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The EPA/OSHA Accldent Investlgatlon Program

EPA and OSHA work together under condltlons detailed in a Memorandum of

* Understanding (MOU) to investigate certain chemical accidents. The fundamental objective of .
the EPA/OSHA chemical accident investigation program is to determine and report to the public -
-the facts, conditions, circumstances, and causes or probable causes of : any chemical accident that
results in a fatality, serious injury, substantial property damage, or serious off-site impact,

including a large scale evacuation of the general public. The ultimate goal of the ac01dent
investigation is to determine the root causes in order to reduce the likelihood of recurrence,
minimize the consequences associated with accidental releases, and to make chemical production,
processing, handling, and storage safer. This report is a result of a joint EPA/OSHA investigation
to describe the accident; determme root causes and contnbutlng factors and 1dent1fy ﬁndlngs and
: recommendanons

In the EPA accident investigation report preparation process, companies mentioned in the
report are provided a draft of only the factual portions (no findings, conclusions or .
" recommendations) for their review for confidential business information. Federal agencies are
required by provisions of the Freedom of Information Act (F OIA), the Trade Secrets Act, and .
- Executive Order 12600 to protect confidential business information from public disclosure. As
part of this clearance process, companies often will provide additional factual information that
EPA considers and evaluates for possible inclusion in the final report '

Chemical accidents investigated by EPA Headquarters are conducted by the Chemical

- Accident Investigation Team (CAIT) located in the Chemical Emergency Preparedness and
Prevention Office (CEPPO) at 401 M Street SW, Washington, DC 20460, 202-260-8600. More

" information about CEPPO and the CAIT may be found at the CEPPO Homepage on the Internet
at www.epa.gov/ceppo. Accidents investigated by the OSHA Headquarters are conducted by the '
Chemical Accident Response Team (CART) located in the US Department of Labor - OSHA, -
Directorate of Compliance Programs, Washington, DC, 20210, 202-219-8118. More information
about OSHA and the CART may be found at the OSHA Homepage on the Internet at ‘
www.osha.gov. .

U.S. Chemical Safety and Hazard Investlgatmn Board (CSB)

" In 1990, the U.S. Chemical Safety and Hazard Investigation Board (CSB) was created as
an independent board in the amendments to the Clean Air Act. Modeled after the Natlonal
Transportation Safety Board (NTSB), the CSB was directed by Congress to.conduct
investigations and report on findings regarding the causes of any accidental chemical releases ‘
resulting in a fatality, serious injury, or substantial property damages. In October 1997, Congress

. authorized initial fundmg for the CSB. The CSB started its operations in January 1998 and has
" begun several chemical accident investigations: More information about CSB may be found at the
~ CSB homepage on the Internet at “www chemsafety.gov”. - :




' For those joint investigations begun by EPA and OSWHA‘priorto the initial funding of the
CSB the agencies have committed to completmg their ongoing 1nvest1gat10ns and issuing public
reports Under thelr exrstmg authorities, both EPA and OSHA will contmue to have roles and
responsibilities in responding to and investigating chemical accidents. The CSB, EPA, and OSHA
(as well as other agenc1es) are developmg approaches for coordlnatmg efforts to support accident
preventlon programs and to minimize potential duphcatlon of act1v1t1es

Basns of Dec:smn to Investlgate -

An cxplosnon and ﬁre took place at the Shell Chermcal Company Cornplex in Deer Park Texas
on June 22, 1997 resultmg in mJunes pubhc sheltermg, closure of transportatlon routes, and
‘prof‘)ex’ty damage both on and off site. EPA and OSHA undertook an investigation of this
accident because of its severity, its effects on workers and the public, the desire to identify those
root causes and contributing factors of the event that may have broad apphcablllty to industry,
and the potentlal to dévelop recommendatlons and lessons learned to prevent future accidents of
this type. This mvestrgatlon was conducted in conjunc’uon with an 1nvest1gat10n by OSHA to

determine if wolatlons of occupatlonal safety and health laws had occurred




, Accldent Investlgatlon Report
Shell Chemlcal Company, Deer ]Park, TX, June 22, 1997

Executive Summary

On Sunday, June 22, 1997, at approxirnat'ely 10:07 a.m. Central Daylight Time, a violent
_explosion and large fire occurred at the Shell Chemical Company plant in Deer Park, Texas. The
explosion was felt and heard over ten miles away, and the ensuing fire burned for approximately
" 10 hours. As aresult of the explos1on and fire, extensive damage occurred to the facility, and
_several workers received minor injuries. Nearby residential property was damaged. Major.
transportation routes adjacent to the facility were closed for several hours, and nearby res1dents
were adv1sed to remain mdoors .

~ Under the terms of the EPA/OSHA Memorandum of Understandlng for Chemlcal
Accident Investigations, a joint chemical accident investigation team (JCAIT) was formed to
ihvestigate the accident and determine its root causes. A concurrent enforcement investigation
was done by OSHA to determine if any violations of ocoupatlonal safety and health laws had
‘occurred.

The JCAIT determined that the immediate cause of the accident was the internal structural
failure and drive shaft blow-out of a 36-inch diameter pneumatically-assisted Clow Model GMZ
check (non—return) valve. The valve was located on a high-pressure light hydrocarbon gas line

-installed in the process gas compression (PGC) system of Olefins Plant Number III (OP-III). The
check Valve s failure started a large flammable gas leak. The escaping gas formed a vapor cloud
' ~and eventually 1gn1ted resultmg in an unconfmed vapor cloud explosion.

' The JCAIT identiﬁed the following root causes of the vaccident:' ‘

.. The Clow Model GMZ check valves mstalled in the OP-III process gas compression -
" system were not appropriately designed and manufactured for the heavy-duty service they
were subject to in OP-III. This resulted in the valves bemg suscepuble to shaft blow—out
during normal use. -

~*  Lessons learned from prior incidents involving Clow Model GMZ check valves installed at

- Shell facilities and at Saudi Petrochemical Company (a Saudi facility partly owned by
Shell) were not adequately identified, shared, and implemented. This prevented '
recognition and correction of the valve’s des1gn and manufacturmg flaws at OP-III pnor

. to the accident. : - :

- The process hazards analysis (PHA) of the process gas compression system was
' inadequate; the PHA did not identify the risks associated with shaft blow-out in Clow
Model GMZ check valves, and consequently no steps were taken to mitigate those risks.




~ valves installed in OP-III were not taken. This resulted in undetected damageto and
L eventual fallure of crmcal 1nterna1 valve components

. “ } Measures necessary to mamtam the mechamcal mtegnty of Clow Model GMZ check

. Operatmg procedures for the start-up of the PGC system did not spec1ﬁca11y 1nstruct
©  operators to re-venfy the posmon of pneumat1cally-ass1sted check valves before restarting
the cornpressor followmg unexpected automatic compressor tnps consequently, operators
- did not re-verify the position of the valve that failed. Re-verification might have enabled
operators to observe possible indications of the fifth stage suction check valve s imminent
failure on June 22, 1997

The JCAIT 1dent1ﬁed the followmg factors that contnbuted to the acc1dent
»  The lack of clear and 1mmed1ate mdlcatlons in the control room of a hydrocarbon leak
~ contributed to the severity of the accident by s1gn1ﬁcantly delaying operator action to shut

down and depressunze the PGC system

. Inadequate commumcatrons practlces durmg the acc1dent contnbuted to its severity by
hindering the tlmely flow of mformatmn to control room operators

- The JCAIT developed recommendatlons addressing the root and contnbutmg causes to
prevent a recurrence or similar event at thlS and other fac111t1es Wh1le the scope of these
recommendations ranges from general to very spec1ﬁc companles and mdustry groups not
specifically named should consider each recommendation in the context of their own
circumstances, and lmplement them as appropriate. The recommendations are summarlzed
below: '

*  Prior to restarting OP-III, Shell Chemical Company should replace all Clow Model GMZ
- check valves installed in the unit wrth valves not suscept1b1e to shaﬁ blow-out. Other
W‘Shell facxhtres and other compames as appropnate should rev1ew their process systems to
determine if they have valves mstalled that may be subject to this hazard, and modify or
* replace those valves as necessary to prevent shaft blow-out. Companies should consult
o Lvalve manufactnrers or other appropnate des1gn authorltles to ensure any modifications
made are sa [Edltor s note Prior to tlns report belng pubhshed Shell Chemlcal
- Company replaced all Clow Model GMZ check valves mstalled in OP-III with valves not
susceptible to shaﬂ blow—out ]
“ ' ﬂ\‘
e Shell Chemx “alCompany s ould update and revahdate the process hazards analysrs (PHA)
at OP-III and should consider updatlng and revahdatmg other units’ PHAs to ensure all
- operating and mamtenance expencncc and incidents are fully evaluated. Shell should also
C take appropnate measures to m1t1gate hazards 1dent1ﬁed by the revalldated PHA:s.

. Shell Chemlcal Company should revise OP-III PGC system operatmg procedures to

v




provide clear instructions for operators to re-verify the positions of pneumatically-assisted
- check valves before the PGC is re-started following any compressor trip if said check
valves are at high risk of leakage or failure. Shell should also consider “adding warnings or
caution statements in PGC system procedures related to the circumstances and-indications
. of check valve shaft blow-out, or other potential causes of hydrocarbon gas leaks.

-Shell Chemical Company should improve their radio communications practices at OP-II
and as appropriate at other facilities to ensure operational and emergency information is
“transmitted in an accurate and tlmely fashion. ‘Other companies that require operators to
communicate in high-noise env1ronments should also cons1der taking these or snmlar

measures. . S

Shell Chermcal Company should implement a more ngorous mechaniéal integrity
' inspection program for valves in extreme service or with a known, history of failure where '
the failure of such valves could result m catastrophlc consequences , ‘

 Shell Chemical Company and Shell Oil Conipany should develop and implement a system

- to ensure that lessons learned from all prior operating and maintenance accidents, '
incidents, and near misses at Shell facilities (including facilities partly owned by Shell) are
always fully reviewed and mcorporated as approprlate into the management and operatlon
of every Shell fac111ty ' .

Shell Chermcal Company and other companies that process flammable gases and volatile
flammable liquids or liquefied gases must implement precautionary measures contained in
. OSHA’s PSM standard and EPA’s RMP rule to prevent flammable gas leaks from
resultlng n vapor cloud explosmns : , \

Atwood & Mornll Co., Inc. (the successor to Clow Corporatlon of Westmont Ill1n01s)
should inform all customers who have previously purchased Clow Model GMZ check
valves of the circumstances of this accident and of the potential for these valves to
undergo shaft blow—out

Where feas1b1e compames should consider inherently safer design altematlves that limit
the potentlal for and consequences of worst-case acc1dents '

Chemical and petroleum mdustry trade assomatlons should inform member companies of
the circumstances in the EPA/OSHA joint report of the Shell Deer Park accident. Trade
associations should also work together with individual member companies to develop and
institutionalize a stronger system for sharing and implementing lessons learned from
process incidents and accidents at companies in the United States and abroad. '

- EPA should take appropriate foﬂow-up actions, such as inspections, andits, ‘or
implementation of other policies to ensure that U.S. companies modify, remove, or




replace, as appropriate, all Clow Model GMZ-check valves that are at high risk for shaft
blow-out. . ' -
. EPA and OSHA should dlstrlbute thls report and the Chem1ca1 Safety Alert entltled “Shaft e
“ Blow-Out of Check and Butterfly Valves” to affected companies (including valve |
manufacturers and users), industry trade associations, international organizations, Local
.. Emergency Planning Committees (LEPCs), and State Emergency Response Commissions
_(SERGC:s). [detor s note: Prior to pubhshmg this report EPA and OSHA distributed the
o sub_]ect Alert to affected compames trade assomatlons LEPCS and SERCs, and posted
*  the Alert on the Internet at www.epa.gov/ceppo/. The Alert is also 1ncluded as Appendlx

- .F to this report ]
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Facility Informition | PR

The Shell Deer Park Manufactunng Complex isa large multl-umt petroleum refining and'

chemical manufacturlng center located on the south side of the Houston Ship Channel
_approximately 15 miles east of Houston, Texas. ‘Shell occupies a 1400 acre plot in an area
predominated by chemical and petrochemmal manufacturing, reﬁnmg, and. storage facilities.

The Shell complex is bordered by the Houston Ship Channel! on the north, State Route 225 on
the south, and by other petrochemical company sites to the east and west. Beltway 8 (the
. Houstonouter beltway) is located approximately % mile west of the complex. The nearest -
residential communities are Channelview, Texas, located immediately across the Houston Shlp
" Channel to the north, and Deer Park, Texas, located just south of Route 225-(see F1gure 1). -
About 2400 people are employed at the Shell complex
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Figure 1: Geographic Area Surroundlng,Shell Complex

i

"The Houston Shlp Channel provxdes a direct shlppmg route for 011 tankers arriving from the Gulf of Mexnco via.
Galveston Bay: :




Process Ovemew o

The Shell Deer Park Manufacturmg Complex is comprlsed of a chemrcal plant and an
adjacent oil refi nery The acmdent dlscussed herem took place in Oleﬁns Plant Number III (OP-
III), one of several process units in the chemlcal plant OP-III produces a vanety of olefinic (i.e.
alkene-derived) petroleum intermediates by cracking and distilling assorted crude petroleum feed
stocks. Major products include ethylene propylene butadiene, and i 1soprene These
petrochemicals are typlcally sold to other chemical companies who use them to synthesize a
varlcty of finished organic products Other outputs from OP-III mclude gasohne ethane, natural
gas, and other hydrocarbon denvatlves These products are e1ther recycled sent to other units for
subsequent processmg, utilized for fuel in other Deer Park process units, or sold directly. OP-III
was constructed in 1976. A s1mphﬁed plan—vrew layout of OP—III is 1ncluded in Appendlx A.

OP-III is roughly d1v1ded mto two sequent1a1 process phases The ﬁrst phase or “hot side”
of the process involves the thermal cracking of large-molecule hydrocarbon feeds into smaller
molecules by mixing the crude petroleum feeds with steam in a series of high-temperature (1500
degrees F) pyrolysis furnaces. The cracked hydrocarbon molecules are then separated by boiling
point (fractionated) in a large vessel at elevated temperature, where heavy oils and pitch are
processed and removed. The second phase or “cold side” of OP-III involves compression and
trcahnent of hghter hydrocarbon gases and separatlon of 11ght hydrocarbon molecules by low
temperature fractronatlon of condensed hght hydrocarbons

‘ Whlle the accrdent affected equlpment and systems on both srdes of the unit, the pnmary
system involved was the process gas compression system, and investigators focused on its design
and operation in determining the cause of the accident. The process gas compression system is the
first process system in the cold 51de of OP-III. The major component in the system is the process
gas compressor (PGC), which receives light hydrocarbon gases from the top of the pyrolysis
fractionator and compresses the gases, condensing them to liquid for treatment and subsequent
molecular separation. The PGC is a five-stage steam turbine-driven centnfugal COmpressor.

Each compression stage has a suction drum and the final two stages have discharge drums, which
are used to separate and remove condensed liquids from process gases. Condensed liquids are
collected at the bottom of each suction and dlscharge ‘drum and transferred to subsequent process
steps or storage. Large-diameter, pneumatlcally-assmted swing check valves are located on the ‘
suction side of the third and fifth compressor stages and on the dlscharge side of the fourth and -
fifth compressor stages. During normal system operation, these check valves remain open to
allow forward process gas flow. However, they automatically close in order to prevent PGC
damage whenever reverse gas flow occurs. A sunphﬁed one-line schematic of the PGC system is
shown in Appendlx B




Events Precedmg the Accldent '

At approxnnately 2: 15 am.”on Sunday, June 22 1997, OP-III was operatmg at full
production capacity under normal conditions. Shortly thereafter all incoming electrical power to
~ the unit was lost when a current transformer.on the incoming electrical supply bus exploded,

. probably due to the effects of lightning from an electrical storm which passed through the area a
short while earlier. OP-III receives AC power from two Separate offsite sources, but the affected
transformer was located on an electrical circuit which ties those sources together, and its failure
tesulted in the temporary loss of both incoming power sources. The fotal loss of incoming AC
power resulted in the loss of power to vital electrical loads and necessitated the almost complete
shutdown of OP-III production processes and equipment, including the PGC. Thé shutdown of
- the PGC caused its associated pneumatlcally—a551sted check valves to rapxdly shut, as des1gned to
~ prevent reverse gas flow through the machine. .

v . Some vital 'electrical loads which de-energized‘during the power outage were immediately
restored by electricity supplied from emergency generating equipment,-and some other equipment,
such as the fractionator and fractionation furnaces, which. do not require electrical power, were
not immediately affected by the electrical outage, and continued to operate. OP-III hot-side and
‘cold-side foremen® conferred and decided to shut down most major equipment that was still
operating, such as all compressors and several furnaces, but to keep some equipment operatlng,

including several furnaces, the fractionator, and some other support and auxiliary equipment, in o

“order to be ready to restart the PGC and remamlng OP-1II umt processes, When off-site electrical .
power was restored : : :

In anticipation of quickly restormg full electrical power, foremen called in add1t10nal
operators to assist with plant startup. ‘At approximately 5:00 a.m., half of off-site AC power was
restored, and additional operators were present, so the OP-III cold-side foreman (hereinafter
referred to simply as “foreman”) began to direct prerequisite operations for PGC startup -Even

.though full electrical power had not yet been restored, the foreman stated that he felt some
urgency to get the PGC restarted as soon as possible because as long as the PGC was shut down
~ while some furnaces and the pyrolysis fractionator were operating, uncompressed process gases
from the fractionator had to be burned off in the flare. Further, the loss of electrical power had.
caused the shutdown of steam generators which produce dilution steam for the flare. »

- Consequently, a high flame and large amounts of smoke were emanating from the flare stack as.
the uncompressed process gas was combusted without dilution steam. This condition was
considered undesirable, since it wasted resources (i.e. process gas) and also produced-an unsightly
smoke cloud over the fac111ty The foreman knew that starting the PGC would help ehmmate th1s

1 E i
2All times in this report are based on the 12-hour clock and are local (i.e. Central Dayiight) times.
30P I has two foremen (also called team leaders), each of which are responsible for supervising and coordinating
operations in one of two major sections of the plant. The “hot-side” foreman supervises operation of the pyrolysis furnaces, the

pyrolysis fractionator, and associated hot-side support equipment, and the “cold-side” foreman supervises operation of plant’
components downstream of the pyrolys1s ﬁactlonator including, among others, the Process Gas Compression system.

3



problern, since pr d s gas Would no longer need to be routed to the ﬂare

At approxxmately 5: 30 am., the foreman d1rected the PGC ﬁeld operator to place the
PGC on “slow roll.” “Slow roll” refers toa pre-startup condition where the PGC is rotated at
low rpm in order to warm up its steam turbine and to prevent its rotor from bowing under its own
static weight. The PGC is normally slow-rolled for at least two hours and usually four hours prior
to being started. To protect the machine from damage, the PGC turbine has vibration sensors
whlch automatically shut down the machine if excessive V1bratron is detected. According to
various operator statements, between 5:30 a.m. and 8:45 a.m., the PGC tripped (i.e. automatically
shut down) at least three times, and possibly as many as five tlmes due to high turbine vibration
while on slow roll. Operators placed the machine back on slow roll after each trip. Again, each
PGC trip also resulted in the automatic actuation of the pneumatic cylinders on the four
pneumatrcally—assrsted check valves located betvveen compressor stages shuttmg the valves.

At approx1mately 8: 45 am, the foreman consulted wrth plant electr101ans Who 1nd1cated
that full electrical power would still not be available for several hours, but that sufficient electrical
power was currently available to support PGC start-up. The foreman therefore decided to start
- the PGC as soon as possrble but using backup electncally-powered PGC lubricating oil and seal .

. oil pumps instead of using the normal steam-driven oil pumps. Also, since only five pyrolysis
furnaces were operating to provide load to the compressor, and the PGC is normally loaded
durmg start up from at least 6 furnaces simultaneously, the cold side foreman directed a sixth
furnace to be started using natural gas and stationed an additional operator to feed natural gas
from the sixth furnace directly to the inlet of the PGC first stage in order to provide additional
compressor load as needed. The foreman briefed his start-up crew regarding his intentions. The
PGC field operator expressed some concern about startmg the PGC ‘without full electrrcal power,
but agreed that the startup was feas1ble under exrstmg condltlons

Operators fimshed pre-startup checks’ and comrnenced the PGC startup sequence at
approximately 9:30 a.m. The PGC field operator started the PGC and began to raise its speed.
As PGC rotational speed reached approxnnately 1500 rpm, the PGC automatically tripped due to
high vibration. Once again, this caused the pneumatrcally—assrsted check valves to slam shut.

Operators concluded that the PGC tnp was caused s1mply by thelr fallure to raise the

4During startup, a field operator controls the PGC from a control panel located outside on an elevated deck above the
machine; after the machine is running and the system is stable, PGC control is transferred to an operator in the control room.,
4 ' ey . : B " " o " - [ A . ‘' o B e ! ) .

Thc cold-side foreman stated that he neglected to perform one step of the pre-startup sequence mvolvmg
pressurization and draining of condensate from PGC system low points and from steam turbine drains. This step is done in
order to prevent liguid from entering either the compressor or the turbine, which could cause excessive vibration to the
machine. The failure to perform this pre-startup step may account for the higher than normal turbine vibration observed durmg
smrtup




speed of the compressor quickly enough through its critical speed range %, so the foreman decided
 to 1mmed1ate1y restart the PGC. Since very little time had passed since the initial PGC trip, and
believing he knew the cause of the trip, the foreman did not order any more pre-startup checks to
be performed prior to the second PGC startup attempt According to operators, during the o
second start up, PGC vibration was again higher than normal ’, and a vibration alarm occurred as -
PGC rotational speed passed. into the critical range, but the alarm cleared as soon as speed was
above the critical range, and no automatic trip occurred. By 10:00 a.m. PGC system operation
‘appeared to be normal, and the PGC field operator was preparing to sw1tch control of the PGC to
the control room. . :

The Accident

From approxnnately 10:03 a.m. untll shortly after 10: 07 am., the followmg sequence of
events occurred (locatlons referred to in the followmg narrative are 111ustrated in Appendix A):

Approximately 10:03 am.:

. Personnel Worldng outside in OP-TII hear aloud “pop;’ followed by the extremely loud
noise of a contlnuous high-pressure gas release. One person later describes the noiseasa
“Jet englne souny :

e The forema’n exits the OP-III control room and is heading toward the PGC operating deck
- , when he hears the gasrelease. He contacts operators in the control room by radio and
~ asks if they see any unusual indications on their control panels. The control room
_operators respond that they do not see any unusual indications (data records later revealed
that PGC fifth stage flow had begun a gradual decrease and that PGC fourth stage flow
. increased momentarlly, and then began dropping, but these changes represented a small-
percentage of overall PGC flow, and were not 1mmed1ate1y detected by operators)

* . The PGC field operator, who is statloned outside at the PGC deck preparing to transfer
PGC control to the control room, hears the release - it is very loud and sounds to him like
- 1250 psig steam relief valve opening under pressure.

.  Other personnel working in the Vicinity all hear a sudden loud, continuous roar. These
personne] include another field operator, a trainee, and two contractor instrumhent

®For rotating machinery, “critical speed” refers to a range of. rotational speed around the fundamental or a harmonic
resonant vibration frequency of the machine’s structure. Lengthy operatlon in thrs speed range is undesuable because it
produces excessive v1brat10n and can result in damage to the machine. -

"The cold-side foreman indicated that turbine vibration - was \abogt five times higher than normal (1 mil vice 0.2 mils).

S Times in the accident sequence description are referenced to the internal clock of the OP-III Operational Data

Server.




S techmcrans workmg In the north yar d

‘ Approx1mately 10 03 10 05 a. m

- The foreman radlos to the control room and mforms operators that there has been a gas
. release and to actlvate the umt evacuatr““n alarm He then gets on his bicycle, and

: proceeds west along N. 22nd Street toward the fractlonator and 1n the general direction

of the noise to 1dent1fy its source

b
\ . K
" o

| Control room operators have dlfﬁculty understandlng the foreman s radio transmlss1on -

" his voice is loud and excrted and the sound of the gas release 1n the background masks

- part of the transrmssmn One operator hears “there’s a leak in the pipe rack!”; another
hears “there’s a release there s a release!”; a third operator beheves he hears “Fire on the

PGC!” The control room operators activate the unit evacuation alarm lights °, radio for

 field operators to come in from the field to safe shelters, and call the guard at the main

gate to mform him of the release and to put the fire bngade on stand-by

Five persons in the control roorn, 1nclud1ng the fractlonator operator and a furnace

operator, don bunker gear (fire protective clothing) in order to exit the control room to
respond to the gas release and what they believe to possibly be an ongoing fire. The

- fractionator operator exits first, by the west door, and hears the sound of the gas release.

He judges that the release sounds very drfferent than a ﬁre S0 he immediately re-enters the' |

 control room and informs remaining operators that there is no fire. Then he leaves the

control room again and heads west down the pipe alley, toward the noise. The furnace

 operator an three other operators wearmg bunker gear also ex1t the control room. The

furnace operator follows the fractionator operator down the pipe alley, while the three
other operators head west down N 24th Street lookmg for any srgn of smoke or fire.

The PGC ﬁeld operator located on the PGC deck, hears the report of the release on the

- radio. He looks west, towards the source of the noise, but cannot see anything unusual.

Looking east, he sees several operators exit the control room and move west, wearing
bunker gear He remams at his statron

A machrrust supervrsor and auxrhary ﬁeld operator headJng North past electrical substatron
110ona golf cart suddenly hear a lot of rap1d excited radio transm1ss1ons Stopping the
golf cart to listen, they hear the report on the radio: “There s a release, there’s a release!”,

" but do not hear or see any gas release. The pair decide to return to the control room,
“where the machinist supervisor drops off the auxiliary field operator. The auxiliary field

operator runs mto the control room and mforms control room operators that there is a

9 Control room operators actuated the unit evacuation alarm, but not the plant evacuation alarm. Activating the unit

cvncumhon alarm tums on a set of alarm lights throughout OP-III only, but does not activate the overall plant evacuation alarm.
' The plant evacuation alarm, on the other hand, actuates an audible signal which can be heard throughout the Deer Park

Complex. Most OP-HI personnel located outside during the accident stated that they did not hear or see any alarm signal.




: “leak in the pipe rack.”

| Other personnel Workmg outside begln to evacuate the area , and head for the nearest
shelter. , ‘

\

: Approx1mate1y 10; 05 10: 07 a.m.:

The foreman passes south of the fractlonator and turns north 1nto the South Yard p1pe

alley. Looking east down the pipe alley, the foreman observes what he later described as a
“colorless vapor” originating near the PGC fourth and fifth stage discharge drums and

- blowing north to south across the pipe alley.. He approaches -even closer and stops in the
pipe alley, just south of the fourth and fifth stage discharge drums and sees a vapor cloud
apprommately 15 feet high and-which appears as a “breeze with hydrocarbon eddies”. He
also smells a sweet light hydrocarbon smell”, and realizes that the leak is probably
flammable process gas. He radios the control room again and orders control room
operators to “Shut down the PGC and dump everythmg to the flare!” - he repeats the

“order three times, but receives no reply. ‘ -

The machlmst superv1s'or,' after droppmg off the auxiliary field operator at the control
room, continues on his golf cart south along W. 35th Street toward the furnace area to
notify maintenance personnel working on furnace F-1040 to leave the area and head for
shelter. As he proceeds south, he looks west down N. 24th Street and sees what appear

. to be “heat waves” ﬂowmg to the north from the v1c1mty of the PGC fourth and fifth stage '
- drums. . )
- 'The operator and trainee from the North Yard ride their golf cart east down the pipe alley
and enter the control room. Meanwhile, the contractor instrument technicians ride :
bicycles east down N. 24th Street toward the control room. As they pass the PGC fifth
stage drums, they sé¢e a “golden-yellow” vapor cloud billowing.over the drums and note
that the noise of the release seems to originaté somewhere between the drums and the
overhead cooling fans. They reach the control room as the operators Weanng bunker gear
are commg out.

The fractionator operator heads west down the pipe alley and sees what he believes to be
steam blowing from north to south across the.alley. He also sees a saféty shower sign,

* suspended below the pipe rack opposite the fractionator, “whipping” back and forth.
From this, he judges that the release is coming from the vicinity of the PGC fourth or fifth
‘stage drums Still thinking the leak is steam, he continues to move west along the north -
side of the alley, closer to the. release followed. by the furnace operator '

Approximately 10:07 a.m.:

The vapor cloud formed by the gas release has now been génerating for approximately 4 '




mmutes It ﬁ nally reaches an ignition source, causing the vapor to ignite and explode,
sendmg a blast wave in all dlrectlons As the blast wave moves outward from its origin, it
damages and“destroys equlpment ‘and structures, nps insulation and ﬂashmg away from
piping, breaks windows, blows down doors and knocks nearby personnel off their feet

“and through the air.

.« As he sees and smells the vapor the foreman reahzes he is in serrous danger from a
 potential explosion, and decides to leave the area. He reverses direction (turns towards
the west) and begins to ride back down the pipe alley. As he turns south to exit the pipe
alley near dllutlon steam generators ‘the explosron oceurs. He sees a flash of light out
of lns penph al vrsron and is thrown off his bike and through the air for several feet

‘ before landrng in an open area adJ acent to the d11ut10n steam generators He receives no
it serious m_]urf s, but remarns on the ground for a short while, drsonented

s .In the control room, operators have trouble hearlng the cold—srde foreman s latest radio
‘ transrmssr ut belleve they hear him order, “Shut down the PGC and dump (garbled) to
S the flare”. Aftera short discussion with other control room operators the PGC board
A W _ operator pushes the PGC shutdown button and begms to open the fifth stage flare valve

(whlch begrns to depressunze the PGC system) He gets the valve partially open when the

explosion occurs

‘ 3 b P g
. The fractionator operator and furnace operator continue to move west down the p1pe alley

- until they approach to within about 70 feet of the source of the gas leak. They now see
4, the vapor cloud, which appears as “waves of white vapor ongmatmg just north of the
.~ pipe rack about 8 to 12 feet above the ground and movrng north to south across the pipe
alley. The ﬁ'actlonator operator also detects a “hght sweet hydrocarbon smell, and
realizes that e leak is flammable hydrocarbon process gas and not steam. The operators
oW realrze their danger and declde to leave the area. As they turn to leave, the explosion

occurs. The %’ractronator o erator hears a whump ‘and sees a wall of air” mov1ng

- toward h1m scattenng debrrs and peehng msulatlon from plpes as it approaches The blast
tears portrons of the fractronator operator s bunker gear off of hrs body and throws both
operators several yards east down the p1pe alley In sp1te of the force of the blast and their

proxmuty to the explosmn they escape w1thout senous mjunes

e  ThePGC ﬁeld operator st111 located out31de on the elevated PGC deck ﬁnally dec1des to
“seek shelter; he takes two steps toward the stairs when the explosion occurs. The blast
knocks h1rn oﬁ' of his feet onto the gratmg, but he is not senously mjured 10

. The three other operators in bunker gear are near the PGC fourth stage suctlon drum and

Shortly after the blast, the PGC field operator began to experience severe chest pains and shortness of breath.
Fearing a heart attack, ﬁrst responders sent him by ambulance to a nearby hospital for treatment. His symptoms were latex
diagnosed as asthma-related, and he was released.




. looking towards the PGC fifth stage drums when the explosion occurs. They see a bright
- flash of light coming from the pipe rack in the vicinity of the PGC fifth stage drums. The
blast throws the three operators backwards and to the ground. The ‘operator furthest from
- the blast sees flames pass directly above the other two operators, but none of the three are
. seriously: mjured :

N After the Explosion:

*  The explosion starts a major fire, which is initially fed by the flammable gases still escaping
through the original leak, and subsequently from other hydrocarbon lines which rupture .
“when exposed to the intense heat of the blaze. The heat is so intense that it melts steel
structural beams, and one entire section of the overhead cooling fans and supportmg
structure eventually collapses The ﬁre burns for about 10 hours

~

e  The PGC field operator foreman ﬁactlonator operator, furnace operator and the three
operators in the north yard pick themselves up and move toward the control room. The
foreman, fractionator operator, and three north yard operators turn on fire monitors (fixed

- water turrets used for fighting fires) as they go by and aim them toward the flames.

e ' In the control room, operators completely depressurize the PGC system and dump its
' contents to the flare. Organized emergency response begins. /A count of personnel is
started, and some personnel leave to search for those who were outside during the
explosion. Within minutes of the explosion, everyone is accounted for - the foreman is the
last person to reach shelter. Several people have received minor injuries and are later
_treated at a local hospital, but 1o one is seriously. injured or killed. ‘

Response to the Accident !!

At the sound of the explosion, the Shell Deer Park fire crew was activated and, along with
OP-III operators already on scene, immediately responded to the fire. The Deer Park Complex ' .
has a dedicated fire water system which extends throughout the site, including OP-III, and -~
. operators outside during the accident activated and positioned fire monitors towards the blaze.
Shell emergency responders were also able to position a pickup truck-mounted fire monitor to
~within feet of the center of the fire. Responders drove the portable monitor down the pipe alley
from the east directly under the burning pipe rack, positioned the water cannon towards the worst =~
~ part of the blaze, and abandoned the truck in place to the east of the fire with the water cannon
_activated. Later inspection of burn patterns and debris indicated that this single act was probably
responsible for substantially mitigating the spread of the fire in that direction.. The truck itself, -
~ although very near the worst part of the blaze, was protected by the water being continuously -
sprayed from its portable fire monitor, and suffered relatively little damage. A second truck-

) ! The scope of this EPA/OSHA joint chem1cal acctdent mvestlgatlon did not mclude a crmcal analysis of the
emergency response to the accident. L




mounted momtor was pos1t10ned to the south of the ﬁre but responders were not able to place it |

as ( close to the fire as the first, and therefore it was somewhat less effectlve

Shortly aﬁer the explosion the Shell incident commander contacted the local police
department and requested that State Route 225 and Route 8 be closed to traffic passing near the
Shell Complex. Police complied with this request-and closed sections of these roads adjacent to
the complex to non-emergency trafﬁc for approxnnately three hours ‘The incident commander
also contacted local community emergency planning organizations, including the Deer Park Local
Emergency Plannmg Committee' (LEPC) to inform them of the incident. Nearby residents were
advised to remain indoors during the incident. Shell officials stated that these measures were
precautions taken in order to protect the public against any secondary eXplosions or potential

. toxic effects of the heavy smoke being generated by the fire, and to allow easier access to

emergency vehicles on public roadways

The smoke plume from the fire rmgrated towards the northwest across the Houston Ship
Charmel and over the community of Channelview, Texas. Shell techmclans obtained air samples
in the path of the smoke plume using both automatrc m—place samplers and by manual grab sample
methods Each sample was analyzed for harmﬁ.ll constltuents mcludlng benzene, asbestos, and
other toxicants. Concentratlons of all contarmnants were found to be below federal and state
regulatory limits.

Shell also requested and rece1ved emergency response support from the Channel ‘
Industnes Mutual (CIMA) organization. CIMA is an emergency response organization N
formed through the Jomt membership of the industrial compames located along the Houston Ship
Channel. CIMA is organized such that all member companies agree to respond to major accidents
at any other member company’s site with designated emergency response resources. Emergency
response personnel and equipment from CIMA member companies were integrated into Shell’s

response unit usmg the Incident Command System.

‘ Transportatlon routes were re-opened to pubhc trafﬁc at approxrmately 1:00° p m., and the
fire was extmgulshed at approxrmately 8: 00 p m.

: Photographs deplctmg the damage result1ng from the acc1dent are shown n Appendlx E
(ﬁgures E-1 through E-8)

The Imestrgatlon

OSHA mvesﬁrgators from the OSHA Houston South Area Ofﬁce and an On—Scene
Coordmator from EPA Region 6 amved at the scene on the day of the acc1dent and were joined
by addttlonal EPA and OSHA mvestlgators on Tuesday, June 24. Aﬁer mspectmg the accident
scene and conducting preliminary interviews, EPA and OSHA investigators decided to conduct a
Jomt root cause investigation and convened a Joint Chemical Accident Investigation Team

(JCAIT) The decrslon to mvestlgate was based on the seventy of the ac01dent and its effects on




~ workers and the public, the fact that its causes were unknown, and the potential to gain important
knowledge and lessons-learned to prevent further accidents of its type. The JCAIT consisted of
members from EPA headquarters, OSHA Headquarters, EPA Region 6, and OSHA Region 6
(Houston South Area Office, Corpus Christi Area Office, and Little Rock, Arkansas, Area
Office).  Members of the Oil, Chemical, and Atomic Workers Union (OCAW) who were also
workers at the Shell' Deer Park Manufacturing Complex participated with the JCAIT as observers -
_in the on-site fact-finding portion of the investigation. The JCAIT also employed independent
: expert consultants for laboratory testmg and other specrﬁc mvestlgatron activities.

Shell Chemical Company also initiated an Accident Investlgatlon Team (AIT) ‘The Shell
AJIT and EPA/OSHA JCAIT cooperated in the fact-finding portion of the investigation which =~
- included collection and documentation of physical evidence, and agreed to joint access fo all
physical evidence for testing purposes. The two teams conducted separate witness interviews.
The Shell AIT team prepared its own internal mvestlgatlon report, which reached similar
conclusmns to this report regardmg the 1mrned1ate cause of the acc1dent .

In the course of the investigation, mve_strgators conducted numerous witness interviews,
collected documentary, photographic, and physical evidence, and performed laboratory analysis of
. equipment and piping samples. Investigators also obtained and analyzed computer data records

from the OP-III Operational Data Server (ODS), a system which dutomatically records and .
* electronically stores system parameter readrngs for later retrieval. :

, " The investigation was conducted roughly in two phases. In the first phase of the
investigation, investigators from EPA, OSHA, and Shell collected physical evidence and
conducted analyses in order to. determine the immediate cause of the accident. This information is
 primarily contained in the following section of this report (Analyses). In the second phase of the

* investigation, the EPA/OSHA JCAIT evaluated Shell and OP-III safety management systems and

" human performance factors in order to determine the underlying root and contributing causes of

the accident and to make recommendations to prevent recurrence of similar 1n01dents This.

mformatron is contained i in the subsequent sections of this report.

Analyses .
Exclusions
The JCAIT excluded the following factors as being contributory to this accident:
« ' Sabotage: The JCAIT found no evidence of sabotage or intentional wrongdorng related to -
- this accident. Agents from the Bureau of Alcohol, Tobacco, and Firearms questioned
employees regarding the circumstances of the accident, and also found no evidence of _

sabotage

. Health:r The J CAIT-ooncluded that healthand fatigue of personnel was not a factor‘ in this -
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. accident. The JCAIT did not collect toxicological specimens from witnesses in order to
test for illicit drug or alcohol impairment, but witness testimony provided no evidence of
" drug, alcohol or fatigue-related impairment in the events leading up to the accident.
" 'Therefore, the JCAIT concluded that drugs alcohol and fatlgue were not a factor in this
: acmdent

. | Weather, n tural phenomena or “Acts of God” At the time of the explos1on ‘the weather

: 1d warm, with a hght breeze from the southeast Although lightning
+  probably caused the p power outage that occurred on the mornlng of the accident, the
| JCAIT did, not conclude that this was a srgnlﬁcant factor in the acmdent In the opinion of
. thelJ CAIT the power outage srmply forced the subsequent plant startup, a relatively
S routlne evolu on. Thrs accrdent could Just as 11kely have occurred during any plant
' startup, whether or not it was preceded by a power outage and poss1b1y even during
- 'norinal operatlng (i.e. non-startup) condltlons No evidence was found to suggest that
o other natural phenomena or Acts of God such as earthquakes tomadoes etc., contributed
. to the accrdent :

Medlodologx

P0531ble types of explosmns mclude chemlcal and nuclear explosrons vessel over
pressunzatron borhng liquid expanding vapor explosions (BLEVES), and vapor cloud explosions.
Based on early eyewitness statements and visual inspection of the damage investigators made a
prehmmary judgement that a vapor cloud explosion had occurred as a result of the ignition of a
flammable gas cloud. The clear indications of a large flammable gas release immediately
precedmg the explosion, the fact that the area of the explosion and fire was highly congested (i.e.
numerous vertical and horizontal structures extended throughout the volume affected by the ‘
explosion), along with a relative lack of missile debris or fragments (which would normally result
from a vessel explosron) suggested a vapor cloud explosron ‘

Guidelines for Evaluating the Characterzstzcs of Vapor Cloud Exploszons Flash Fires,
and BLEVEs (Center for Chemical Process Safety of the American Institute of Chemical
Engineers, 1994), specifies that several factors must be present in order for a vapor cloud
explosion to occur. These include:

1. The release of a large quantity of flammable gas or vaporizr'ng liquid ﬁom a storage
tank, vessel, or pipeline. The released material must be at suitable conditions of pressure
and temperature for 1gn1t10n to occur in the presence of an 1gmt10n source.

2. The formatlon of a cloud of sufﬁcrent s1ze prror to 1gn1t10n “ |

S 3, A srgnlficant amount of the vapor cloud must be Wlthln the ﬂammable range of the |
material in order to cause s1grnﬁcant over pressure upon ignition.




| ' ’ s

4. The presence of turbulence in the released vapor.. This produces the high flame
' propagation speeds necessary to produce significant overpressure, and normally results
~from either turbulence associated with the release itself (e g. a jet release), turbulence
produced by gas expansion through a congested space, or by externally induced .
- turbulence (e. g from objects such as ventilation systems) '

I

. 5. The presence of an 1gmt10n source.

Investlgators detenmned that large quantltres of flammable matenal were contained in OP-
I process equipment, systems, and piping prior to the explosron, and that if released in sufficient -
quantity and ignited, all other conditions necessary for a vapor cloud explosion were likely

o present. Investigators therefore focused on 1dent1fy1ng the source and ilnmediate cause(s) of the

’ postulated ﬂammable gas release and the presence of suitable 1gmt10n sources.

.Isolating the Source of the Flammable Gas Release

To determine the location and source of ﬂarnmable' gas released prior to the explosion,
investigators first interviewed eyewitnesses to the gas release and explosion, reviewed data
recordings, and collected physical evidence in and around the area of the blast. Using this
information, investigators sought to narrow the range of possible leak sources for further
‘investigation. Key evidence and significant facts identified by investigators as pertinent to
determining the source and rmmedlate cause(s) of the gas release and explosion included the
followmg e o o ‘ : : -

e  Witnesses descrrbed the sound of the 1mt1al gas release as loud sudden and contmuous
without any detectable buildup. :

Ce Virtually eVery‘ eyehvitness account placed the source of the initial gas release in or near ‘,
the north side of the pipe rack, in the approximate area of the PGC fifth stage drums. -

e -~ Several eyewitnesses described theodor of the escaping gas as "‘light and sweet”..

. ' Eyew1tness accounts of the color of the vapor cloud ranged from colorless” to “Whrte” to
olden-yellow ‘

. Wind direction at the time of the explosron was from SE to NW at approxunately 9 rmles
' per hour. -
. " Eyewitnesses located in or south of the pipe alley all stated that vapor observed in the pipe

- alley traveled from north to south (against the general wind direction). Eyewitnesses .
located north of the pipé alley observed a vapor cloud drifting towards the north (with the
general wind dnectlon) : :
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Eyewrtness estrmates of the length of trme between the start of the gas release and the

Wlmesses stated that they heard only one explosron

o explosxon varied srgnrﬁcantly One eyewrtness (the PGC ﬁeld operator) estimated that the

gap was only about 1 minute, Another w1tness (the aux111ary operator) estimated that the
Lo gap was apprommately lO mmutes Most other eyewrtness estimates varied from as short
wioas mmute to as long as 7 mmutes from the start of the release until the explosron

Analysrs of process parameter trends recorded by the Operatronal Data Server (ODS)
indicated that the leak started approxrmately 4 minutes before the explosion occurred (see
pages 19-20 for a detailed explanatron of thls analy51s) :

A plant secunty vrdeo camera momtormg the southern end of OP-III recorded the blast

- wave produced by the explosion and its effects. The time mark on the video camera

Lo indicated that the explosion occurred at 10:04:57 a.m. The security camera’s clock was

. foundto lag the ODS clock by approxrmately 2 mrnutes

Hydrocarbon leak detectors were not mstalled in OP-III and no other means of
automatically detecting the presence source, Or locatlon ofa ﬂammable gas leak were
present.

- The greatest explosion, fire, and heat damage occurred within approx1mately 200 feet of a
: pomt roughly 50 feet north of the fractlonator and extended upward throughout the pipe

rack. Steel structural members had warped and failed from the heat, piping had ruptured
and fractured electrical power and instrumentation cables had been incinerated, and other
machinery, ‘equipment, piping insulation, and electrical controls had been burned. One
long horizontal section of overhead metal structure which supported the cooling fans (fin-
fans) over the pipe rack had collapsed on top of the pipe rack, causing additional damage
to components below (see Appendrx E, ﬁgures E—l ‘through E—4)

Among the explosmn and ﬁre damage mvestlgators 1dent1ﬁed and catalogued 52 opemngs‘
in damaged pressure components and plpmg systems each of Wthh was considered as a
‘ potcntlal source of the 1n1t1al gas release

One of the 32 opemngs was in a 36-mch drameter Clow Model GMZ pneumatrcally

| L assrsted check yalve located on the PGC fifth stage suction hne this valve was found to be
.- missing its drive shaft and counterwelght assembly The hole in the valve created by the
absence of the drive shaft was located 9 feet above grade, orientated directly south, and

was 3.75 inches in diameter. The valve flapper was found stuck in a partially closed
position, and a square bar-type metal drive shaft key was found lying loose inside the valve

. body. The valve was otherwise intact and relatively undamaged (mvestrgators later

conducted detailed metallurgical analysis on this valve and four other piping sections - see
page 17, Metallurgrcal and Mechamcal Fmdrngs and Analysrs)




o . The drive shaft and counterweight assembly from a 36-inch pneumatically. assisted check
’ ~ valve were found located on the ground 42 feet directly south of the check valve which
was missing these components, in an essentially unobstructed line of travel from the valve.
The components were found lying directly on the cement ground surface (i.e. with
virtually no debris beneath them), but beneath several inches of petroleum res1due tar, and
other debris resulting from the explos1on fire, and ﬁreﬁghtmg efforts.

Ehmmatmg Unhkelv Leak Sources

o

While investigators Judged that most of the 52 system openings or penetrations found -
among the wreckage were a secondary result of the explosion and ensuing fire, each were
considered as possible candidates for the initial leak source. These 52 openings were screened
against other evidence in order to eliminate impossible or unlikely alternatives and eventually

* " narrow the list to a small number of openings, or perhaps a single opening which could have

“produced the flammable vapor cloud. The screening process, or process of elimination, compared .
. each opening against the following set of criteria based upon eyewitness accounts, physical
pnnmples, metallurglcalganazlysm, recorded data trends, and other factors:

The opemng must have been in a system’ Whlch camed ﬂammable gasora flammable:
vaponzmg 11qu1d under pressure ‘

. | The opening must have been ina system whlch camed sweel hydrocarbon (ie. which
did not contain “sour” or acid gas) . 12 : S '

*

The ‘opening must have been sufficiently large to release enough vapor over an
approxunate four minute time span to account for the observed explosmn

. The opening must have been in the approximate locauon 1dent1ﬁed by eyewitness ‘accounts

. of the leak source (1 e. in or near the north side of the p1pe rack in the V1c1mty of the PGC
fifth stage drums)
e - The on'ginal orientation of the opening must have conformed with eyewitness accounts of

- Vapor cloud formation and dispersion, as -well as the observed effects of the explosion.

. The physical condition of the openmg must corroborate other eyew1tness accounts and
physical evidence. Numerous eyewitness accounts indicated that the gas release was
-sudden (i.e. there was no buildup) and constant, and that no fire occurred prior to the 7

" explosion. Therefore, metallurgical analysis of the component respon51b1e for the initial

. Dependmg on the source of crude oil uscd as a source matenal cracked hydrocarbon gas contains varymg amounts
of acidic gases, such as hydrogen sulfide. When present, these acidic components give the cracked hydrocarbon gas a
distinctive noxious smell which operators commonly describe as “sour™. In OP-IIL, the acid gases are “scrubbed out”, or
eliminated from the lighter hydrocarbon gas between the fourth and fifth compression stages, and the resulting gas is described
as “sweet” because it no longer contains the noxious odors of the acid gases
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leak should indicate that the component had experlenced a sudden brittle fallure rather
‘than a ductlle rupture produced by extreme heatmg

e . The sub_]ect openmg must account for the unusual process parameter trends recorded
between the time of the release and the time of the explos1on

Investlgators eliminated over £ 90% of the 52 poss1ble openmgs from consrderatlon as the
likely leak source by using just the first five of the constramts listed above This resulted in the

followmg analysrs | “
1 ‘:“ . ‘1‘; ;

. 18 opemngs were ehmmated ﬁom cons1derat10n as the pnmary release source because
' their respectlve systems did not contain flammable materials (e. g. they carried steam,
water, air, or some other non-flammable material);

. 10 openings were eliminated because their respective systems contained heavy oil
- mixtures, prtch or other low-volat111ty hydrocarbon mixtures of insufficient volatility to
vaponze and explode

e 9 opemngs were ehmmated because they were not large enough (1n relatlon to system
pressure) to release sufficient hydrocarbon materials within a 4 minute period to generate
a vapor cloucl large enou‘gh‘to cause the observed exploslon

e 2 openings were eliminated because they carried sour gas (such as hydrogen sulﬁde) and
eyewrtness accounts clearly mdlcated that the vapor cloud smelled “sweet”

. .8 openings were considered unlikely to have caused the release because they were
originally orientated in the wrong direction to account for eyew1tness observations of
vapor cloud formatron and dlspers1on

ThlS analysr S ehrmnated 47 of 52 openmgs as hkely sources for the gas release
. Investlgators focused on the : remammg 5 openings as hrgh-hkehhood candidates for the source of
the initial gas release and compared them against remammg criteria and other available evidence.
The remammg openmgs mcluded the followmg

1. A holeina 2—1nch mtrogen header connected to the PGC ﬁfth stage suctlon lme (the
postulated hydrocarbon source for this line would be the PGC fifth stage suction header).

2, A holeina 2—mch hydrocarbon hne carrymg hydrocarbon condensate from the coalescer

| 3 A holeina 2—1nch hydrocarbon hne carryrng vent gases from the process gas drrer

) ‘BMost of th&se 47 openmgs farled mu.ltrple crltena The above analysis mdlcates only the primary criteria used to
‘ climmmc a particular openmg
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4. A hole in a 6-inch line carrylng gasolme from the coalescer to the hrgh-pressure stripper feed
heater

5. A hole in a 36-inch pneumatlcally assisted check valve located in the main process gas
compressmn line, between the fourth and fifth compressor stages

' Metallurg;cal and Mechanical Fmdrngs and Analyses

Each of the ﬁve remarnmg opemngs were in systems which normally contained or could

. have contained flammable light hydrocarbon gases under sufficient pressure to produce a large

- vapor cloud if released, and were located in the nght area and with the right physical orientation
to corroborate eyewitness accounts of the vapor cloud formation and dispersion. However, the
physical condition of the pipe or component opening responsible for the initial leak must also

~ corroborate other eyewitness accounts and physical evidence. Specifically, numerous eyew1tness
accounts indicated that the gas release was sudden (i.e. there was no buildup). and constant, and -
that no.fire occurred prior to the explosion. Therefore, metallurgical analysis of the conmiponent
-responsible for the initial leak would likely indicate that the component had experienced a ‘sudden,”
brittle failure, rather than a ductile rupture produced by extreme heating.

Plpmg or component sections containing the ﬁve hrgh-priority line openings were removed |
from their respective systems and transported to a local Shell laboratory facility for detailed
“metallurgical and mechanical analyses. Both Shell and EPA/OSHA investigators conducted
standard metallurgical and mechanical testmg of equipment samples and shared the results.
Testing conducted included macroscopic and microscopic visual examination, fractography,
hardness testing, and dimensional measurement. -

, AnalySis of samples numbered l‘through 4 above indicated that their failure occurred by

-, ductile rupture following high temperature oxidation, corrosion, and fire damage to each pipe’s

. external surfaces. In other words these fazlures all resulted from the fire, and therefore could
" not have caused zt :

Analysis of sample number 5, the 36-inch diarneter Clow Model GMZ check valve (and its
- internal .components), revealed that it had suffered little or no heat damage. Analysis also '
indicated the followmg (see Flgures 2'and 3 on'pages 25-26 for an illustration of the valve):

F ractured Dowel Pin

-a2inch long, 1 inch diameter cylmdrrcal steel dowel p1n wh1ch connected the valve s
drive shaft to its dlSk had fractured and sheared

- The end of the dowel pin had been drilled and tapped and a .25-inch diameter threaded :

machine screw had been inserted in the hole. The purpose of the threaded hole was
apparently to allow later removal of the pin after its insertion in the shaft and disk ear.
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. The fracture occurred through the transverse (cucular) cross sectron of the dowel pm
and through the dnlled hole -

- ‘The fractured dowel pin had beén case-carburized on thé outside diameter and on the s

inside surface of the threaded screw hole The carburized case structure consisted of

o tempered martensite and small amounts of retained austenite. The core structure of the

pin contarned Wldmenstatten femte and unresolved pearhte

- The morphology of the pm fracture surface 1nd1cated fallure occurred by br1ttle overload

No evidence of cleavage separatlon (ductile overload) was observed. No evidence of

arrest lines or fatigue striations was observed. The “rock candy” fracture morphology was

- consistent With hydrogen embrittlement failure mode (see Appendix E, figure E-20).

Drive Shaft Kev Clearance Too Larg_ |

e Although the shaﬂ: key (whlch was much larger than the dowel pln) was 1ntended to
o transmit torque from the dnve shaft to ‘the valve disk, it fit too loosely in its key slot (see

Appendlx E, figure E—14) The total clearance (slack) of the key was between .045 and
.050 inch. The dowel pin had an interference fit (no clearance). This caused the dowel

- pin to carry all of the rotational torque load transferred between the drive shaft and valve
disk.

- Hardness measurements of the shaft key 1nd1cated that the matenal used to fabricate the

- key was relatlvely soft and ductlle

' -The gap between the d1sk ear and valve body as measured was sufﬁc1ent to allow the

shaft key to fall out of its keyway as the unrestramed shaft translated outward under
system pressure

»

- The valve S, dnve shaft key was found unattached lymg 1ns1de the body of the valve

. Combined with the dowel pin’s failure, the displacement of the key essentially

disconnected the drive shaft from the valve disk. No other retaining mechanism (other
than frlctlon) prevented the dnve shaft from bemg expelled from the valve by internal

- - system pressure

- Analysis showed that the dowel pm s fa1lure was caused by the excessive stress placed on

the pin as it transferred essentially all operating torque from the drive shaft to the valve disk (a
function which should have been performed by the much larger shaft key). Since the dowel pin
was not de51gned to carry such hlgh stress, it eventually failed. The dowel pin was also found to

i
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have experienced hydrogen embrittlement whrch‘ contribnted to its fracturing.

In summary, metallurgical and mechanical analyses indicated that the fifth stage suction
check valve likely underwent drive shaft blow-out (i.e. violent ejection of the drive shaft out of
the valve body) resulting from the brittle fracture of the drive shaft dowel pin and subsequent )
displacement of the drive shaft key. Once the drive shaft was unrestrained, it was expelled from ,,
the valve under the force created by internal system pressure acting on the end of the drive shaft.
Since no evidence was found to indicate that the valve’s failure was caused by the fire,
investigators inferred from the above facts that the fifth stage suction check valve was the likely
’ pnmary failure pomt and the likely source of the 1mt1a1 ﬂammable gas release

Appendlx E contalns photographs of various components analyzed n the laboratory and |
details of metallurgrcal and mechamcal findings (Frgures E-9 through E—22)

Analysis of Process Parameter Trends ,

- Analysis of process parameter trends allowed investigators to accurately determine the
elapsed time between the start of the gas leak and the explosion and confirmed investigators’
. theory that the fifth stage suction check valve was the source of the initial gas leak. Invéstigators
desired to accurately determine the elapsed time between the stait of the gas leak and the
- explosion in order to estimate the amount of gas in the vapor cloud prior to its-ignition and to
model the vapor cloud explosion. However, witness statements related to the elapsed time varied
widely enough that no single witness estimate was considered to be reliable. The most accurate
indication of elapsed time between the start of the gas release and the explosion was obtained by
analysis of PGC system parameter levels around the approximate time of the accldent These
parameter levels were automatically recorded by the OP-III ODS roughly every minute during the
PGC startup and until the explosion. Process parameters recorded by the ODS showed the

o followmg significant trends around the time of the gas release and explosron

. PGC fifth stage discharge pressure: Increased normally during PGC startup and stabilized .

- at 9:52 a.m. at approximately 500 psig, where it remained until 10:03 a.m. Between 10:03
and 10:07 a.m., PGC fifth stage discharge pressure dropped steadily from 500 psig down
to 470 psig (i.e. a total change of 30 psi). Immediately thereafter, fifth stage discharge

rpressure (as well as all other PGC pressure readings) abruptly dropped to zero.

. - PGC fourth stage drscharge pressure: Increased normally during PGC startup to a peak of
316 psig at 10:03 a.m. Between 10:03 a.m. and 10:07 a.m., pressure dropped steadily
from 316 psig to 263 psig (ie. a total change of 49 psi). Immediately thereafter fourth

- stage drscharge pressure abruptly dropped to zero.

+

R

Hydrogen embrittlement is a form of chemical attack on steel where atomic hydrogen diffuses into steel, forming
molecular hydrogen in intergranular voids in the steel. The buildup of molecular ‘hydrogen inside these voids can generate -
internal pressures of up to several thousand psi. The steel consequently suffers a loss of ductlhty, develops micro fissures at -
grain boundanes and eventually ¢ cracks all of whlch lead to a loss of strength .
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‘PGC fifth stage suctron pressure: Increased normally durmg PGC startup to a peak of 314
psrg at 10:03 a.m. Between 10:03 and 10:07 a.m. , pressure dropped steadily from 314
psig to 290 psig (i.e. a total change of 24 psig, or about half the change observed in fourth
 stage discharge pressure). Immediately thereafter fifth stage suction pressure abruptly
dropped to zero.

PGC mass flow rate: Between 10:03 and 10:07 ,a.m.; PGC ﬁfth“stage discharge flow rate
steadily dropped by approximately 20,000 lbs/hr PGC fourth stage discharge flow,

steadlly decreased until 10:07. After 10 07 a. m , both PGC fourth and fifth stage
discharge ﬂow rates abruptly dropped to zero.

These trends mdrcate that PGC system pressures mcreased normally durrng the final PGC

startup, and remained normal until approxrmately 10: 03 a. m Immedrately thereaﬂer system
pressures began a gradual and abnormal decline through 10:07 a.m.. This indicates that the gas
leak began at or shortly after 10:03 a.m. and before 10:04 a.m. At 10:08 a.m. v1rtually all relevant
parameter readmgs (pressures levels, ﬂow rates etc ) abruptly drop to and remain at zero, |
indicating that the explosron occurred after the 10:07 reading and before the 10 08 reading (the -
explosion destroyed parameter sensing instruments and transmission lines, causing all subsequent
readings to fail to zero) Therefore, the elapsed time between the start of the gas leak and the
explosron was roughly 4 rmnutes

Analysrs of parameter trends also mdrcated that the gas leak occurred somewhere between

the fourth and fifth compressor stages, and therefore corroborated the theory that the leak
occuired at the fifth stage suction check valve (which was located just upstream of the fifth stage
suctxon drum) The followmg two parameter trends support thls conclusron

Vgp_or Cloud Explosron Modelmg

1) At 10 03 am., Wlth the PGC stlll runmng at full speed an abrupt increase in fourth
»  stage flow rate occurred, while fifth stage flow rate srmultaneously began to decrease.
" | This indicated that a leak had occurred downstream of the fourth stage but not
' downstream of the fifth stage

2) Between approxrmately 10 03 and 10 07 a. m PGC fourth stage d1scharge pressure E
‘ dropped about tw1ce as fast as ﬁﬂ:h stage suctlon drum pressure (the two pressures |
“ normally drﬁ'er by only 3 or 4 ps1 durmg normal operat10ns) and nearly twice as fast as
fifth stage discharge drum pressure. This indicated that a leak had occurred upstream of
" both fifth stage drums, since if the leak was downstream of either fifth stage drum, that
“ “drum would have depressunzed relatlvely faster than the fourth stage d1scharge drum.

Investlgators carried out analyses to model the format1on and explosron effects of the

presumed vapor cloud produced by the gas released from the 3 75-inch diameter hole in the fifth
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stage suctron check valve. The modeled Vapor cloud was then cornpared to observed blast effects -
in order to determine if the two were consistent. Spe01ﬁcally, investigators sought answers to the
followmg questions: /

. >What We1ght of gas was released from the failed check valve‘7 ,

. What ﬁact1on of the gas released was mvolved in the explosron and what was its TNT
' equivalent? : ;
. Would the vapor cloud explosion modeled by these parameters be con51stent W1th

“observed: effects‘?

‘ Using several d1fferent methods to model gas release rates and explos1on effects A‘ .
investigators concluded the followmg )
| o_‘ .- Approximately 15,000 pounds of process gas was released from the hole in the fifth stage

suction check valve pnor to the explosion. '

. Approximately 3,000 pounds of gas was involved in the explosion (for a yield factor of
" -0.2), which was equivalent to about 31,000 pounds of TNT . :

.o A vapor cloud containing this much gas, if rapidly released into a highly congested area
with a volume of about 20,000 cubic meters (the estimated congested volume of the vapor
cloud) and ignited, would llkely generate overpressures sufficient to produce the effects
observed at Shell. :

_ In short, vapor cloud explos1on models based on a theoretrcal gas release from the hole in
the fifth stage suction check valve were consistent with the actual blast effects observed at OP-IIL, -
further confirming the theory that the gas release originated at the subJect valve. Appendlx D
contains details of vapor cloud modehng and analyses

~

Other Corroboratmg Evidence

Other ev1dence and analys1s also validated the theory that the leak began at the ﬁﬁh stage
suction check Valve

BWhile vapor cloud explosions are commonly converted to TNT-equrvalent explosmns for purposes of companson
TNT explosions and vapor cloud explosions have different characteristics. The destructive power of an explosion is based on
" numerous factors, including explosive parameters such as characteristic detenation velocity and pressure, confinement,
tamping, method of initiation, impulse profile, and brisance value, and site parameters such as stand-off distance from surfaces.
Specifically, the overpressure at the center of a vapor cloud explosion is much less than that at the center of an “equivalent”
TNT explosion. So, even though approximately 31,000 pounds of TNT would have been necessary to produce the far-field <1,
psi overpressure) blast effects observed at Shell, a much smaller amount of TNT would have produced equivalent near—ﬁeld
effects. | .
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‘ Aﬁer the ﬁre, the shaﬂ and counterwelght from the fifth stage suctlon check valve were
found partially buried beneath several sections of* damaged piping and several inches of
debris and sludge. However, the shaft and counterweight were 1y1ng directly on the
ground surface with virtually no debris underneath them. This indicated that they landed
at or near the beginning of the accident and were subsequently covered by debns from the
explosron and fire.

Engmeenng calculatrons 1nd1cated that the unrestrained drive shaft: and counterwelght
assembly, with a combined weight of approximately 200 pounds if ejected from the valve
- under normal operating pressure (300 psig), would travel 2 minimum of 12 feet, and

- probably much farther before str1k1ng the ground The shaft and counterwerght were
. found 42 feet d1rect1y south of the valve, in an unobstructed lme of travel

RS

| A gas release from the dnve shaﬂ hole in the 5th stage suctlon check valve would account
- for the vanous eyew1tness statements related to 'vapor cloud formation and dispersion.

; Eyethnesses located underneath the prpe rack and south of the valve observed vapor
.. blowing rapidly to the south, which is consistent with the direction of the high velocity gas

- jet emanating from the failed valve. Once the vapor cloud expanded out of the direct path
of the gas ]et however, it would have drlfted upward due to both the updraft produced by
the overhead cooling fans and the fact that a substantial fraction of it was less dense than
air. The cloud would also have started drifting northward with the prevalhng breeze. This
accounts for the observatlons of w1tnesses located to the north of the pipe rack, who
observed vapor b1110w1ng over the 5th stage drums and dnftrng roughly to the north.

To locate the approxrmate explosron center Shell mvestrgators conducted a bolt-stretch
analysis. Thls was done by measuring the plastic deformation of metal anchor bolts of
large equipment structures surrounding the blast area. Strain calculations indicated that
the explosion center was located approximately 80 feet directly south of the PGC fifth
stage suction drum. This point is almost directly in the path of the vapor jet that would

‘have been produced by the gases escapmg from the hole created by the absence of the

 drive shaft in the fifth stage suctlon check valve |

The PGC automatrcally tnpped between ﬁve and seven tlmes on the mormng of June 22,
1997 before the accident (3 to 5 trips from slow roll and 2 trips while at or near full
speed). Each compressor trip actuated the four Clow Model GMZ check valves, which
- quickly slammed shut (as designed to prevent compressor damage from reverse gas flow).
These events placed large and: repeated stresses on mternal valve components

| Mamtenance records showed that the ﬁﬂh stage suctron check valve was the only one of
. the four Clow Model GMZ pneumatically-assisted check valves installed in the PGC

system never to have been inspected and repaired. The other three check valves had been

inspected and repaired following a 1991 incident at OP-III (see page 26), and were found
to be generally intact following the explos1on and fire.




. Investigators determined that failure of Clow Model GMZ check valves was a factor in
several other incidents at Shell facilities, including one serious gas release occurring in
- 1991 at a facility in Saudi Arabia partly owned by Shell. The circumstances preceding
some of these prior 1n01dents were remarkably similar to, those in thrs accident: (see P 26—
28) :

" Ignition Sources

: Guzdelmes s for Evaluatmg the Characterzsttcs of Vapor Cloud Exploszons F lash Fires,

and BLEVEs (Center for Chemical Process Safety of the American Institute of Chemical
Engineers, 1994), states that, “In general, ignition sources must be assumed to exist in 1ndustr1al '
situations.” This.is because in many industrial settings, ignition sources are ubiquitous and ‘
extremely difficult or even impossible to completely eliminate. Common industrial plant ignition -
sources include hot steam lines, sparks from friction between moving parts of machines, and open
fire or flames from furnaces, heaters, or flares. - Consequently, while plant designers strive to '
minimize ignition sources, the primary strategy for preventing vapor cloud explos1ons in chemical
‘ plants reﬁnenes and the like is to prevent formatlon of ﬂammable vapor clouds ¢

. Investrgators determined that several ignition sources were present in the area of the OP-
III explosion. These included at least the followrng exposed piping flanges on the 1250 psig
steam header in the south yard pipe rack, exposed hot surfaces of kerosene furnace transfer lines
at their entrance to the fractlonator exposed hot surfaces of the dilution steam superheater and
associated steam piping, and exposed surfaces of the fuel oil stripper stripping steam super heater. '
Other ignition sources, such as sparking electric apparatus, or friction betwéen moving parts of
nearby machines, may also have been present. The JCAIT was unable to determine Whlch of
these ignition sources actually 1gn1ted the vapor cloud. : :

Immediate Cause of the Accrdent

. Based on the evidence and analysrs hereinbefore presented the JCAIT concluded that the
flammable’ gas release was caused by the internal structural failure and drive shaft blow-out of the -
36-inch diameter Clow Model GMZ check valve located on the suction side of the PGC fifth
stage. Due to the failure of the drive shaft dowel pin and displacement of the shaft retaining key,
the drive shaft of the valve detached from the valve disk and was expelled out of the valve body
under system pressure. The absence of the drive shaft left a 3.75-inch diameter hole in the valve
* and allowed the compressed gases in the PGC system to escape at high velocity. The gases were °
released as a turbulent jet into an area congested by numerous vertical and horizontal structures,
forming a flammable vapor cloud which subsequently ignited and exploded. Appendix C contains
an Events and Causal Factors Chart of the accident sequence and subsequent events.

Thrs is in contrast to measures taken to prevent vapor explosrons w1thm aircraft fuel tanks, where the pnmary
strategy has hrstoncally been to eliminate all p0851b1e ignition sources.
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Clow Model GM Check Valve Informatlon

'I‘he J CAIT determmed that four Clow Model GMZ pneumatlcally-assrsted check Valves -
were installed in the (OP-III process gas compression system and were located on the suction lines
of the third and ﬁﬁhwcompressor stages and on the dlscharge lmes of the fourth and fifth

compressor stages ‘The check valves were 1nstalled in 1976 as orlgmal plant equipment and were
designed to permit process gas flow in only the forward direction. This is accomplished through

the action of the valye’s hinged disk, or flapper, which swings open during forward process gas

flow and swings shut when gas begins to flow in the reverse direction (hence the common name
“swing” check valve) | A pneumatic system 1s mterlocked w1th the PGC shutdown system and
operates during an automatic compressor trip or manual shutdown. The pneumatic system
applies a moderate force to hold the valve closed to minimize valve leakage and valve swinging
followmg a compressor shutdown.

Reverse ﬂo ‘IS the natural result of stoppmg a centnfugal compressor compressed gas in

the hlgh pressure section of the plant tends to flow back to the low pressure section. Reverse gas

flow is an undesired condition. It can damage a centnfugal compressor, such as the PGC. Also,
any hydrocarbon that flows backward from the high pressure section of the plant to a lower
pressure section may be vented to prevent the -equipment in the low pressure section of the plant
from over pressuring when the compressor is stopped Check valves are installed to prevent this
reverse flow in the eyent ofa planned shutdown or tnp of a centrrfugal compressor

The potenu al for reverse ﬂow also ex1sts 1n upset operatmg condltlons commonly referred

toas® ‘compressor surge or‘ surgmg Surgmg can occur when a centnfugal compressor has

insufficient gas flow, and the process flow rapidly switches from normal forward flow, to reverse
flow, back to forward flow. During these rapid flow reversals, the check valves in the compressor
suction and discharge pipe rapidly and repeatedly close and open. This often produces a forceful,
lou;‘ | “slamming” of‘ the valve disk agalnst the valve seat The mstant the valve closes, a very high
unbalanced pressure can develop in the pipe due to the rapid interruption of the reverse flow. The
combination of the high, unbalanced pressure, plus the valve disk slamming can cause significant
temporary deflection in the pipe. In such cases, operators have descnbed the valve and attached

3 ‘ prpe as “jumping” out of the saddles

Clow Model ‘GMZ check valves (see Flgure 2) contam a two-plece stem in Wthh one

~

“ ‘ ”Clow Model GMZ Check Valves were manufactured by the Clow Corporatxon of Westmont Illmors and were
mm‘kclcd under the TRICENTRIC® trademark. The Clow Corporahon of Westmont Illinois no longer exists, having been
purchased by the C&S Valve Company, which itself was later purchased by Atwood & Morrill, Inc., of Salem Massachusetts. _
Atwood & Morrill, Inc., still markets valves under the TRICENTRIC ® trademark, and is therefore referred to later in this o ‘ R
rcporl as the successor” to the Clow Corporation of Westmont, Illinois. The TRICENTRIC® trademark refers specifically to a
unique tnplc offset seat and seal desrgn used in certam valves and is unrelated to drive shaft retention. It in no way implies
that products marketed by Atwood & Morrill Company, Inc. under the TRICENTRIC® trademark may be subject to the same
failure as the Clow Model GMZ valves described in this report. The Clow Corporation of Westmont Illinois should not be
confused with the currently existing Clow Valve Company of Oskaloosa, Iowa.
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stem piece functions as a drive shaft and connects the internal valve disk to an external air-assist 3
cylinder and flapper counterweight assembly. The other stem piece, or idler shaft, simply
functions as a hinge for one side of the flapper. The drive shaft penetrates the pressure boundary
* through a stuffing box. The exterior portion of the drive shaft is connected to the pneumatic
piston and counterweight, and the interior portion of the shaft is coupled directly to the valve disk
'using a cylindrical hardened steel dowel pin and a steel rectangular bar key (see Figure 3). This
arrangement provides a counter weight to partially balance the weight of the valve disk, and

- provides the pneumatic power assist to maintain the valve closed as described above..

The Clow Model GMZ check valve installed as the PGC fifth stage suction check valve
‘had an internal diameter of 36 inches and weighed 3.2 tons. The valve had a design limit pressure
- of 480 psig, and a design limit temperature of 115 degrees Fahrenheit. The JCAIT foundno
evidence that these limits were exceeded at any time prior to or during the accident.

Simplified eross'-sectional view of check valve (flow direction is into page)

| {Countefweight

Direction of BlOwouf ——)

Valve Disc (ﬂapper
. shown in open position)

(Air-assist“cylinder

s
Valve Body

Figure 2: Clow Model GMZ Pneumatically-Assisted Check Valve
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‘Figure 3: E)rpanded:View of Check Valve Disk/Shamﬁeleowel Pin Arrangement

Previous Incidents ‘:‘Involving Clow Model GMZ ‘Check‘Valves‘ at Shell Facilities |
In addmon to tlus accrdent several other mcldents mvolvmg malﬁ,mctlomng Clow Model
GMZ check valves have occurred at Shell fac111t1es These mcluded the followmg

Mav, 1991 Clow M‘ del GMZ Check Valve Malﬁ.mctlon at OP-III

In May 1991 OP-III was bemg started up followmg a five-week mamtenance period.
Operators started the PGC with gas flow from four fractionation furnaces. After the PGC was
brought up to full speed operators observed that the compressor began to surge *. The
intermittent reverse gas flow caused the check valves located between compressor stages to
repeatedly slam shut and re-open. One operator noticed thatone of the check valves, located on
the compressor third stage suction line, was slamming shut every ten to fifteen seconds with such
force that the 36-inch diameter steel pipe to which the valve was connected noticeably “jumped”,
or deﬂected upward and downward w1th each cycle of the valve A dlfferent check valve located
on the fourth stage discharge line was also observed to slam shut and re-open several times, but
not as often or as forcibly as the third stage suction check valve.

: BThe su surgmg (reverse gas ﬂow) in thxs event lrkely resulted from the fact that four fumaces provided insufficient gas ~
foad to the PGC. Operating practices were later changed to require the PGC to be fed process gas from at least six furnaces.
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“On closer mspectlon operators observed several mdlcatlons that the third stage suction
check valve was malfunctioning. These indications included a small but noticeable amount of gas
‘leaking out of the valve around its drive shaft, a slight outward axial displacement of the drive
shaft, and the erratic operation of the valve, which was observed to operate independently of its
external drive mechanism. Because of these indications, employees inspected the three other:
- Clow check valves installed in the PGC system for similar problems. Employees noted that two
of the three remaining valves (fourth and fifth stage discharge check valves).had gas leakage
_through the idler (non-drive) shaft packmg and packing end plate. The fourch valve (fifth stage
suction- check valve) appeared to be functioning normally

In ,spite of the indications th'at one check valve in the system was malfunctioning and two
other valves had packing leaks, plant startup continued. About one hour after the first
compressor surging was noted, two additional pyrolysis furnaces were brought on line (for a total.
of six) to add additional load to the PGC. This prevented ﬁlrther reverse gas flow and stablhzed »
" the compressor ' .

"Upon further evaluation of the malfunctioning third stage suction check valve,
maintenance technicians concluded that an internal dowel pin and shaft key in the valve had failed,
allowing the disk to open and shut independently of its drive shaft, and allowing the axial
movenient of the drive shaft. Because of this fact and the leaks observed in two of the three -

- remaining check valves, employees decided to shut down the PGC and remove the third stage
suction check valve for repair and to remove the other two leaking check valves for inspection
and-possible repair. Employees decided not to remove and inspect the fifth stage suction check
valve (the subject valve of this report) since it appeared to be functmmng normally.

The next morning, the PGC was shut down and the one malflmctlonmg valve and the two

. valves with leaks were removed. At the time.of the shutdown, the drive shaft on the third stage

suction check valve was protruding approximately 3/4-inch out of the valve. Subsequent internal
inspection of the third stage suction check valve revealed that two internal metal dowel pins
designed to connect the drive shaft and non-drive shaft to the valve disk had sheared, and that a
shaft key which coupled the drive shaft and disk was missing. - With guidance from an éxperienced
engineering representatlve of the valve’s manufacturer, maintenance technicians fabricated
replacement dowel pms and a shaft key in the machine shop and repalred the third stage suction
check valve.

- The two valves with leaks were disassembled and mspected The dowel pins and shaft
'keys on both of these valves did not appear to be damaged, but since the valve’s shaft packing .
material had become brittle and was crumbling, causing the leakage from the non-drive end of the
valves, technicians decided to replace it with new packing.- Since packmg replacement required
the removal of the drive end and non-drive end shafts, it was necessary for technicians to remove
the old dowel pins which held the shafis in place, so these dowel pins were also replaced with
newly fabncated pins. Original shaft keys for these valves were re-used. -
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The three check valves were remstalled‘ on Wednesday, May 22 1991 and the OP III was

Vstarted thhout ﬁlrther‘ rncrdent The J CAIT found 10 ev1dence to 1nd1cate that further

mamtenance or, mternal mspectrons were ever performed on any of the PGC system
pneumatrcally—assrsted check valves prior to the 1997 acc1dent and various witnesses confirmed
that none ever occurred.

Decen"lber, 1991 Pr‘op‘ ane Gas Release“in Saudl“‘Arabia

‘In December 1991, Saudi Petrochemical Company (SADAF), a chemical plant located in
Saudi Arabia and partly owned by Shell Chemical Company, experrenced a release of propane gas

‘when a Clow Model GMZ check valve expenenced shaft blow-out Many circumstances in this

mcrdent were sm:ular to those in both the June 1997 accident and May 1991 incident. The

incident occurred following a process upset in the facility’s ethylene plant, where the inadvertent
shutdown of a cracked gas compressor resulted in downstream flow instabilities and initiated a
13-hour penod of s ging in the unit’s propane refrigeration compressor. During this period, the '

i .C low Model GMZ eck valves mstalled in the propane reﬁlgeratlon compress1on system

slammed shut repeatedly

The shaft of the compressor S thrrd stage dlscharge valve eventually separated from its
disk and was partially ejected from the valve. The shaft was not fully ejected because its path was
blocked by an adjacent steam line inches away from the valve, keeping about 70 mm of the shaft’s
length within the valve body. Propane gas began to leak out of the valve around the gap between
the shaft and its stuffmg box until operators dlscovered the leak and shut down the compressor.
Operators also discovered that the valve’s drive shaft counterweights had broken off of the drive
shaft and had been propelled approxnnately 16 meters from the valve |

~ The facility was fortunate in this case. An adjacent steam line kept the shaft from being
fully ejected from the valve, thus limiting the leak rate and preventing an accident of potent1ally
much greater severity It was also fortunate that no one was struck by the counterwelghts when
they were propellec from the valve

A subsequent mvestlgatlon by SADAF and analys1s of the check valve’s 1nternal
components revealed that the dowel pin which secured the drive shaft to the valve flapper had
sheared, and the shaft key had fallen out of its keyway (the same failure mode identified in the
1997 accrdent at Deer Park)

" The SADAI?" mvesngatlon report also revealed that fac111ty mamtenance records indicated
a long hrstory of problems with the Clow Model GMZ check valves installed there. The valves

- . were installed in 1982, and due to continuing valve malfunctions, underwent repair or

modification in 1984, 1986, 1987, 1989, and 1990. These repairs and modifications included
replacement of damaged counterwelght arms, replacement of seals and gaskets, replacement of
dowel pins and 1nternal keys, and installation of external shaft “keepers” The investigation report
mdrcates that the purpose of the external shafc keepers was to lnmt shaft “ﬂoat” (minor shaft
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movement). SADAF and Shell personnel stated that the keepers were not specifically intended to
- prevent shaft blow-out. Nevertheless, since they functioned to limit axial shaft movement, the

~ external keepers might have prevented shaft blow-out. Ironically, when valve internals were

serviced in 1990, the external keepers were no longer thought necessary and were therefore
removed and never relnstalled :

1980 and 1994 Incrdents at Shell Fac111tv in Norco Loursrana ”

In 1980 and 1994, a Shell fac111ty in Norco LA expenenced failures involving Clow
Model GMZ check valves. In both cases, shafi-disk separation occurred when the dowel pin
fastemng the valve’s drive shaft to its disk sheared (in the 1980 case the pin was possibly never
installed by the manufacturer), and a rectangular key fell out of its keyway, disconnecting the
drive shaft from the disk. Although separation of the shaft and disk occurred in both of these
cases, it did not result in shaft blow-out in either case. This may have been because the valves in
these instances were installed in lower-pressure service, or because the malfunctions were
identified before complete shaft blow-out occurred. Tn both cases, the malfunction was identified
when employees noted that the external piston rod connecting the air-assist cyhnder to the drive
shaft had broken due to outward axial movement of the drive shaft. -

Lessons Learned by Shell from Prevrous Check Valve In01dents

The Ji CAIT revrewed rnamtenance records from the 1980, May 1991, and 1994 check
valve malfunctions. Shell personnel stated that these events were treated as maintenance actions
- and were not considered “accidents” or “incidents”. Therefore, no formal mvestigations were
conducted to determine their root causes or to determirne lessons learned from the events. ,
Consequently, other than the immediate repair of the malfunctioning components and a later.
change in operating practice requiring that the PGC be fed process gas from at least six furnaces
(to limit compressor surging), no actions were apparently ever taken to prevent future incidents
involving Clow Model GMZ check valves at Shell Deer Park. The JCAIT did not determine
- whether or not such actions were ever taken at other Shell facrhtles as a result of these events

, In the case of the December 1991 check valve incident in Saudi Arabia, a significant - .
‘propane gas leak had occurred and facility personnel recognized that the incident could have been
much more severe than it was. A formal investigation by SADAF personnel was conducted in :
. order to determine the causes of the incident and to make recommendations to prevent recurrence
of similar incidents. However, although a Clow Model GMZ check valve was determined to be
the source of the leak in this event, the SADAF investigation did not specifically identify check
valve design deficiencies as a cause of the event. Instead, investigators attributed the check -
valve’s failure as the secondary result of a malfunctioning “kickback” valve ' which caused
compressor surging and repeated chieck valve slamnming. Consequently, the majority of

‘

19 «gickback” valves function to feed back a pottion of the dmcharge gas flow from a grven compressor stage to the
inlet of that stage in order to artificially i increase compressor gas load and thereby prevent reverse ﬂow or “surging”.
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recomimeridations in the report focused on preventing compressor surging rather than the check
valve itself. The report states:

“The 1mportance of hmltmg surge cycles to an absolute mmlmum can not be over-
emphasrzed therefore the recommendatrons llsted below should be dealt with the utmost

pnonty

While the subsequent recommendatrons focused pnmanly on ellmmatmg compressor
surgmg, one recommendatlon was spec1ﬁcally relevant to the Clow check valves This
recommendatron was

“Bvaluate the need to retroﬁt dampemng devmes as well as pull and inspect all NRV’S on
" 11K2 and, 1 1K3 dunng the next ethylene plant T/A” 20

Addxtlonally, although not speclﬁcally recommended in the report the J CAIT determmed
that after the incident, a full external restraznmg bracket was built around the valve with the
mtentxon of provrdmg secondary containment of the shaft should the internal restraining
mechamsms ever completely fail. The JCAIT did not attempt to verify whether or not the other
recommendations from the SADAF incident investigation were implemented at that facility, but
three things are clear

1) Dampemng devrces were never mstalled on Clow Model GMZ check valves at OP-III,

2) None of the Clow check valves were ever “pulled and mspected” followmg the repairs
performed subsequent to the May 1991 event at OP-III and

3) Extemal restrammg brackets were never mstalled on the Clow check valves at OP-III

- The J CAIT found no evrdence that any of the lessons-leamed or recommendatlons
resultmg from the SADAF m01dent were ever unplemented at Deer Park or shared w1th other
Shell facilities. ‘

¢

Other Informatmn

~

Shell Chemlcal Comgany Analys1s of OP-III Process Hazards

The J CAIT determmed that Shell Chermcal Company performed a Process Hazards
Analysis (PHA) for the OP-ITI PGC system in 1991. The JCAIT also determined that Shell was
in the midst of performmg this PHA When the May, 1991 check valve malfunctlon event occurred

20 “NRV” is an abbrevratron for Non-Return Valve, another term for check valve “1 1K2” and “11K3” are facility

dcsrgnmlons for the ethylcne and propane compressxon systems, respectlvely “T/A”is an abbrevratron for “turnaround”, whlch
is mdusuy jargon mcanmg Iarmed mamtenance penod
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at OP-IIL. Tn fact employees stated that the PHA was suspended Wh11e the three check valves:
were repalred since the engmeers responsible for performing the PHA were also needed to repair
the malfunctioning valves®. However, a review of the PHA showed no evidence that check valve -
failure or shaft blow-out was considered in the analysis, and the JCAIT found that no measures
were taken as a result of the PHA to prevent a potential check valve shaft blow-out accident.

 Operatinig Procedures

_ The JCAIT rev1ewed OP-TII operatlng procedures for the PGC system to determine if the
- procedures or related operator actions were a likely factor in the accident. The JCAIT
“determined that written procedures for starting up the PGC in various modes existed, that
operators were knowledgeable of the procedures, and intended to start-up the PGC in accordance
* with applicable written procedures on June 22, 1997. The JCAIT determmed the followmg

- B s1gn1ﬁcant facts related to PGC operating procedures

o . Operating 'proc'edures did not contain any warnings caution statements, or safety .
R measures related to preventing check valve shaft blow-out, flammable gas releases, or .
vapor cloud explosions. The “Safety Precautions™ section of the procedures addressed
* only hazards related to steam.leaks, chemical exposure, and high noise.
e . Operating procedures identified the possibility of a compressor trip due to high vibration,
but did not contain any contingency actions in case such a compressor trip actually
“occurred. Operators stated that automatlc compressor trips eccasionally occurred during
PGC start-ups (as was the case on the morning of June 22)

. Operatmg procedures requ1red operators to confirm that all air-assisted check valves were
open by visually inspecting the valves prior to starting the PGC. However, operating .
procedures did not specifically instruct operators to re-verify the position of these valves
followmg an inadvertent compressor trip occurring during startup.

‘¢ Operators stated that they Venﬁed the position of all a1r-ass1sted check Valvespnor to the -
next to last PGC startup on June 22, but did not re-verify the positions of the check valves
~ (or perform any other pre-startup checks) after the compressor subsequently tripped due -
to high vibration.

Root Causes and Contributing Factors _
Root causes are the underlying prime reasons; such as failure of particular management

‘'systems, that allow faulty design, inadequate training, or deficiencies in maintenance to exist., -
These, in turn, lead to unsafe acts or conditions which can result in an accident. Contributing .

2 The PHA was actually suspended twice during 1991. Once for the repair of the check valves, and on an earlier-
occasion in order to allow the PHA team to assist with a scheduled maintenance period.
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factors are reasons that, by themselves, do not Iead to the conditions that ultimately caused the
event; however, these factors facilitate the occurrence of the event or increase its severity. The
root causes and confributing factors of this event have broad application to a variety of situations
and should be considered lessons for industries that operate 81m11ar processes, especially the
chemrcal and petroleum reﬁmng mdustnes

" The JCAIT, used a vanety of analytlcal techmques to determlne the root “causes and
contnbutmg factors of the accident, and to generate recommendations to prevent recurrence.
These techniques included events and causal factors charting, fault tree analysis, root cause tree
analysm, and professmnal Judgement The J CAIT 1dent1ﬁed the following root causes and
contnbutmg factors of the accldent

Root Causes
1) Inadequate Valve Des1gn

- The Clow Model GMZ check valves mstalled in the OP-III PGC system were not
approprlately designed and manufactured for the heavy duty service they were subject to in OP-
1L This resulted in the valves bemg susceptlble to shaﬂ blow—out dunng normal use.

“Normal” use of Clow Model GMZ check Valves at OP—III 1ncluded penods of high cychc
loadlng Operatlng practlces dunng routine startups of the process gas compress1on system and
during recovery from process upsets subjected the system to intermittent automatic compressor
trips and occasional penods of surging (rapid flow reversals) which placed high stresses on the
check valves by slammmg them shut. On the morning of June 22nd, 1997, the valves slammed
shut after compressor trips on at least five and possibly as many as seven separate occasions.
Each of these cycles placed peak stresses on the fifth stage suction check valve and its internal
components, including the drive shaft dowel pin, and caused existing intergranular cracks to
propagate through the dowel pin, eventually fracturing it completely and initiating the shaft blow-
out. The fact that Clow Model GMZ check valves had experienced the same mode of failure
under similar circumstances on several previous occasions further conﬁnns that they are not
appropnately desrgned for severe-duty app11cat10ns

- A number of des1gn factors contnbuted to the ﬁﬁh stage suct1on check valve s failure,
mcludmg

s ' . The valve was mherently susceptlble to shaﬁ blow-out ThlS resulted prlmanly from the
followmg 0 des1gn elements: the valve’s “stub shaft” design and its lack of secondary
shaft-retention features. The term “stub-shafi” denotes a valve having a shaft piece that
penetrates the pressure boundary and terrmnates inside the pressunzed portlon of the

it out of the valve Since the fifth stage suction valve was located ina relatively high-
pressure poition of the PGC system (300 psig), the drive shaft was subject to a large axial
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thrust during system operation. ‘The valve also did not contain any secondary shaft-
retention feature or device, such as a split-ring annular thrust retainer or a shaft with an .
internal diameter larger than the internal diameter of its stuffing box.  Therefore, when the
drive shaft separated from the disk, nothing (other than friction) prevented it from bemg

. eJected out of the Valve . ‘

. The shaft dowel pin carried too much stress load. The shaft key was intended to transfer
-all of the torque between the drive shaft and disk. However, the excessive looseness of
the shaft key in its keyway combined with the tight fit of the shaft dowel pin resulted in the
relatively small diameter dowel pin (which was further weakened by the threaded screw -
installation and the effects of hydrogen embrittlement) transferring all torque between the
shaft and the disk. The relatively large gap between the shaft key and its keyway also
“ permitted the key to fall completely out of the keyway as the drive shaft moved outward.
The excessive looseness of the shaft key in its slot was either the result of inadequate
-design (e.g., 1nadvertent1y de31gn1ng a key with a too-loose fit), madequate manufacturing
- (e.g., machmmg the key and keyway with more looseness than design speCIﬁcatlons called
for), or both. : \

»  The shaft dowel pin was susceptible to hydrogen embrittlement. Metallurgical analysis’
indicated that the dowel pin was manufactured from case-hardened carbon steel and was
used in a hydrogen-rich environment, conditions leading to hydrogen embrittlement. This
probably led to the formation of intergranular cracks which propagated inward from the
exposed surfaces to the core of the dowel pin. This weakened the dowel pin, which was
already carrying more load than it was. intended to carry. Other materials or other types of -
steel not susceptlble to hydrogen embnttlement should have been chosen for fabncatlon of
the dowel pins. : )

2) Failure to Learn from Prior Incidents

Lessons learned from prior incidents involving Clow Model GMZ check valves installed at
Shell facilities and at Saudi Petrochemical Company (SADAF), a Saudi fac111ty partly owned by ’
Shell, were not adequately identified, shared, and implemented. This prevented recognition and
. .correction of the valve’s des1gn and manufacturing’ ﬂaws at OP-II prior to the accident.

Informatlon available to Shell as early as 1980 suggested that Clow Model GMZ check

- valves were problematic. In 1991, however, the two potentially very serious incidents involving

- Clow Model GMZ check valves occurring within a period of eight months should have been clear
warnings that the valves presented a significant hazard. Both incidents involved very similar
circumstances and required the respective operatmg units to be shut down spec1ﬁcally for repalr

of the Clow check valves.

However whlle the investigation of the 1nc1dent in Saudi Arabia identified numerous
causal factors mvolved in that event, it did not focus on the fa11ed Clow Model GMZ check valve
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1tself and therefore tl_re report did not 1dent1fy all factors involved in the valve’s failure. For
ple, even though equ1pment records from the Saudi plant indicated a long h1story of
problems with the Clow Model GMZ check valves, the 1nvest1gat10n report did not identify check
valve design features as possible factors in the shaft blow-out incident. Nevertheless, the fact that
a full external restlﬂalnmg bracket was mstalled around the valve after the incident indicates that
facxhty engmeers recogmzed the valve s des1gn ﬂaws If external restrarmng brackets had been
installed on the Clow check valves at Deer Park, the 1997 accident would almost certainly have
"been avoided. Also, at least one of the Saudi incident report’s recommendations (i.e., to install

dampenmg dev1ces), if unplemented at Deer Park rmght have prevented the 1997 acc1dent

At least one person at the Saud1 plant recogmzed the potent1al seventy of the valve’s
fallure A handwntten note on the cover page of the company mvestrgatlon report from the
mcrdent reads

Or “Could have been serious!”[sic]

In splte of this, The JCAIT found no evidence that any actions were ever taken at the Deer
Park plant to prevent future incidents of this type. Lessons learned from the incident in Saudi
Arabia may not have been adequately communicated to, or understood by, Deer Park personnel,
for some reason they were Slmply not apphed at OP-III

3) Inadeguate Process Hazards Analys1s

) The proces azards analy H (PHA) of the process gas compress1on system was
inadequate; the PHA did not identify the risks associated with shaft blow-out in Clow Model
GMZ check valves, and consequently no steps were taken to mrtlgate those risks.

Formal hazard evaluatlons such as PHAs should 1dent1fy potent1al failure areas that need
to be addressed by safeguards such as equipment des1gn, engineering controls, maintenance, and
standard operating procedures. When conducting a PHA, companies should consider prev10us
~ incidents related to the subject process and its equipment. However, dunng the 1991 PHA at OP-

: HI Shell dld not c sider relevant prev1ous incidents that had occurred at OP-IIT and other Shell
famhtres Shell COl equently missed an early opportumty to eliminate or minimize the hazards
created by the chec valves in the PGC system and av01d th1s acc1dent |

The fallure of the PHA to 1dent1fy and address the hazards assoc1ated with Clow Model
GMZ check valves is particularly remarkable since the PHA (a process which required a Shell
engmeermg team several months to complete) was temporanly suspended specifically in order to
allow engineers on the PHA team to repair the Clow Model GMZ check valves that ‘
malfunctioned i in May, 1991.
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:4) Inadequate Mechanical Integntv Measures

Measures necessary to maintain the mechamcal mtegnty of Clow Model GMZ check
valves installed in OP-TII were not taken. This resulted i in undetected damage to and- eventual
- failure of cntlcal mternal Valve components

B The JCAIT found that the PGC fifth stage suctlon check Valve had not been mspected for
internal mechanical integrity and had not received any internal maintenance since its original

installation, a period of over 20 years. The JCAIT also determined that the other three Clow .

Model GMZ check valves installed in the PGC system had been mspected and repaired only once

- after the 1991 malfunction of the third stage discharge check valve. In his book, Whdit. Went

Wrong? Case Histories of Process Plant Disasters . (Kletz 1994), author and mdustrlal safety

expert Trevor Kletz states: . : ,

“Check valves have a bad name among many plant operators. However this is because »
~ many of them are never inspected or tested. No equipment, especially containing movmg :
parts can be expected to work correctly forever W1thout mspectlon and repalr v

‘In sp1te of the fact that OP-III and Shell’s Norco LA facility had expenenced s1gmﬁcant
mechanical integrity problems with these valves, and of the fact that the Saudi Petrochemical
facility (partly owned by Shell) had documented a long history of mechanical problems with the
valves, the OP-III mechanical integrity inspection program did net include periodic internal
inspections of PGC system check valves or any other measure to evaluate or ensure their
integrity. If such inspections or other mechanical integrity measures such as periodic preventive
_malntenance had been conducted, the Deer Park accrdent would hkely have been prevented

5) Inadequate Operating Procedures

. Operating procedures for the start-up of the PGC system did not specifically instruct
operators to re-verify the position of pneumatically-assisted check valves before restarting the
compressor following unexpected automatic compressor trips, nor did they contain warnings or .
- caution statements related to prevention of hydrocarbon leaks or check valve shaft blow-out.

Consequently, operators did not re-verify the position of the valve that failed. Re-venﬁcatlon
might have enabled operators to observe - possible mdrcatlons of the fifth stage suction check
'_valve s imminent failure on June 22, 1997

The JCAIT found that operators were knowledgeable of PGC startup procedures and _
generally followed them when conditions were normal. However, since the procedures did not

- address unexpected situations or contain steps required to correct upset conditions such as power

outages or compressor trips, foremen and operators used their own discretion in deviating from or
-adapting the procedures during upset or abnormal conditions.” Such was the case on June 22, '
.1997; since PGC operating procedures did not contain specific requirements for re-verification of

equipment status followmg an unexpected automatic compressor trip or any warnings related to '
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check valve shaft blow—out operators elected to nnmedrately re—start the compressor after a high-
vxbratlon trip, Wlthout perforrmng any further eqmpment checks
. o

While other root causes presented hereln address factors farther upstream in the chain of
events leading to the aécrdent the final possible opportunity to avoid the accident was for
operators to have visually inspected the pneumatically-assisted check valves before the final
compressor startup. In the May 1991 check valve malfunction event at OP-III, operators visually
detected the part1a1 e_] jection of the drive shaft from the third stage drscharge check valve in time to
take action to prevent complete blow-out of the dnve shaft. Th1s was also true in the 1980 and
1994 events at Shell’“s Norco, LA facrhty In the 1997 accident, it was likely that the drive shaft
from the ﬁfth stage suction check valve had become unrestrained (i.e., the dowel pin had fractured
and the shaft key had fallen out) dunng one of the several check valve closures that occurred
earlier that morning.” Consequently, it is possible, and in consideration of past events perhaps
even likely, that if operators had visually inspected the pos1t10n of the check valves immediately
prior to the final compressor startup attempt on the morning of June 22, they might have observed

.indjcations of the PGC fifth stage suction check valve’s imminent shaft blow-out and taken

actions to prevent the accrdent

ontnbutm Factor ‘

1) No Indication of Hydrocarbon Leak / Delayed Operator Response to Leak

The lack of clear and nnmedlate 1ndrcatrons in the control room of a hydrocarbon leak
contributed to the severlty of the accident by srgmﬁcantly delaymg operator action to shut down
and depressurlze the process gas compress1on system. This is another aspect of inadequate
process hazards analysrs but is addressed in deta1l here due to the large role it played in the
relcnse :

Once operatuors‘ were aware that a large process ‘gas Teak hadoccurred they immediately
(and correctly} acted to shut down and depressunze the PGC system However if these actions

nearly two tons of additional flammable gas to the Vapor cloud, substant1ally increasing the
hkcllhood and force of the subsequent explosmn ‘In Loss Prevention in the Process Industries
(Lees, 1996), the author cites an analys1s con cted by Trevor Kletz (1977) which concludes that
small hydrocarbon vapor clouds even 1f they 1gmte are not 11kely to explode Kletz states:

.. the probablhty of an explosron certamly appears to be much less if the quantrty is
small .. if there are 10 tons of vapour (sic), the probability of explosion is at least 1 in
10, whereas if there is 1 ton or less, the probability of explosion is of the order of 1 in 100,
or, more hkely, one in 1 OOO ”
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The main reason for the four minute delay in responding to the leak was that control room
operators were unaware that a flammable gas leak had occurred. Various operator statements
conveyed their initial belief that the accident was either a fire of a high-pressure steam leak, and
not a flammable process gas leak. Since the rate of leakage from the PGC system was too small,

to be easily differentiated from the normal process gas flow rates indicated on control room
instruments, and no other indications of flammable gas leakage were available in the control room,
operators there decided to wait for verbal reports from ’on—scene personnel before taking action.

If ﬂammable gas detectlon equlpment had been installed in OP-III and monitored in the
control room, operators would have immediately recognized the nature of the accident and would
likely have taken actions to mitigate or prevent the subséquent vapor cloud explosion.. Flammable
gas detectors are commercially available today that are intrinsically safe (i.¢, they do not present
an ignition or explos1on hazard), such as ultraviolet or infrared optical point and open-path -
- hydrocarbon gas detectors. It is even poss1b1e to link such detectors directly to emergency
shutdown systems. i

In light of the continuing difficulties associated with the PGC in the hours preceding the
accident, it is possible that once the machine had (apparently) successfully been started, operators-
~ were reluctant to shut it down without clear indications of a serious malfunction. Nevertheless,
the JCAIT noted that the strategy of control room operators to take no action without definite
~ indications as to the nature of the accident was not appropriate. In this case, the worst accident
scenario potentially indicated by the leak in the pipe rack was a vapor cloud explosion resulting
. from a process gas leak (a fact that should have been particularly evident since the PGC system
had just been started), and operators should have immediately shut down and depressurized the
PGC system to prevent or mitigate this accident. The adverse safety consequences associated
with taking these actions immediately were minimal, but the consequences of not taking them
1mmed1ately were_severe. , :

2) Inadequate Commumcatrons Practices , : K J

Inadequate communications practices durmg the acmdent contnbuted to its seventy by
hindering the timely flow of information to control room operators. -This caused confusion among -
control room operators regarding the circumstances of the accident, unnecessarily placed
additional operators in jeopardy from the nnpendlng explos1on and further delayed mrugatmg
‘actlons by control room operators

“Control room operators and operators in the field stated that they had difficulty
understanding radio transmissions from the cold-side foreman due to the excited nature of his
‘reports and the high background noise in the area of the leak. The cold-side foreman, in turn,
stated that control room operators failed to acknowledge several of his emergency reports and
orders during the gas leak. Various control room operators also stated that they were unsure of |
the exact meaning of the foreman’s reports and orders. Uncertainties resultmg from these
difficulties in commun1cat10n prompted control room operators to discuss among themselves their
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understanding of various reports and orders. This, (along with the lack of clear flammable gas
leak mdlcauons) contnbuted to delays in mltrgatmg actron

The confusion in the control room also led five employees to leave the shelter of the .
control room and place themselves in great danger because they did not understand the nature.of
the hazard. These employees, as well as the foreman and PGC field operator, were fortunate in
that they did not suffer any indirect effects of the explosion (e.g., impact of indirect fragments,
structural collapse or blunt obJect trauma)

Recommendatlons

The J CAIT developed recommendatlons addressmg the root and contnbutmg causes of
the accident to prevent a recurrence or similar event at this and other facrhtres The scope of
these recommendations ranges from general to very specific, and compames and mdustry groups
not specifically named should consider each recommendation in the context of their own
cxrcumstances, and 1mplement them as appropnate The recommendatlons are as follows:

1) Prlor to re-startmg OP-HI Shell Chemrcal Company should replace all Clow Model GMZ
check valves installed in the unit with valves not susceptible to shaft blow-out. If immediate valve
replacement is unpossrble or nnpractrcal ‘Shell should immediately modlfy the valves to prevent
shaft blow-out. Other Shell facilities and other companies as appropriate should review their
_process systems to determme if they have valves mstalled that may be subject to this hazard, and
modify or replace those valves as necessary to prevent shaft blow-out. Companies should consult
valve manufacturers or other appropriate design authorities to ensure any modifications made are
safe, [Editor’s note: Prior to this report being published, Shell Chemical Company replaced all
Clow ‘Model GMZ check valves installed in OP-III with Valves not susceptlble to shaft blow-out.]

2) Shell Chemlcal Company should update and revahdate the process hazards analysis G’I—IA) at
OP-IIT and should con51der updatlng and revahdatrng other umts PHAs to ensure all operating
and mamtenance experlence and incidents are fully evaluated. Shell should also take appropriate
measures to rmtlgate hazards 1dent1ﬁed by the revahdated PHAs “

3) Shell Chermcal Company should revise OP—III process gas compression system operating _
procedures to provide clear instructions for operators to re-verify the positions of pneumatically-
assxsted check valv%s before the process gas compressor is re-started followmg any compressor
tnp if said check valves are at h1gh nsk of leakage or fallure Shell should also consider adding
warhings or cautlon statements in process gas compress1on system procedures related to the
circumstances and 1nd1catrons of check valve shaft blow—out or other potent1a1 causes of

o hydrocarbon gas leaks

[ ' i
O

4) Shell Chemical Company should 1mprove therr radro commu.mcatlons pracuces at OP-III and
as appropnate at other facilities to ensure operatronal and emergency information is transmitted in
an accurate and trmely fashion. Shell should con51der 1nst1tut1ng commumcatlon venﬁcatron
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" measures such ds. mandatory repeat-backs for all operational reports and orders, and should
consider obtaining communications equipment capable of being used effeetrvely n h1gh~n01se
environments. Other companies that require operators to communicate in h1gh-n01se
envuonments should also consider takmg these or similar measures.

5) "Shell Chemical Company should implement a more rigorous mech’anical integrity inspection
program for valves in extreme service or with a known history of failure where the failure of such
valves could result in catastrophic consequences. Where possible, these inspections should
include detailed examinations of critical internal components for damage or failure. Where
indicated by inspections or operating history, additional measures should be taken to maintain
valve integrity. Such measures may include periodic replacement of critical internal components -
'~ (e.g., dowel pins), material substitution for critical internal components, installation of shaftor .
stem retention devices, complete valve substitution, or periodic valve replacement.

6) Shell Chemical Company and Shell Oil Company should develop and 1mplement a corporate
information communication system, or improve existing systems, to ensure that lessons learned
from all prior operating and maintenance accidents, incidents, and near misses at Shell facilities
(including facilities partly owned by Shell) are always fully reviewed and incorporated as
appropriate into the management and operation of every Shell facility (not Just the facility Where
the 1n01dent occurs).

D Shell Chemical Company and other compames that process ﬂammable gases and volatile

" flammable liquids or liquefied gases must implement precautionary measures contained in o
OSHA'’s PSM standard and EPA’s RMP rule to prevent flammable gas leaks from resulting in
‘vapor cloud explosions. These measures may include the following (other measures than these -
may also be adv1sable depending on each facrhty s partlcular risk factors)

. '"Instalhng hydrocarbon or flammable gas detectors Whlch provrde immediate and pos1t1ve
‘leak 1ndrcat10n to field and/or control room operators

o Instalhng act1ve vapor cloud suppressmn equlpment n hlgh-rlsk plant areas; and

. Conducting process operatlonal drills ‘which train operators to quickly. recognize and take :
' -immediate actions to prevent worst-case accidents such as vapor cloud explos1ons In
. some cases, operators should be trained to immediately act even when presented with
ambiguous accident indications. For example, in a situation where operators are unable to
- immediately determine whether a loud and unexpected gas leak in a system is steam or
~ hydrocarbon gas, they would be trained to immediately take at least the appropriate
actions for a hydrocarbon gas leak if it constitutes the most potentlally severe accident.
Readers should understand that this is not intended to encourage companies to take |
reckless actions or to perform uncontrolled or emergency shutdowns “at the drop of a

hat”. The JCAIT recognizes that in some circumstances, emergency shutdowns can have =

adverse consequences and are therefore not to be undertaken lightly. Each facility must
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- evaluate their own circumstances and ‘prepare and 1mplement emergency procedures
including emergency shutdown procedures which account for those circumstances.
However, when the adverse consequences of taking emergency shutdown actions are
minimal in relation to the risk of not taking those actions (as was true in this case), such
actions should be taken w1thout delay

8) Atwood & Morrill Co., Inc. (the successor to Clow Corporation of Westmont, Illinois),
should inform all customers who have previously purchased Clow Model GMZ check valves of
the c1rcumstances of this acmdent and of the potentlal for these valves to undergo shaft blow-out.
9)° Where fea51ble compames should consrder mherently safer desrgn alternatlves For example,
process desrgns that reduce or eliminate extreme equlpment cycles such as check valve slamming
should be considered, as well as designs which eliminate the possibility or minimize the potential
consequences of worst-case accidents such as vapor cloud explos1ons

} 10) The Amencan Petroleum Instltute the Natlonal Petroleum Reﬁnenes Assomatron the
Chemical Manufacturers Association, and other related mdustry trade associations in the U.S. and
abroad should inform member companies of the circumstances in the EPA/OSHA joint report of
the Shell Deer Park accrdent :

11) Chemical and petroleum mdustry trade ass001at10ns and md1v1dua1 member compames should
work together to develop and institutionalize a stronger system, or improve existing systems, for
sharmg and rmplementlng lessons learned from process mcrdents and accidents at compames in
the Umted States |

12) EPA should take appropnate follow-up actrons such as 1nspect10ns audrts or
rmplementatlon of other policies to ensure that U.S. eompames modify, remove, or replace, as
appropnate, all Clow Model GMZ check valves that are at hlgh rrsk for shaft blow-out

13) EPA and OSHA should dlstn b ute th1s report and the Chermcal Safety Alert entitled “Shaft
Blow-Out of Check and Butterﬂy Valves” to affected compames (1nclud1ng valve manufacturers
and users), 1ndustry trade associations, Local Emergency Planning Committees (LEPCs), and

State Emergency Response Commrssrons (SERCs) The Alert counsels process facilities,

mcludmg chemlcal petrochemlcal power generatron compressed gas and others to review their
process systems to rdentlfy valves whrch may be susceptlble to shaft blow-out and, in consultation
w;th valve manufacturers, replace or modrfy those valves as necessary to prevent an acc1dent |

Orgamzatron for Economic Cooperatron and Development (OECD) and the United Nations
Environment Programme (UNEP) so that these organizations may inform member countries of
the circumstances of this accident. Valve manufacturers should consider the risk factors described
in the alert and this report and modrfy current valve des1gns as appropnate to prevent shaft blow-
out accxdents [Edltor s note: Prior to publlshmg thrs report, EPA and OSHA distributed the
sub_)ect Alert to aﬂ’ected compames trade assoc1at10ns LEPCs and SERCs and posted the Alert

o




on the Inteérnet at www.epa.gov/ceppo/. The Alert is also included as Appendix F to this report.] )

i
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- : Process Gas Compression SyStém"- Simplified Flow Diagram*

Hydrocarbon Gas

. - - 'Pyrolysis
Fractionator

. ‘ 1250# steam Y A Y |

Sth stage
suction
check valve

Compressor Stages

. © *Diagram shows only selected components in main ﬂow path. Subsystems and other components, including low &
o - high pressure stripping systems, refrigeration system, discharge coolers, condensate pumps; feed beaters, gas dryers,
etc.. are not shown. - o :
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Appendix C: Events:and Causal Factors Chart

~05:30am

Plant lost power; PGC started on
OP-HI systems ) “slow roll”
shut down, incl,

PGC system.

Air-assisted
check valves
lam shut

position verified
by observing

position of air
piston.

operator starts
PGC

) high vibration at ) operator restarts

~ 1500 rpm

| Legend:  Bvent E:) Condition or Incident
causal factor
~09:30am. ~09%:45 am, ~10:00 a.m,
PGC field PGC trips duc to PGC ficld

PGC and raises
speed to 3300

Ipm

Air-assisted

Further pre-
startup checks
not done; check
valve positions
not verified

5th stage suction
air-assisted
check valve
drive shaft blows

Ont

Drive shaft dowel
pin had fractured,

Drive shaft dowel

pin had undergone

10:05 a.m.

Foreman hears
gas leak; radios

orders operators
0 aCtival aig

have difficnlty
understanding
foreman; he

repeats report.

CR operator
activates unit
local alarm lights

Foreman sees
and smells vapor
cloud.

Foreman radios
CR and orders -
| operators to SD |— 7 -
PGC and dumpto] | --
flare. Repeats
order three times

10:07 am. a
R

CR operators

shut down PGC

and begin to open g

dump valve.

Vapor clond
explosion

occurs & large
fire begins to

burn,

Shell Deer Park
complex

emergency alarm )
activated; CIMA

notified,

CIMA responds
to fire,

LEPC notified of

) emergency.
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routes adjacent
to plant closed &
residents

m. ~8:00pm
Fire is
> extinguished.




Appendix D& Vapor Cloud ‘Explosﬁo‘n Modeling

The JCAIT carried out analyses to answer the following questions concernmg the gas
. release and explosion that occurred at Shell on June 22, 1997:

. What weight of gas was released from the failed check valve?

. What fractron of the gas released was mvolved in the explos1on and what was its TNT
equ1valent‘7 :

. ’ Would the vapor cloud explos1on modeled by these parameters be cons1stent W1th

observed effects?

Th‘e rate and total quantity of process gas released through the 3.75-inch diameter hole in
the check valve was estrmated using the calculanon methods and models discussed in section 1
below. » , ‘ ’ 7 =

To estimate overpressures that resulted from the Shell explosion, window breakage
observed at Shell was analyzed and compared with the overpressures reported to result in
breakage of windows of similar size and thickness. These estimates are discussed in section 2.

‘The effects of a vapor cloud explos1on resultmg from the quantity of released gas
determined in section 1 were estimated using two different models, the TNT-equivalent model
. and the multi-energy model. The TNT- -equivalent model is a widely used model that relates the
blast effécts of an explosion of flammable gas to the blast éffects of TNT. The multi-energy -
model is more recently developed; and models nodes of explosive atmospheres ina confined
: space These models and modelmg results are d1scussed in sectlons 3 and 4.

A comparison of the results of vapor cloud explos1on modelmg descnbed in sections 3 and
4-to the estimated overpressures for the wmdow breakage observed at'Shell is discussed in
‘section 5. ‘ :
1. 'Release Rate and Quantity Released
Three methods were used to estimate the rate of release of ﬂammable gas through a hole,
as follows:
. The method developed for RMP Oﬁfs'zte Consequence Analyszs Guidance (OCA
' Guidance) (May 24, 1996 draft); -
. __The World Bank Hazard Analysis (WHAZAN) model; and

.« The Automated Resource for Chemical Hazard Inmdent Evaluat10n (ARCHIE) model




L TC; use thesemethods, a set of ‘gcjompos‘ite”‘ chemical properties was developed, based on
the properties of the pure substances making up the chemical mixture that was released at OP-III

~ and the fraction of each substance in the mixture. For purposes of comparison, the same

calculations were performed assuming that the entire mlxture had the properties of ethylene, the
major component of the mixture.

;‘;‘;; o hods used to estlmate thewrelease rate hav the s : e theoretlcal ba81s and
give smnlar results “As presented in'the OCA Guldance the equatlon for an instantaneous
dlscharge under non-choked flow conditions i 1s

2 +1
Rl EAN AR
1) Kp) P

where: m = Discharge rate, kg/s
C, = Discharge coefﬁc1ent
A, = Opening area, m>
* vy = Ratio of specific heats
p = Tank pressure, Pascals
= Ambient pressure, Pascals
po Den51ty, kg/m?

S Under choked flow cond1t10ns (maxnnum ﬂow rate) Wh1ch Would apply in the case of the
release at Shell, the equation becomes:

; etermmed by these three methods based on
composxte chemlcal properues and the quantmes estn:nated to be released i 1n four minutes, are in
good agreement as shown below Release rates and quant1t1es calculated using the properties of
ethylene were very sumlar

‘ 1The value of th dlschargc coefﬁment is deterrmn by two factors fnctlon between the gas and the s1des of the
opening, and contraction’ e gas as it flows mto the opem Various sources cite coefﬁcxents for circular orifices rangmg
from 0.62 to 0.98. Therefore, 0.8 was chosen as an average ‘e“fﬁcrent for a circular orifice. The calculated release rate varies
llncnrly with the value of the dxscharge coefﬁclent so other C;, Values would result in shghtly hxgher or lower release rates.




Method o o . Release Rate " | ‘Quantity Released
v (Pounds per Minute) .- (Pounds)
OCA Guidance , | | 3,956 o | 15,820
WHAZAN - - 3661 Y 14640
- |arcHE_ o 3,620 b 14480 I

Based on these results the vapor cloud was estlmated to contam 15 ,000 pounds of gas for- -
the purposes of TNT-equ1valent modeling.

2. .Overpressure for Wmdow Breakage

The blast ooverpressure that w1ll cause WlndOWS to break depends on a number of factors,
including the area of the window, the thickness of the glass, the type of glass, and the onentatlon
of the window with respect to the blast. Window breakage is reported by various sources 3 for
" blast overpressures of about 0.15 psi to 1.0 psi. Accordmg to one study, overpressures of 0.09 to
0.9 psi will cause 50 ‘percent window failure for most windows oriented face-on to the blast *;

. This study provides a graph (reproduced in Figure D-1) that shows the overpressures that will
- cause 50 percent window breakage as a function of pane area for glass of six different thicknesses. -

At the Shell site, one of two windows, 0.59 centimeter (cm) thick, with an area of 1.58
square meters (m”), was broken at a distance of 3,200 feet from the center of the blast. Basedon
the graph in Figure D-1, an overpressure of about 0.6 psi was necessary to cause this breakage.
Other data from the explosion site indicate that this overpressure may be an overestimate.

- Windows at about 2,950 feet (somewhat closer to the blast), that were 0.32 cm thick (i.e., thinner
than the glass that broke) and 0.9 and 0.6 m?> in area, were not broken by the blast. These
windows faced in the same direction (south) as the windows that failed and had the same general

~ orientation to the blast. Based on the graph, these windows would have failed if the overpressure

_ actually reached 0.6 psi. At an overpressure of 0.3 psi, these windows would not be predicted to
 fail, but at overpressures not significantly higher, breakage would be expected. The windows that
broke may have been subject to some factor (e.g., strain on the glass, faulty window frames, etc.)’
that caused them to break at an overpressure lower than predicted. Based on limited number of

Wmdows involved, given the fact that some south-facing windows broke and others did not, the _

overpressure at a distance of approxmnately 3 000 feet from the blast center may have been

~_between 0.3 and 0.6 psi.

2E. Royce Fletcher Donald R. Rlchmond and John T. Yelverton, “Glass Fragment Hazard from Windows Broken by :
Airblast,” Report Prepared for Defense Nuclear Agency, May 30, 1980. S

3 uU.s. EPA Flammable Gases and quuzds and Ihetr Hazards EPA 744 R—94-002 February 1994

4 Fletcher, Rlchmond_, and Yelverton, op.cit. . ‘

49




- Likewise, at a distance of about 2,800 feet, some windows failed, while others with the
same thickness and similar areas did not. Figure D-1 indicates that side-on windows (west-facing
“at Shell) would experience.50 percent farlure at about 0.5 psi. Since west-facing windows at Shell
expenenced about 7 percent failure, the actual overpressure was probably shghtly less than 0.5
psi, because some windows that would be predicted to have failed did not. The overpressure at

2,800 feet could therefore be est1mated to be between 0.3 and 0.5 p51

‘ At less than 500 feet from the center of the blast 100 percent W1ndow breakage was
recorded for erldOWS facmg in all directions. Based on the window damage at 2800-3000 feet,
100 percent fallure Would be expected for wmdows even farther than 500 feet from the blast
center, since the pressure wave was more intense closer to the blast center. The overpressure that
would cause this amount of damage at a distance of 500 feet likely would be greater than 1 psi,
but there is no way to estimate from available window breakage data alone how much greater it
was.

"' 3. Vapor Cloud Explosion -- TNT Equivalent Model

- A TNT equivalent model was used to estimate the results of a vapor cloud explosion
involving the quantity of 15,000 pounds estimated in section 1. The TNT equivalent model
relates the blast effects of the explosion of a cloud of flammable gas to the blast effects ‘of an
eqmvalent quantlty of TNT. Because the entire cloud of ﬂammable gas does not participate in the
explosion (since only a ﬁactlon of the cloud contains the necessary fuel-air ratio to support
ignition), a “yield factor” is applied to estimate the portion of the cloud that explodes. The
quantity in the vapor cloud, the yield factor, and the heat of combustion of the flammable gas
compared to the heat of explosion of TNT are used to estimate the quantity of TNT equivalent to
a given quantity of flammable gas. Empirical relationships derived for TNT explosions are then
used to determine overpressures and distances from a blast 1nvolv1ng the flammable vapor cloud.
‘For this analysis, a composite heat of combustion was est1mated from the heats of combustion of
individual gas components and several different yield factors were assumed for the explos1on

‘ Yleld factors for vapor cloud e}rplos1ons are reported to range commonly from 1 percent
to IO percent, but may be much hlgher in some cases. In this case, a relatlvely hlgh yield factor is
appropnate for an ber of reasons mcludmg the followmg

. The vapor cloud contamed a large amount of hydrogen (approxnnately 19% by volume)

e ' The vapor was released a as a high-velocity jet, and,
o The vapor was released mto a hlghly congested area (the prpe rack)

'

Vapor clouds of hydrogen and hydrogen-nch hydrocarbon mrxtures have hlgher
flammable ranges and higher laminar flame speeds both of which tend to increase the vapor cloud
yreld factor. The last two factors caused a large amount of turbulence and high confinement in
the exploding vapor cloud, resulting in higher flame front acceleration and therefore higher
exploswe yield factor Based on these a h1gh y1e1d factor is appropnate and this analysrs
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estimates distances for various yield factors of 3 to 20 percent to provrde a range for companson
with the results of the overpressure analysrs discussed in the prevrous sectron

‘ Results of TNT-equlvalent modeling are presented in the table below. To allow
comparison of the results of TNT-equivalent modeling with the results reported for window
" ‘breakage at Shell, the table shows distances to overpressures of 0.15 to 1.0 psi. Overpressures in
this range are reported to result in wmdow breakage, as noted in the previous section. Yield
factors 0f 0.03, O 1,0.15, and 0.2 were assumed in-order to provide a reasonable range.

: - The release quantities calculated by the three ‘methods discussed above were used as the
quantity of gas in the vapor cloud. ‘ :

Quantity | Yield " Distince (feet) to Overpressure

in Cloud | Factor v - -
(bs) : - | 0.15psi | 0.2 psi | 0.3 psi | 0.4psi | 0.5psi | 0.6 psi. 1.0 psi
: 0.2 6360 |4,610 [2470 2230 |1,830 [1,670 . [1,350
13,000 0.15  |5780 |4190 [2240 [2020 1660 [1,520 [1,230
0.1 5,050 | 3,660 1960 [1,770° {1450 1330 [1070
003 |3380 [2450 | 1,310 1,180 ]970 890 - {720

, The results shown in the table for the y1e1d factor 0f 0.2 agree ] better than the results for
the lower yield factors with the overpressure previously estimated for glass breakage at Shell. F or
all four yield factors, the overpressure at about 500 feet from the blast, where all the windows ‘
failed in the blast at Shell, is greater than 1 psi, which is consistent with 100 percent window
breakage. Based on glass thickness and area, estimated overpressures were from 0.3 to 0.6 psi at

" about 2,800 to 3,200 feet, as discussed in the previous section. The results for a yield factor of
10.2 show an overpressure of 0.3 psi at a distance of about 2,500 feet, which is close to the
distance of 2,800 where an overpressure of between 0.3 and 0.5 psi was estimated. The results for
the yield factor of 0.2 and overpressure of 0.15 also indicate that windows could have been

~ broken at distances of more than a mile from the Shell site. Windows in private residences were,

in fact, broken at various distances more than 1 m11e from the blast center, so this is consistent

w1th the y1e1d factor of 0. 2

4, Vapor Cloud Explosnon - Multl—Energy Model

, - The multr-energy model presented m Methods Jor the Calculatzon of Physical Eﬁ’ects
Resulting from Releases of Hazardous Materials was used to carry out calculations of the effects
_of a vapor cloud explosion, based on the characteristics of the portion of OP-III where the vapor
‘cloud formed. The multi-ehergy model for vapor cloud explosions does not consider the total
quantity of flammable substance in the vapor cloud Instead it takes mto account the
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characteristics of the area into wh1ch a ﬂammable vapor is released In partlcular it considers

. portions of the area where a strong blast could occur, such as congested and obstructed regions,

) and only considers the quantity of flammable gas/alr mixture that could be found in these regions.

© The volume of such Tegions and the combustron energy of stoichiometric fuel-air mixtures within
' these reglons are used in calculatlng the effects of a vapor cloud explos1on A “blast class” must
be assigned, based on the ignition energy, the degree of obstruction, and the presence or absence
of parallel plane confinement. A factor is derived for any chosen drstance based on the distance, |
the combustion energy within the congested region, and the ambient pressure. Using this factor
and a graph a scaled overpressure can be found for the chosen drstance and blast class, and the
overpressure at that dlstance can be estlmated

For the analysrs of the Shell explos1on the Volume of the congested area was estlmated to
5 ic ter A ichiometric heat of combustion of 3.5 million Joules per cubic
meter (a value appllcable to most hydrocarbon mrxtures) was used. For low ignition energy
~ (which would apply to the hot surfaces which served as likely ignition sources at Shell) and high
‘ obstructlon, the blast class would fall into the range of3to7. The degree of parallel plane

confinement also a ects the blast class Smce detalled mformatlon about parallel plane
- confinement was not, collected but the degree of confinement- was qualitatively estimated to be
quite high (based on the high density of parallel structures in the pipe rack where the vapor cloud
fomled), it was conservatlvely assumed that a blast class of 7 was approprrate for the analysis.
W . N oW
- The analy51s was conducted for drstances of 500 to 5 000 feet, 1nclud1ng 2, 800 feet and
3,200 feet, distances at which less than 100 percent glass breakage occurred at Shell. Results of
the multi-energy analy51s using a blast class of 7 are shown in the table below. (Blast classes of 6

;- and 7 gave the same result 80 the table 11sts blast classes 6-7 ) Cloud volume for th1s analysis was

Blast Class Distance Overpressure
(feet) (psi)
6-7 © 500 2.9
1,000 1.1
2,000 0.5
o 2,800 0.32
. 3,200 0.26
5,000 0.17

assumed to be 19 5 50 Cubrc“ meters *‘;(eqﬁi‘x}al‘ent‘tdthe“ estimated volume of the congested region),
and total cloud energy was calculated as 68,430 million Joules, based on the cloud volume and the .
storchrometnc heat of combustron '




At 2,800 to 3,200 feet from the center of the blast, the multi-energy model predicts an
overpressure of about 0.3 (0.32-0.26) psi, which is consistent with the overpressure of 0.3 to 0.6
that we estimated at these distances based on the glass breakage observed at Shell. This result is
also consistent with the TNT-equivalent modeling results assuming a yield factor of 0.2. At 1,000 .
feet or less from the center of the blast, the multi-energy model predicts overpressures greater .

- than 1 psi. Again, thls result is consistent w1th the 100 percent glass farlure reported at Shell at .
about 500 feet - o

5 'Comparison'o'f Vap'or Cloud Explosion Modelirrg Results with Blast Effects at Shell

An overpressure of 0.3 psi at about 2 500 to 3,200 feet is predicted by both the TNT-
equivalent model (assummg a yield factor of 0.2) and the multi-energy model (assuming a blast
class.of 6-7). This overpressure is consistent with the overpressure of 0.3 to 0.6 psi that was
estimated for the 50 percent glass breakage recorded at Shell at approximately 3,000 feet, as
discussed earlier. These modeling results are in agreement with the lower end of the estimated .
overpressure range, when conservative assumptions were used regarding the yield factor for
TNT-equivalent modeling and the blast class for multi-energy modeling. . Larger releases (for the
TNT-equivalent model) and larger cloud volumes (for the multi-energy model) also would give
results that Would fall into the estimated overpressure range for the observed effects

Based on the results of the foregomg release rate and vapor cloud explosion modelmg, the
. questlons posed at the beginning of this analysis can reasonably be answered as follows

.. The release of about 15 000 pounds of gas is consistent with the blast effects observed at
Shell.
. About 3,000 pounds of gas was mvolved in the explosion (for a yield factor of 0.2), which
was equivalent to about 31,000 pounds of TNT.
o A vapor cloud containing about 15,000 pounds, rapidly released into a highly congested .

- area with a volume of about 20,000 cubic meters, could generate overpressures sufficient -
" to produce the effects observed at Shell -
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Appendix E: Photographs of Shell Chemical Conipziny OP-III Unit Damage
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Figure E-2: Ciose-up of OP;III démage. The structure supporting the overhead cooling fans

Figure E-1: Photograph of the damage resulting from the explosion and ﬁre at Shell Oleﬁns Plant-
Number 3 (view from west of blast area). Note the heavy structural damage in the rear center of
the photograph ) : a

melted due to the intense heat of the fire and collapsed on top of the pipe rack.
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}ioto‘g}jz}aﬂh‘ of explorsmn and fire d.

Figg:e E-3
blast zone.

Figure E-4: Photogf;ph of eXplbsiog and fire dar‘nag‘e‘ at OP-TII as seen from north “side“ of ‘pipe
rack, looking upward. S | > ‘




Figure E-5: Photograph- lookmg down pipe alley (passable area underneath pipe rack) Where
explosion occurred :

Figure E-6: Photograph of explos1on and fire damage in the area of the PGC ﬁﬁh stage suction
and discharge drums (viewed from the north). The man in the lower center provides a reference

to the scale of the surrounding structures. The failed check valve was located behind the drum to
the man’s right.
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Figure E-7: Photograph of blast*damage to buildings and structures in the vicinity of the
explosion. Note the buckled metal walls of the storage building in the center and the panels
missing from the cooling tower on the right. These buildings were located approximately 500 feet
north of the blast center.

Most automobiles parked in this company
lot during the accident suffered damage.
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| , Flgures E-9 and E-10: Photographs of two. views of the dlsassembled subJect 36" Clow check ‘ , |
’ valve. The pneumatic actuator assembly can be seen in both views. In the lower photograph, the B
hole directly below the 12-inch ruler formerly contained the valve’s drive shaft. This is where the »
. shaft blow-out and flammable gas release occurred. , . '
N 3 0 = .



shaft and counterwelght that were e_]éctedjm
from the 36" Clow check valve.

Fxgure E-12: Photqgraph shows thle“‘”h‘egd““qf tlﬂlemmachme screw‘protrudmg from the port1on of
the fractured pin. The pin is shown extended slightly out from the surface of the flange, or disk
“car”, from which the valve shaft was ejected. | )
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Figure E-13: Photograph shows the nﬁetal,kéy intended to hélp mcchanically ‘c‘ohnect the drive
shaft to the valve disk. ' , ‘ , S

Figure E-14: Photograph depicts the
measured looseness of the key within
its machined slot, or keyway. The
key was intended to transfer torque
between the shaft and the valve disk,
but the key’s loose fit forced the
much smaller dowel pin to transfer
virtually all drive shaft torque. The .
key eventually fell out of its slot as
the drive shaft moved outward after
- the dowel pin fractured.




“center of the pin.

Figure E-15: ' |
Photograph shows the ,
general configuration o " ‘
of the intact dowel pin
removed from the _
idler shaft,anda o
portion of the =
fractured pin. Both. . "
pins exhibit the
threaded machine
screws, which were
placed in holes drilled
in the center of each
pin to allow later pin
removal ‘

Flgure E-16
Perspective view of |
the fractured dowel
pin showmg the
fracture face
extending through the
drilled hole within the

o

: X i




3 k .
| " Figure E-17: Views of the longitudinal and transverse cross-sections taken through the intact’ |
‘ dowel pin showing the carburized case at both the outside diameter of the pin and within the ‘
~ drilled hole. A : v -
‘ 'Figure E-18: 25X magnification fractograph displaying a portion of the fracture face of the dowel
s . pin which broke in the service of the 36" Clow check valve. ' : '
: ' : .65




- depzc.tmg the 1ritergranular fracture at the
. carburized surface of the dowel pin.
" Figure E-20: 400X magnification SEM

fractograph of the dowel pin shows
"y  details of the intergranular “rock
P candy”fracture surface at the outside
diameter of the dowel pin, a characteristic

of hydrogen embrittlement failure mode.




Figure E-21: A view of p1pe section X-8878, one of four pipe sections removed from OP-III in
addition to the Clow check valve for laboratory analys1s as p0551ble sources of the initial
ﬂammable gasleak. - -

Figure E-22: At higher magnification, this macrograph shows the high temperature oxidation and
fire damage around the opening in the pipe section. Laboratory analysis of this and each of the - :
other three pipe sections revealed similar fire-induced failure modes, mdlcatlng that none were the
likely source of the initial flammable gas leak ' ‘ L
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Appendlx F:
EPA/OSHA Chemical Safety Alert
“Shaft Blow-Out Hazard of Check and Butterfly Valves”
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SEPA

OSHA <()

CHEMICAL SAFETY

'Agency

United States
Environmental Protectlon

United States :
Occupational Safety and
Health Administration

EPA 550-F-97-002F
- September 1937

. strophically or “blow-out”,
and/or flammable gas releases, fires, and

'AcCIDENT HISTORY

~
i
-
<

' SHAFT BLOW-OUT HAZARD OF
CHECK AND BUTTERFLY VALVES

The Environmental Protection Agency (EPA) and Occupational Safety and Health. Administration '
{OSHA) are issuing this Alert as part of their ongoing efforts to protect human health and the
environment by preventing chemical accidents. Under CERCLA, section 104 (e}, the Clean Air

. .Act {CAA), and the Occupational Safety and Health Act (OSH Act), EPA and OSHA have
“authority to conduct chemical accident investigations.

Additionally, in January 1995, the

Administration asked EPA and OSHA to jointly undertake investigations to determine the root
cause(s) of chemical accidents and to issue public reports containing recommendations to prevent
similar accidents. EPA and OSHA have created a chemical accident investigation team to work .
jointly in these efforts. Prior to the release of a full report, EPA and OSHA intend to publish
Alerts as promptly as possible to increase awareness of possible hazards. Alerts may also be
issued when EPA and OSHA become aware of a significant hazard. It is important that facilities, .
SERCs, LEPCs, emergency responders and others review this information and take approprlate

steps to minimize risk.

| PROBLEM

: ~{ ertain types of check and butterﬂy‘
valves can undergo shaft-disk

separation, and fail "cata-

causing toxic

vapor cloud explosions. Such valve
failures can occur even when the valves
are operated within their design limits
of pressure and temperature.

sustained minor injuries. and millions
of dollars of equipment damage
occurred when a pneumatically assisted

In a 1997 accident, several workers

Clow stub-shaft Model GMZ check (non-

return) valve in a 300 psig flammable gas
line underwent shaft blow-out. The
valve’s failure caused the rapid release

of large amounts of light hydrocarbon

gases which subsequently ignited,
resulting in a large- vapor cloud

.explosion. and fire.

The check Valve. was designed with a
drive shaft that connects the internal
valve disk to an- external pneumatic

- cylinder (see. diagram on next page) The

valve failed when a dowel pin designed

to fasten the drive shaft to the disk

sheared and a key designed to transfer

" drive shaft from the disk.

. torque from the drive shaft to the disk

fell out of its keyway, disconnecting the
System
pressure was high enough to eject the

_unrestrained drive shaft from the valve,

carrying with it the external
counterweight assembly, weighing over

200 lbs., a distance of 43 feet away.

The absence of the drive shaft left a hole. -
in the valve body the diameter of the
shaft (3.75 inches)  directly - to
atmosphere, and initiated a high-
pressure light hydrocarbon leak. The
leak continued for approximately 2 to 3
minutes, forming a large cloud of
flammable light hydrocarbon vapor. The

- vapor cloud ignited, resulting in an

explosion felt and heard over 10 miles

‘away. The explosion and ensuing fire

caused extensive damage to the facility,

- completely or partially destroyihg many

major- components, piping systems,
instruments, and electrical systems, and
requiring the complete shut—down of the
affected ‘unit for cleanup and repair.
Minor damage occurred to nearby
residences and automobiles -(mostly
broken glass and minor structural .
damage due to the blast wave).. Nearby
highways were closed for several hours.
Damage cost to the facility alone is
estimated at approximately 90 million
dollars. Fortunately, no fatalities and
only minor injuries to workers resulted
from the accident.

EPA and OSHA

&3 Printed on recycled paper -
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‘Prevxous malfunctxon 1nvolv1ng check valves‘
‘of the same or similar design occurred at
‘facilitics in 1980, 1991, and 1994. In each case,

the affected check valve was located in a large
diamcter (36-inch or greater) pipe in a

‘ ‘hydrocarbon gas compressxon system Also in

- cach previous case, a dowel pin fastening the
the 1980
shaft was protrudlng about 0.75 inches out of

- valve's drive shaft to its disk sheared ‘
‘casc the pin was possibly never installed) and a
rectangular key fell out of its keyway,

disconnecting the drive shaft from the disk.

' Although shaft-disk separation occurred in each
previous case, it did not result in shaft blow-out
“or catdstrophic failure. This may be because the

‘valves in these instances were installed in lower-
pressure service, or because the malfunctlonmg

‘valves were identified before shaft blow-out

‘ occurred

Inthe 1991 1n01dent, the malfunction was

manifested by the erratic operation of the valve,
which was observed to operate independently’
from its external drive mechanism. System
pressure was low enough (70 psig) that the
failure was detected before the shaft was
expelled out of the valve body. (At the time the
mal unctlo 1ing valve was identified, the valve

the valve body.) In the 1980 and 1994 cases, the
malfunction was identified when workers noted

‘that the external plston rod connectmg the air-

assist cylinder to the drive shaft had broken due
to axial movement of the drive shaft.

“HAZARD AWARENESS

o

power generation facxhtles, and others.

heck and butterfly valves are used in
many industries, including refineries,
petrochemical plants, chemical plants,

reduce or eliminate the possibility of shaft blow-

~ appendages such as
‘pncumatlc cylmders, counterwe1ghts, manual

- operators, or dashpots may be subject to this

hazard. Shaft blow-out may be of particular

‘conccm wherever these valves are 1nsta11ed in

Slmphf ed cross-sectlonal v:ew of check valve (ﬂow dlrectlon is mto page)

‘Area of Failure
Dowel Pins

Most
modern valve designs incorporate features that

However, older design check and butterfly

 systems containing chemicals leading to
i“‘hydrmogen embrittlement.

Valves subject to this hazard may be designed
with a two-piece valve stem (sometimes referred
to as a “stub-shaft” design). In each of the cases

described above, the malfunctioning component
. was a
) pneumat1ca11y assisted swing check valve (see
_diagram below). In these check valves, one stem
_ piece functions as a drive shaft that connects the

Clow_  stub-shaft Model GMZ

internal valve disk to an external air-assist
cylinder and counterweight assembly. The drive
shaft penetrates the pressure boundary through
.a stufﬁng box The extenor portlon of the drive

Counterweight
-2

Shaft Rotation

Shaft Key/Keyway -

Direction of Blowout —>»

Valve Disc (flapper
shown in open position)

-  Valve Body

Air-assist cylinder

-
-«
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shaft is connected to a pneumatic pistoh and

counterweight, and the interior portion of the.

shaft is coupled directly to the valve disk using
. a cylindrical hardened steel dowel pin and a
rectangular bar key. This arrangement provides
‘a power-assist to close the valve during
compressor shut down, preventing reverse flow
of compressed_gases. - These particular valves
have probably not been produced since 1985, but
still exist in some process facilities constructed
before that date.
previously produced and sold by other valve
manufacturers may also be subject to this
hazard. :

Factors in Valve Failure

" A number of design and operational factors may’
contribute to this hazard These include the
following:

Design Factors |
¢ The valve has a shaft or stem piece which
penetrates the pressure boundary and ends

~ inside the pressurized portion of the valve.
This feature results in an unbalanced axial

thrust on the shaft which tends to force it (if

unconstramed) out of the valve.

OThe valve contains potential 1nternal failure - ‘
. F acilities should review their process

- points, such as shaft dowel-pins, keys, or bolts
such that shaft-disk separatlon can occur
inside -the valve. :

¢The dimensions~ and . manufacturing
tolerances of critical internal parts: (e.g., keys,

’keyways, pins, and pin holes) as designed or-

as fabricated cause these parts to carry
abnormally high loads (e.g., in the 1997
accident, the dowel pin rather than the key
transmitted torque from the shaft to the disk).

. #The valve stem or shaft is not blow-out
resistant. Non blow-out resistant design
features may include two-piece valve stems
that penetrate the pressure boundary

"(resultmg in a ‘differential pressure and
unbalanced axial thrust as described above),
single-diameter valve shafts (i.e., a shaft not
having an internal diameter 1arger than the
diameter of its pacKing gland) or shafts
without thrust retaining devices, such as spht—
ring annular thrust retainers.

Similar; valves currently or

~ hazard.
 detailed hazard analysis to determine the risk

Operational Factors
& The valve is subject to high cyclic loads. In
~all of the above incidents, the valve repeat-
edly slammed shut with great force during
compressor trips and shutdowns. Such re-
peated high stresses may cause propagation
of intergranular cracks in critical internal com-
~ ponents, such as dowel pins.

~#The valve is subject to low or unsteady flow-

~conditions, such that disk flutter or chatter
occur, resulting in increased wear of keys,
dowel pins, or other critical internal
components. o >

@ Valves in high-pressure service lines may be
~ more likely to undergo shaft blow-out (in the

1997 accident, system pressure at the failure
~ point was approximately 300 psig).

- _OValves used in hydrogen-rich or hydrogen

sulfide-containing environments may be -
more susceptible to blow-out du€ to hydrogen
embrittlement of critical internal components, )
-particularly if these are made from hardened -
steel (as- was the dowel pin in the 1997
. accident). .

HAZARD ABATEMENT

systems to determine if they have valves
installed that may be subject to this
If so, facilities should conduct a

of valve failure. Check valves or butterfly
valves which are subject to several or all of the
above design and operational factors are at -
high risk for shaft blow-out. Detailed internal
inspections may be necessary in order to
identify high-risk valves. Facilities should
consider replacing high-risk valves at the
earliest opportunity with a blow-out resistant
design. Several blow-out resistant designs of
check and butterfly valves are available. If
immediate valve replacement is impossible or
impractical, facilities. should consider

- immediately modifying the valves to prevent

shaft blow-out. Valve manufacturers should.
be consulted in order to ensure that any
modlflcatlons made are safe
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o | o Ametican Petrolenm Institate
- INF()RMATION RESOURCES e ey Institute

ON VALVE SAFETY l‘lvasf‘;“%;‘;,‘;) 2;; 28‘3,335

51te http //Www ap1 org »

s

Relevant API standards include:
API 598 1996 —_ Valve Inspectlon and Testing

API 570-1993 — Plplng Inspection Code:

| ‘Inspectlon, Repalr, Alteration, and Rerating of
Wrong’ 3rd Edltlon Gulf‘ In-Service Piping Systems

‘“Publxshmg ‘Co., Houston (1994). This reference API 941-1991 — Steels for Hydrozen Service at
contains general information related to check valve Elevated Temnera_—_y_g___tures and Pressure in

+ failure (pp 127, 129, and 175) and cites one specific Petroleum Refineries and Petrochemical Plants
.case of check valve failure (page 124) similar to — e

_those described in this Alert.

‘ ” d Rele;aniARl Recommended Practices include:

g ““)‘anorl‘“nation on hydre‘gen er‘nbﬁtt‘:l‘emer;t ean be RP 574-1992 : ‘s :
- — Inspection of Piping, Tubing,
found in FP. Lees, Loss Prevention in the Process ~valves and Fittings

" Industries: Hazard Identification, Assessment, and
Control, 2nd edition, Butterworth-Heinemann RP 591-1993 — User Acceptance of Refinery
‘ Pubhshmg, Oxford (1996) pp 12/82 83 o “Valves R

“Codes, Standards,‘ and

| ‘&‘Regulatlons o .. . ... . 29CFR 1910.119 Process Safety Management

echanical Engmeers (ASME) of Highly Hazardous Chemicals; Explosives
and Blastlng Agents.

.. Applicable regulations include:

The American Society
hasa standard for val Vv

i ‘Amcncan Socxety of “Mechamcal Engmeers o EEE—— .
- New York, NY 10017 | o .
or L . .. . . .llContacT EPA's EMERGENCY PLANNING AND '

22 Law Drive .. ||CommuntTy RicHT-TO-KNOW HOTLINE

Faieficld, NI 07007-2900
| D . 1|(800) 424-9346 or (703) 4129810

Web sxte_ http: Ihwww asmé.org
o e ‘ Monpay-Frmay, 9 AM 10 6 PM, EASTERN TIME

mclude — PPN
a ‘ASM B16 34—1996 — Valves - Flanged, o
o ‘Ihmﬂdid;mweld in g End, an American Visit THE EPA CEPPO HoME PAGE ON THE
‘ Natxonal Standard ~ ||WorLp WiDE WEB AT:’

http://www.epa.gov/swercepp/
L 2 2 2

Visit OSHA’s HoME PaGeE oN THE WORLD WIDE
WEB AT:

The Amerzcan Petrole Instztute (A ) has se
relevam‘ standards and R ommended Practzces

http://www.osha.gov/

NOTICE

- | Tha statements in this document are intended solely as guidance. This document does not substitute for EPA's, OSHA's, or
othar agency regulations, nor is it a regulation itself. Site-specific application of the guidance may vary depending on process
actlvhlns, and may not apply to a given situation. EPA or OSHA mayrevoke modify, or suspend this guidance in the future,
‘as appmprfata




