializes in various types of
sterilization in the U.S. and around the world. Its EO facility in Ontario performs services for
manufacturers of a variety of medical products such as disposable syringes, urinary tract catheters, and

cardiovascular stints and valves.

The U.S. Chemical Safety and Hazard Investigation Board (CSB) determined that maintenance personnel
overrode safety devices and EO flowed through the ventilation system from a sterilizer to an open-flame
catalytic oxidizer (oxidizer) where it ignited. The flame traveled back to the sterilizer chamber through

the ventilation system ducting and ignited a large volume of EO in the chamber.
The investigation identified the following root causes:

o Engineering controls installed at the facility did not prevent an explosive concentration of

ethylene oxide (EO) from reaching the oxidizer.
e Employees did not understand the hazards associated with the process.

This CSB report makes recommendations to Sterigenics International, Inc., the National Fire Protection

Association (NFPA), the National Institute for Occupational Safety and Health (NIOSH), and others.
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1.0 INTRODUCTION

On August 19, 2004, an explosion inside an air pollution control device and medical products sterilization
chamber at Sterigenics International, Inc., in Ontario, California, injured four workers and severely
damaged the facility (see Figure 1). Neighboring businesses were evacuated for several hours and

operations at the Ontario facility were disrupted for 9 months.

Figure 1 Facility Damage
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The explosion occurred when maintenance personnel entered a password to override computer
safeguards, allowing premature opening of the sterilizer door. This caused an explosive mixture of
ethylene oxide (EO) to be evacuated to the open-flame catalytic oxidizer* (oxidizer) by the chamber
ventilation system. The oxidizer is used to remove EO in compliance with California air quality
regulations. When the EO reached the oxidizer it ignited and the flame quickly traveled back through the
ducting to the sterilizer where approximately fifty pounds of EO ignited and exploded. Figure 2 is an

illustration of the facility floor plan and location of key equipment involved in the explosion.
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Figure 2 Ontario Plant Layout

! Oxidizers include both thermal and catalytic devices. Thermal oxidizers generally operate at higher temperatures
and rely solely on heat to destroy pollutants, whereas catalytic oxidizers operate at lower temperatures and employ a
catalyst bed to facilitate the destruction of pollutants.
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U.S. Chemical Safety and Hazard Investigation Board (CSB) investigations result in safety
recommendations targeted toward preventing similar incidents. CSB investigated this incident because it
was a serious explosion that would have resulted in more serious injuries and possibly fatalities if workers

had been in the sterilization area when the explosion occurred.

During the course of this investigation, CSB investigators examined physical evidence, interviewed
Sterigenics employees, EO manufacturing industry and instrumentation experts, and reviewed relevant
company documents. Investigators coordinated with California Occupational Safety and Health
Administration (Cal/lOSHA), South Coast Air Quality Management District (SCAQMD), San Bernardino

County Fire Department, Hazard Materials Division, and the City of Ontario Fire Marshall’s office.

2.0 STERIGENICS HISTORY

Sterigenics International, Inc. is a contract medical sterilization services provider that specializes in
various types of sterilization in the U.S. and around the world. It began operation in 1979, but did not
begin EO sterilization until 1999, when it merged with lon Beam Applications (IBA); IBA had acquired
Griffith Micro Science, Inc. (Griffith)—owner of the Ontario facility—in April of 1999. In June of 2004,
PPM Capital Limited and PPM America Capital Partners (PPM)—private equity firms with worldwide
assets totaling nearly $4 billion—acquired the IBA sterilization and ionization business and renamed it
Sterigenics. PPM is owned by Prudential plc, a financial services group incorporated in the United
Kingdom with over $300 billion in assets. Sterigenics International now operates at 40 locations around
the world—including 9 EO sterilization facilities in the U.S.— and employs approximately 1,000 people.

Figure 3 below is a timeline outlining the Ontario facility ownership.
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Figure 3 Ontario Plant Ownership

2.1 Ontario Facility

Griffith began construction on the Ontario facility in 1993, and commenced sterilization operations in
1994. The facility has eight sterilization chambers and operates 24 hours a day, seven days a week, with

approximately 30 employees.

2.1.1 Continuity of Management

Although the facility changed ownership twice since its construction—first, when it was purchased by
IBA in 1999, and again in 2004, when PPM purchased it and renamed it Sterigenics—many of the
original management and engineering personnel remained on staff. They continued to oversee plant
operations throughout these transitions, and were in charge at the time of the incident. CSB investigators

interviewed many of these managers and engineers during this investigation.
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3.0 Ethylene Oxide (EO) Hazards

EO is both flammable and toxic. OSHA regulates EO in two separate regulations: Ethylene Oxide (29
CFR 1910.1047) and Process Safety Management of Highly Hazardous Chemicals (PSM).? Likewise,
EO is regulated by the Environmental Protection Agency (EPA). Most relevant to this investigation are
the Hazardous Air Pollutant (HAP) regulations under the Clean Air Act (CAA), the National Emissions
Standards for Hazardous Air Pollutants (NESHAP)?, and the Risk Management Program (RMP).* See

Section 8.0, Regulatory Review

3.1 Flammability

EQ is a highly reactive compound represented by the chemical formula CH,OCH,. The lower flammable
limit of EO/air mixtures is 2.6%, while the upper flammable limit is 100%, because pure EO will burn in

the absence of air or oxygen. The flammable range of EO/air mixtures is accordingly 2.6-100%.

Once ignited, the velocity of an EO flame inside a gas enriched pipe or ventilation duct accelerates
rapidly. As the flame continues to accelerate, the unburned EO just ahead of the flame front is
compressed and heated, causing further ignition. Because EO flames can accelerate so rapidly (Thibault
et al., 2000), designing and installing reliable explosion control systems is difficult, particularly when

adding them to existing process equipment.

? Because Sterigenics stores more than 5,000 Ibs of EO at its facility, it is covered by the OSHA PSM Standard (29
CFR § 1910.119). PSM covers processes containing threshold quantities of highly hazardous chemicals identified
on a list contained in Appendix A of the standard, as well as other flammables present in quantities greater than
10,000 pounds.

® See Section 112 of the CAA and 40 CFR Part 61.

* The RMP program is detailed in Section 112(r) of the Clean Air Act and in 40 CFR Part 68.
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In order to avoid explosions, facilities must maintain EO concentrations entering oxidizers below the
lower flammable limit, also commonly referred to as the lower explosive limit (LEL).> National Fire
Protection Association (NFPA) codes require facilities to dilute EO concentrations transported to
oxidizers to less than 25% of the LEL, or 6,500 ppm.® Typical chamber concentrations during

sterilization reach 400,000 ppm (40% by volume), which is a very explosive concentration.

3.2 Toxicity
The acute (short-term) effects of EO in humans consist mainly of central nervous system (CNS)
depression and irritation of the eyes and mucous membranes. Chronic (long-term) exposure can cause
irritation of the eyes, skin, and mucous membranes, and problems in the functioning of the brain and
nerves. A recent study conducted by the National Institute for Occupational Safety and Health (NIOSH)
concluded that long term exposures to EO increases the risk of bone cancer in men and breast cancer
among women.” EPA has classified ethylene oxide as a probable human carcinogen, and the
International Agency for Research on Cancer (IARC)—part of the World Health Organization—classifies

EO asa Group 1 human carcinogen.?

® The Lower Explosive Limit (LEL) is the level at which there is enough oxygen and fuel to support combustion.
The LEL for EO is 26,000 parts per million in air.

® See NFPA 86 Standard for Ovens and Furnaces 2003 Edition, Chapters 9.2.6.1. Chapter 9.2.8 allows < 50% of the
LEL when automated detection and response systems are used.

" The results of this study can be viewed at the NIOSH website: www.cdc.gov/niosh/

® This category is used by IARC when there is sufficient evidence of a cause and effect relationship between
exposure to the material and cancer in humans. Such determination requires evidence from epidemiologic
(demographic and statistical), clinical, and/or tissue/cell studies involving humans who were exposed to the
substance in question.
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The Occupational Safety and Health Administration (OSHA) permissible exposure limit (PEL) is 1 ppm,
averaged over an 8-hour workday. For shorter exposures to higher concentrations, OSHA has adopted a
short-term exposure limit (STEL)—not to exceed 15 minutes—of 5 ppm. In addition, employers are
required to take certain actions (e.g., conduct medical surveillance and periodically monitor worker

exposures) when employee exposures exceed 0.5 ppm averaged over an 8-hour workday.®

4.0 EO STERILIZATION PROCESS

The Sterigenics facility in Ontario conducts sterilization by placing pallets of products inside a large
stainless steel chamber, applying a vacuum, and injecting pure EO to achieve a sterilizing concentration
of approximately 400,000 ppm. EO kills microbes by disrupting life-sustaining molecules.

Commercially sterilized medical products must meet stringent U.S. Food and Drug Administration (FDA)
safety regulations that address product sterility (i.e., microbial levels) and acceptable levels of EO residue.
Because of the variability of products, packaging, load density, etc., each product type (e.g., tubing,
catheters, containers, bandages) requires a unique treatment cycle to ensure sterilization. Cycle variables
include EO concentration, duration of exposure, temperature, humidity, vacuum applied during
sterilization, and gas washing and aeration required to remove residual EO. FDA requires that
manufacturers “validate” (ensure successful sterilization) cycles for each product type. This entails using

biological indicators' to ensure that residual EO is at or below standards deemed safe by the FDA. The

% See 29 CFR 1910.1047, Ethylene Oxide.

19 Biological indicators are small devices containing microbes (germs) with known resistance to EO sterilization.
They are strategically placed inside palletized product loads for the duration of a sterilization cycle, and afterwards,
are transported to a laboratory for evaluation.
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majority of the products sterilized at the Ontario facility are pre-conditioned, sterilized, and then aerated.

(See Figure 4).

Materials ‘ ' Materials |
Arrive - > Preconditioning > Sterilization " Aeration | > ' Shipped ‘

= A ( ; N \
Humidity, Sterilant Evaciationtand |Final Chamber .

Temperature and > Injectionand Gas Washes. | | Exhaustto

Pressure Control Gas Dwell Back Vent

Figure 4 Sterilization Overview

4.1 Pre-conditioning

Pre-conditioning is the first stage of the medical product sterilization process. It lasts from 6 to 24
hours—depending on the products being conditioned—and involves subjecting products to high levels of
humidity, and temperatures between 80° and 120° F (27-49° C). This stage helps ensure effective EO
penetration and warms products for the sterilization process. Pre-conditioning occurs in four

environmentally controlled rooms along the north wall of the facility.

4.2 Sterilization

Operators use forklifts to move products to the sterilization chambers at the conclusion of pre-
conditioning. The chambers are then sealed and prepared for sterilization. From the control room located
at the west end of the facility, operators then input codes into the computerized process control system
(the Antares system) that controls and monitors the sterilization cycle. The cycle takes from 6 to 15
hours, depending on the products being sterilized. See Section 4.2.2 Computerized Process Control

below, for a detailed discussion of the Antares system.
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4.2.1 Cycle Phases

The sterilization cycle begins by placing chambers under a vacuum, injecting some steam to further
condition the products, and then injecting EO from pressurized 400-pound cylinders housed in cabinets
located alongside each chamber. Products are exposed to EO while the chamber is maintained at a
negative pressure for a pre-determined period, called the “dwell”*! phase. At the end of this phase, the
chamber gas mixture is evacuated to the acid scrubber that removes EO. Approximately 60% of the EO
is exhausted from the chamber during this phase of the cycle. The chamber then undergoes a series of
nitrogen and/or air washes to remove the remaining EO.* Figure 5 (below) illustrates the sterilization

cycle sequencing described in this section.

Cycle Completed
(Crack door to initiate backvent)

® | ock Chamber Doors & Inflate Gas Washes \ Materials

29— Nitrogen Door Gasket , A \ removed
Add N, & Evacuate (repeated)

Ventilate
chamber

Draw Initial

/ Vacuum

Dwell Period
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N
o
I

Release chamber
vacuum

Add N,

=
S}
I

Post-Dwell
Vacuation
Add EO

Conditioning
Period

~—

Chamber Pressure (Inches Hg)

Add Steam

o N B
[ |

v

» Cycle Sequence

Figure 5 Sterilization Cycle Sequencing

1 Dwell is the period during the sterilization cycle during which products are exposed to high concentrations of EO.
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Despite efforts to remove all of the EO from sterilized products, potentially toxic (but normally not
explosive) levels of EO remain in the chamber after gas washing. To purge this remaining EO, operators
open the sterilizer door to approximately six inches, which automatically opens a ventilation duct—
referred to as a “backvent”—located in the rear of the chamber. Operators leave the door in this position
for several minutes to ventilate the chamber so that employees can safely enter to remove sterilized
products. Air exhausted through the backvent flows to the oxidizer, which removes the remaining EO
from the airstream. See Section 5.0 Facility Emissions Control (below) for more information about the

emission control devices at the facility.

12 Nitrogen/air washing involves decreasing the pressure inside the chamber relative to atmospheric pressure
(“pulling a vacuum?”), injecting nitrogen and/or air, and then evacuating the chamber.
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4.2.2 Computerized Process Control

The Antares*® computerized process control system manages the sterilization process inside the chamber.

This includes automatically controlling levels of humidity, temperature, pressure, EO, and dwell time.

3 Antares (manufactured by Digital Dynamics, Inc.) is the commercial name for the software used to control the
process.
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Facility management staff program cycle parameters and event sequencing into the Antares system during
the cycle design phase, based on specifications to achieve FDA-mandated sterilization parameters. See
Section 4.2.3, Cycle Design and Chamber Concentration Measurements, for a detailed discussion of cycle

design.

To activate a particular sterilization cycle operators simply type the corresponding numeric code into the
Antares system terminal located in the control room. The Antares system then controls the sequencing of
that cycle from start to finish. Taking actions to manually intervene (advance or interrupt) a cycle

sequence may present a considerable safety hazard.

If an unrecoverable problem occurs during the sterilization cycle, operators can immediately abort the
cycle by activating a button located on the control room console. This initiates a pump that removes the
high concentration gas from the sterilization chamber, followed by a sequence of gas washes that removes
the remaining EO. Because of the explosion hazard potential, any modification to the Antares cycle

sequence—other than an abort command—requires a manager’s password.

4.2.3 Cycle Design and Chamber Concentration Measurements

The high EO concentration gas mixture evacuated after the dwell and gas wash phases goes to the acid
scrubber for treatment, and is normally not an explosion safety concern, provided the cycle proceeds
uninterrupted. Interrupting a cycle, by advancing it or otherwise, presents a considerable safety hazard
because there is no monitoring or detection equipment to warn employees that an explosive concentration
remains in the chamber. On the day of the explosion, after advancing the cycle and thereby bypassing gas
washes, the technician who opened the sterilizer door did not know that the sterilizer contained an

explosive gas mixture.

Gas washing to remove explosive levels of EO is the primary explosion-safety design feature of the

sterilization process. As a backup, the engineering staff designed the ventilation system to dilute
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backvent exhausts to less than 25% of the LEL before reaching the oxidizer. See Section 7.2.1.4, Vent

Stream Dilution Air, for a more detailed discussion of this.

Mathematical calculations using the ideal gas law are used to design gas washes for the specific cycle
during the initial cycle design. Thereafter, the pressure sensor system located inside the chambers predicts
chamber concentrations. However, the sensor system does not measure EO concentration; it measures
pressure inside the chamber at various phases of the cycle, such as during gas injection or removal. The
sensor alerts the Antares system if a predetermined cycle pressure is not achieved. Such an alert indicates
that the pressure is either too high or too low, which may indicate that too much or too little EO was
injected. This system does not indicate the actual chamber EO concentration, or provide a warning to
employees that a dangerous concentration may exist in the chamber. The Ontario facility used no other

devices to measure explosive concentrations inside the chambers.

4.3 Aeration

After ventilating the chamber, operators completely open the sterilizer door and use forklifts to move
products to the aeration rooms. Circulating air in the aeration rooms, also vented to the oxidizer, removes

any remaining residual EO.

5.0 Facility Emissions Control

EPA and California Air Resources Board (CARB) emissions standards for EO—discussed more fully in
Section 8.0 below—require sterilization facilities to remove EO from their gas emissions. When the
Ontario facility was constructed in 1994, the oxidizer was installed to comply with these requirements. In
1998—after a series of oxidizer explosions involving EO at other sterilization facilities—Griffith installed
an acid scrubber to treat high concentration chamber exhausts evacuated at the end of its sterilization and

gas wash phases. However, the facility continued to use the oxidizer to treat the lower concentration
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emissions from backvents and aeration rooms because the scrubber was unable to meet CARB emissions

standards.

5.1 Acid Scrubber

The acid scrubber (manufactured and installed by Ceilcote Air Pollution Control) is safer to operate than
the oxidizer, because it does not utilize an open flame or heat source. It contains a solution of water and
sulfuric acid (H,SO,) that converts gaseous EO to an ethylene glycol solution. The ethylene glycol is
transported to a waste treatment facility. The scrubber performs well for high concentration emissions,
but cannot satisfy California emissions standards for the lower concentrations typical of backvents and

aeration rooms. The Ontario facility continues to utilize its oxidizer to treat these emissions.

5.2 Catalytic Oxidizer (Oxidizer)

The oxidizer—just outside the eastern-most wall of the facility—was designed, manufactured, and
installed by Donaldson, Inc., which worked closely with facility and corporate engineering personnel. A
series of spiral wound steel ducts routed to a manifold connected to the oxidizer, transports EO-containing
exhausts to the oxidizer. A heat exchanger and natural gas-fired (open flame) combustion chamber heats
air entering the oxidizer to approximately 300°F, the temperature required to initiate a reaction between

the EO and the metal impregnated catalyst bed to destroy EO.** (See Figure 7)

' EO molecules are converted to carbon dioxide and water vapor when they contact the metal alloy in the catalyst
bed.
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Figure 7 Diagram of Catalytic Oxidizer

The oxidizer has several safety features focused on preventing damage to the oxidizer, but none of these
features prevent high concentration chamber exhausts from igniting. Likewise, there is nothing
associated with the design of the oxidizer or ventilation system that can detect or stop a flame front from

traveling from the oxidizer back to a chamber.
6.0 Incident Description

6.1 Pre-incident Events

On Thursday, August 19, 2004, at approximately 1:30 AM, the Antares control system alerted operators
of an EO injection failure during a cycle in Chamber 7. The operator immediately ran several routine
system checks in the control room to determine that the alert was accurate, but was unable to identify any
problems. He then called in the lead operator, and together, they decided to abort the cycle. In
accordance with company protocol, they used the cycle abort button on the control room console. Upon
completion of the abort cycle, operators removed the chamber contents to an aeration room, and the

chamber was left open awaiting maintenance personnel.
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The maintenance supervisor arrived at the plant at approximately 7:30 AM and immediately assigned two
technicians to work on the gas injection problem. The technicians ran a series of tests, including an

abbreviated test cycle that injected approximately 4 pounds of EO. The cycle performed as designed, and
the technicians did not identify any problems. Before returning the chamber to production, the technicians

ran a final calibration cycle that utilized 125 pounds of EO.

This cycle progressed through its gas injection phases with no problems. Thinking that they had ruled out
the injection system as the problem, and eager to get the chamber back on line, the technicians asked the
maintenance supervisor for permission to skip the final gas washes and advance the cycle to completion.
Witness interviews indicated that the technicians believed—because the chamber was empty of products
being sterilized—the single end of cycle evacuation had removed the explosive concentrations of EO, and
therefore, there was no reason for the gas washes because no residual EO remained in the chamber. The

maintenance supervisor agreed with their logic and agreed to advance the cycle to completion.

6.2 The Incident

To advance the cycle to completion the maintenance supervisor verbally gave the required password to a
maintenance technician. The technician typed the command into the Antares system thereby skipping the
gas wash phase. Minutes later, the technician cracked the sterilizer door to the pre-determined ventilation
level, which automatically opened the backvent and caused approximately 50 pounds of EO remaining in
the chamber to move into the ventilation system. EO immediately began to leak out of the chamber door
into the building, causing nearby LEL monitors to alarm. The alarms, however, did not allow sufficient
time to shut down the oxidizer or evacuate the facility before the EO-laden air reached the oxidizer and
ignited. The flame flashed back through the duct to the chamber and ignited the remaining EO, resulting
in a powerful explosion. The explosion occurred shortly after 2 PM on August 19, 2004. There were no

employees working in the chamber area at the time of the explosion.
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Figure 8 Explosion Overview

Incident Aftermath

Employee Injuries

EO Storage Area

Four employees in the facility’s control room sustained minor cuts and lacerations from the shattered

control room glass (see Figure 9). Three of these employees were transported to the hospital where they

received minor medical treatment and were released the same day. Emergency responders treated and

released one employee at the incident scene.

The normal course of duties for operator and maintenance employees involves various activities in the

sterilization area. During a normal shift there are three to seven employees performing duties there. It
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was a fortunate coincidence that there were no employees in the sterilization area at the time of this

incident.

Figure 9 Blown Out Control Room Windows

6.3.2 Emergency Response

Employees exited the facility safely and called 911. The Ontario Fire Department and San Bernardino
County Hazardous Materials unit arrived together at 2:47 PM and took control of the site. The Ontario
Police Department immediately evacuated neighboring businesses and closed an approximately one
quarter mile section of the street on the east side of the plant. Soon thereafter, the fire department began
monitoring the air for EO and explosive gases using detector tubes and a direct-reading gas analyzer. No

explosive concentrations were detected, but levels in the 1.0 ppm range were detected inside the building.

The incident response officially ended the following day at 2:05 PM, but because of elevated EO levels

and structural damage, the fire department continued to monitor for EO and restrict access into the
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facility. Once EO monitoring levels indicated it was safe and the remaining drums of EO were removed
from the site, monitoring was suspended. Access to the building remained restricted until the structure
was shored and a structural engineer approved the work. The structural support work was completed and

access to the building was granted approximately two weeks after the incident.

7.0 Incident Analysis

CSB analyzed this incident by inspecting facility damage, reviewing company documents and industry
accident data, and interviewing employees and other industry experts. In addition, several investigative
techniques were used to analyze the incident, including establishing an event timeline (Appendix A) and
developing a logic tree diagram (Appendix B). Key issues identified during the investigation included
process design, control room design and construction, employee training, lessons learned from past

incidents, and hazard identification and evaluation.

7.1 Origin of the Explosion

The location and magnitude of the damage to the ventilation system and Chamber 7 indicate that
explosive EO-laden air was transported through the ventilation ducting to the oxidizer where it initially
ignited. A large section of the manifold connecting the chamber ducts to the oxidizer was blown outward,
on the upstream side of the oxidizer. This indicates that an explosive overpressure occurred inside the

oxidizer (see Figure 10).
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Figure 10 Oxidizer Manifold Damage

Once the explosive airflow was ignited, the flame traveled through the ventilation duct back to the
chamber. The pressure created inside the duct as the flame front traveled back to the chamber destroyed a
large section of the ventilation ducting from the oxidizer to the chamber (see Figure 11). The flame front,

entering the chamber through the open backvent, initiated a powerful explosion.
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Figure 11 Damage to Ventilation Ducting

Figure 12 Building Damage from Chamber Door
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The force of the explosion sheared the hinges and propelled both chamber doors outward.*® The loading
(south) door came to rest approximately 15 feet away, after colliding with and damaging a steel column.
The unloading (north) door came to rest approximately 75 feet from the chamber after striking and
fracturing the south wall of the building (see Figure 12). The pressure flexed the entire chamber structure

outward, leaving it permanently disfigured (Figure 13).

Figure 13 Damage to Sterilization Chamber 7

7.2 Engineering Controls

According to AIChE’s Center for Chemical Process Safety (CCPS), process safety starts with the basic

process design and includes control systems, alarms and interlocks, safety shutdown systems, response

15 CSB estimates that the doors each weigh in excess of 4,000 pounds.
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plans, and training (CCPS, 1993). Should primary protective systems fail, however, hazards must be
controlled with reliable backup systems (CCPS, 2001).'® Primary and backup safety systems are
identified and evaluated during the process design phase, and again during the various Process Hazard
Analysis (PHASs) conducted throughout the life cycle of the process. See Section 7.5, Hazard Analysis,

for a detailed analysis of the PHAs conducted at this facility.

7.2.1 Concentration Control Design Measures

Key to preventing explosions at the Ontario facility is ensuring that high EO gas mixtures never reach a
source of ignition, such as the oxidizer. The process design features that helped ensure this at the time of
the incident were Antares-controlled chamber pressure monitoring, evacuation and gas washing, and a
system of interlocks. The Antares system controls all of these through sequencing set points programmed
into the system during the initial cycle design phase. The only backup was the ventilation system,

designed to dilute chamber gas mixture produced from minor system upsets before it reached the oxidizer.

7.21.1 Chamber Monitoring

The facility indirectly monitored chamber concentrations to verify that the chamber achieved FDA
prescribed EO levels; however, they did not monitor the chamber concentrations for explosivity, despite
recommendations to the entire sterilization industry by NIOSH and NFPA. When the cycle sequence was
interrupted just prior to the incident, employees were unable to determine if an explosive concentration

remained in the chamber.

16 Additional protective measures outlined by CCPS include post-release physical protection (dikes), plant
emergency response, and community emergency response. These were excluded from this discussion because they
were not relevant to this investigation.
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7.2.1.2 Evacuation and Gas Washing

The evacuation and gas washing phases of the sterilization cycle remove high concentration chamber gas
to the acid scrubber for treatment. The Antares system controls these phases, which, if allowed to

proceed uninterrupted, will remove explosive concentrations of EO from the chamber.

7.2.1.3 Interlocks

Interlocks installed to prevent the inadvertent opening of a chamber door include nitrogen filled door
gaskets and chamber pressure sensors. Employees, using a password supplied by managers, can override
both interlocks. Without chamber concentration monitoring to inform them of the existence of explosive

concentrations, this system is vulnerable to human error.

7.2.1.4 Vent Stream Dilution Air

The engineering staff at the Ontario facility designed the ventilation system with a four-to-one dilution
rate—four times more aeration room air than backvent air.*” Using this dilution air, and ensuring final
chamber concentrations are kept below 25% of the LEL through cycle design calculations, the
engineering staff reasoned that it would be impossible for an explosive concentration to reach the
oxidizer. However, they did not foresee a scenario that would leave a large volume of undetected EO in a
chamber at the end of a cycle. CSB investigators estimate that the EO concentration inside the chamber,

just prior to the explosion, was approximately 18% (180,000 ppm), or six times the LEL.

17 Air concentrations of EO in the airflows from the aeration rooms to the oxidizer are less than 10 ppm and do not
significantly affect the explosivity of the combined airflows to the oxidizer.
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7.2.2 Backup Engineering Controls

Backup engineering control systems may be required at sterilization facilities if primary concentration
control measures cannot reasonably ensure safe operation of the process. These systems can be grouped
into two broad categories: those that monitor chamber exhausts in the ventilation ducting and divert
explosive exhausts before they reach the oxidizer, and those that detect explosions that originate in the
oxidizer and control them before they become destructive. According to industry guidance, however, the
rapid flame speed of EO (Reference 11) is a central design consideration when retrofitting existing
processes with reliable backup protection systems. Detection equipment must have adequate time to take
protective actions, and this means ensuring safe minimum distances between detection and reaction
devices and using devices that are fast acting. The most efficient addressing of reaction time issues is
during the initial process design and engineering phases. There were no backup engineering controls to

detect, prevent or mitigate an explosion at the Ontario facility.

7.2.3 Control Room Design and Location

The control room used to monitor and control the sterilization process is located approximately 75 feet
from Chamber 7. Primarily constructed of drywall over metal stud frames, the control room includes six
glass windows that provide a view of the sterilization chamber area. The explosion resulted in minor
damage to the control room structure, but all windows were shattered. The windows were tempered
window glass without any shatter-resistant treatments, and the walls were not designed to resist pressure
from an explosion. All of the injuries resulted from flying glass from the shattered control room

windows.

Staff engineering personnel involved in the original design of the facility indicated that windows were
necessary because operators needed to view chamber operations. They further indicated that no explosion

safety design measures were considered during the design and construction of the control room, and—
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according to the PHA documents CSB investigators received from corporate staff—an evaluation of the

control room was not included in the various PHASs conducted since the plant began operation.

Plant designers should avoid the use of normal or tempered window glass in areas with the potential for
explosion overpressure. If proximity to the process is essential, and it is necessary to view the operation,
good engineering design considerations would include substituting tempered window glass for something
safer, such as video monitoring, or shatter-resistant glass. See the reference section at the end of this
report for references to glass selection criteria provided by the American Society for Testing and

Measurements (ASTM), the General Services Administration (GSA), and FM Global.

7.3 Training

According to the OSHA Hazard Communication (HAZCOM)*® standard, all employees involved with
hazardous chemicals require job-specific training on the particular chemical and physical hazards they
encounter in the workplace. In addition, the OSHA PSM standard specifies that training must include an
overview of the process and operating procedures, and safe work practices applicable to the employee’s
job tasks (OSHA, 1994). CSB investigated the training conducted at the Ontario facility by interviewing
employees and reviewing training materials and records dating back to 1994, when the facility began

operations.

18 See 29 CFR 1910.1200
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7.3.1 Process Understanding

The maintenance supervisor had an Antares system password in order to be able to perform his
maintenance duties. Interviews with senior management and engineering staff at Sterigenics revealed that
they assumed he possessed the requisite knowledge and experience to make appropriate decisions without
additional supervision. Interviews with the supervisor and technician indicate that they both believed that
the first evacuation after the dwell had removed all remaining EO, and that no dangerous levels of EO
remained in the chamber when they made the decision to advance the cycle. Interviews with other
employees confirmed this misconception. They each thought the only purpose of the gas wash cycle was
to “wash out” residual EO that had been absorbed into the sterilized products. Because there were no

products inside the chamber to absorb any EO, they thought the gas washes were unnecessary.

Of the ten employees interviewed in conjunction with this incident, only management and senior
engineering staff personnel understood that the first evacuation after the dwell phase only removes 55-
60% of the EO, and that gas washing is an essential safety measure, even if a chamber is operating

without products in it.

7.3.2 Training Materials

The majority of the formalized employee training at the Ontario facility targets operations employees.
Operators receive new-hire and refresher training that is formally administered and well documented;
however, there is no job-specific maintenance-training program for maintenance personnel. Maintenance
technicians at the Ontario facility are routinely promoted from operations, where they gain a working

knowledge of the process through initial and refresher operator training and on the job experience.

CSB investigators reviewed all the training materials used at the Ontario facility since the plant began
operations and found many references to the potential explosion hazard associated with skipping gas

washes. The various materials make it clear that only managers have permission to modify a cycle
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sequence. Operator training presented by a corporate staff member during a single training session in
1997 warned that the after vacuum only removed 60 percent of the EO, and that gas washes were always
necessary. However, that training never distinguished between empty and full chambers. The

maintenance supervisor on duty the day of the incident, hired afterwards, never received this training.

7.4 Past Incidents

7.4.1 General Industry Incidents

The use of oxidizers in the U.S. has grown since passage of the 1990 Clean Air Act Amendments
(CAAA). They are now widely used to control air pollutants in many industries other than medical
sterilization. As with those used to control EO, these oxidizers have demonstrated a similar propensity to

cause explosions.

EPA reports that nearly 3,000 facilities employ approximately 4,000 oxidizers to treat volatile organic
compounds (VOCs) in the United States. This number accounts for the largest emissions sources that are
required to report facility information to the EPA, but falls far short of the total number in use.*®
Interviews with industry experts and device manufacturers indicate that there are approximately 25
oxidizer manufacturers making equipment for use in the U.S., and more than 10,000 devices in use.® A
se