Learning from Bhopal: Preventing Catastrophic Pssdeeleases

A common misconception lingering today is the tastiemical release in Bhopal, India
was an extreme, outlier event. However, when th@ipuecord is considered a familiar
picture emerges. What follows is a careful andmeegaluation of information that has
slowly been released into the public domain overgast twenty-seven years. The
warnings this assessment offers are of considenadgleest and concern for all
organizations responsible for the lives of others.

Methyl isocyanate (MIC) release in Bhopal, India

Union Carbide began producing MIC in Bhopal, IndimFebruary 5, 1980 [1]. MIC is a
highly reactive intermediate chemical that Unionliide used to manufacture various
pesticides. It is also a very lethal substancedhaa be harmful or fatal if inhaled or
absorbed through the skin [2]. MIC reacts exotheatty with a variety of potential
contaminants including rust and particularly wag3r

Routine maintenance activities were taking placi@factory on the evening of
December 2, 1984. Sometime around 10:45 PM, & lqwgntity of water began entering
a chemical storage tank containing over 40 toridIgf. The reaction mixture inside the
tank started progressively warming up as conditiansed closer to a thermal runaway
reaction.

Water continued entering the tank until shortheafnidnight (December 3, 1984) when
the thermal runaway reaction took place. This edube MIC storage tank’s pressure
gauge (Fig. 1) to suddenly spike above scale Mihough this drew attention to the
tank, it was too late to stop the catastrophic tdgsrocess containment.
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Fig. 1: MIC Storage Tank 610 Control Room Pressimege

Shortly after the runaway reaction occurred, hoEM&apor burst through the tank’s
automatic pressure relief system and into the Reldve Vent Header (RVVH) [5].
Although this prevented an explosion, a major idaavolving up to 40 tons of toxic
MIC drifted downwind into the surrounding community morning, thousands of
people and animals were dead [6].

Systems that should have prevented the releasedingla refrigeration unit and alarms
failed. None of the safety equipment capable ot&@ioing the potential release or at
least minimizing its consequences had worked eifftee factory never reopened and
Union Carbide, once an undisputed leader in thenad@ manufacturing industry,
struggled to survive before selling off its remambusiness in 1999 [7].

About MIC

Carbon steel is incompatible with MIC [8]. Ruse{B;) catalyzes the exothermic MIC
trimerization reaction [9] shown in Fig. 2 [10].hi§ reaction forms a nuisance deposit
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that can clog pipes [11]. Therefore, stainlesslsserecommended in MIC service [12].
In theory, more economical carbon steel componeoifd be substituted when protected
by a corrosion inhibitor such as nitrogen [13]sdf then the inert gas would be critical
for mechanical integrity (corrosion and foulingistance). However, stainless steel
represents an inherently safe choice that mitigaeseactivity hazard associated with
carbon steel [14].
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Fig. 2: MIC trimerization reaction
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Design elements

In March 1985 Union Carbide issued an investigateport that includes an MIC storage
tank Piping and Instrumentation Diagram (P&ID) [19]he P&ID (Fig. 3) shows how
the MIC storage tanks in the Bhopal factory wergigleed. This P&ID provides
information that explains how equipment reliabiltgntributed to the Bhopal disaster.
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Fig. 3: MIC Storage Tank P&ID

The MIC produced at the factory was stored in tteingess steel storage tanks,
designated as Tanks 610 and 611 [16]. An identzzcdd (Tank 619) received
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contaminated material from either Tank 610 or 6t’ap emergency basis only [17].
Tank 619 provided extra storage volume to allowaioradequate response to a potential
thermal runaway reaction [18]. A nitrogen blanKed] was kept inside the MIC storage
tanks to maintain slight pressure [20] while continsly purging MIC vapor into the
Process Vent Header (PVH).

The P&ID shows that the tanks were equipped twaridegal pumps. Each pump had a
specific function. The “Transfer Pump” exportedrett MIC into the Derivatives Unit as
needed to produce pesticides. The “Circulation PPymnocessed MIC through a
fluorocarbon-based refrigeration system [21]. Tdfegeration system kept the MIC
storage temperature near 0 °C [22] to prevent @thlerunaway reaction [23].

The MIC pumps were connected to four (4) flangerkztes on the side of each tank head
(Fig. 3). The four nozzles appearing on the P&trespond to the actual nozzles
installed on the MIC storage tank heads (Fig.Blgth pumps circulated MIC to and from
the bottom of the tank through the internal pipgeegions shown on the P&ID. The
discharge lines returning to the tank made it fmsdgor the MIC pumps to operate
continuously without ever being shut down. This\ilae expectation; especially for the
circulation pumps needed for uninterrupted MICigsfration.

T

" Fig. 4: MIC Storage Tank 610 Side-Head Nozzle Gunition

Procedures
The factory suffered from a series of chronic Mé@Ks [24]. MIC is a highly volatile

compound [25] that presents an immediate exposagart upon its release [26]. For
reference purposes, the 8-hour threshold limite/&llLV) for MIC is 0.02 ppm [27]
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compared to a 10 ppm TLV for,H. MIC could therefore not safely be released ih&
environment [28].

Although the Transfer Pumps were provided to expti@ into the Derivatives Unit,
there is no record of their use at any time whikeflactory was in operation. Instead, an
alternative transfer method was developed to exctbd pumps. This method involved
raising the MIC Storage Tank pressure to at ledgislg with nitrogen [29]. These
conditions provided an alternative pathway for MilGhe storage tank to travel into the
Derivatives Unit (Fig. 5). This practice minimiz#te potential for Transfer Pump seal
failures to expose factory workers to the lethalgess [30]. Therefore, it was an
inherently safer alternative.
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Fig. 5: Alternative MIC Storage Tank Operating Mmih

However, non-standard operating procedures [31] adalyess one hazard while
introducing others. In this case, pressurizingtémks in order to bypass the Transfer
Pumps required isolating the tanks from the PVHth&sP&ID shows, this practice
interrupted excess nitrogen flow into the PVH [32].

Loss of excess nitrogen flow was an issue becdesBVYH and RVVH were made of
carbon steel [33]. Both pipe headers were rowded\fent Gas Scrubber (VGS) system
to contain chemical vapors that might otherwisepsanto the atmosphere. The vent
header inlet pipes were configured such that tikgred above the VGS caustic
overflow line (Fig. 6). Therefore, air migratedarthe atmospheric VGS when nitrogen
was isolated to pressurize the MIC storage taWiferwards, the inert environment
inside the PVH and RVVH ceased to exist. The vimeis| started to corrode [34], which
produced rust. Rust catalyzes the formation of Mi@er deposits according to Fig. 2.
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Fig. 6: Vent Gas Scrubber Pipe Configuration

After sealing the tanks, other MIC vapor sourcastionied venting into the PVH [35].
This prompted the creation of a maintenance praeeguremove MIC trimer deposits
polymerizing inside the PVH and RVVH. The proceainvolved flushing out the MIC
trimer deposits with water [36].

Although MIC could still be exported without theahisfer Pumps, there was no way to
refrigerate MIC without operating the CirculatioarRps. A seal failure on or before
January 7, 1982 [37] provided a maintenance oppiytto “upgrade” the original
metallic seal with a more fouling resistant, buter ceramic seal [38]. In MIC fouling
service (reactive environment), using a ceramit @y seem logical. But if a force-
related failure mechanism is causing unacceptaakperformance, then a lower
strength ceramic material may not be the best eNG@|.

On January 9, 1982 the fragile ceramic substiteiéé was shattered in an unprecedented
catastrophic failure [40]. This failure producethassive MIC release that sent about
twenty-five workers to the hospital with seriougiies [41]. Three days later (January
12, 1982) a formal declaration was issued thatefrggeration system was being shut
down [42]. In doing so, a third non-standard opegaprocedure that involved running
the plant without MIC refrigeration was introduced.

Disabling instruments and alarms

After shutting down refrigeration system, the MIiGrage temperature varied from about
15 °C to 40 °C [43]. This new operating range exlesl the 11 °C MIC Storage Tank
high temperature alarm setting (Fig. 7) [44]. There, the high temperature alarms were
disconnected [45]. Likewise, the actual temperatos&le the tank was unknown [46]
after shutting down the refrigeration system beedhe control room temperature gauge
(Fig. 8) was not scaled to operate above +25 °Qil&ily, the normal operating pressure
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inside the tank increased from less than 2 psigydth an unobstructed tank vent open
to the PVH [48] to about 25 psig [49] after bypagsihe MIC Transfer Pumps.

Fig. 7: MIC storage Tank 610 High Temperature Pa&haim

Fig. 8: MIC Storage Tank Control Room Temperatuaei e
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In April 1982, factory workers printed hundredshaindouts expressing their concern
about decisions being made inside the factoryrthght influence the community outside
the factory [50]. In May 1982, an audit team frdm United States arrived in Bhopal to
perform an independent safety audit [51]. The anggiort included several
recommendations to assist with managing the MICpbhazards:

Install a nitrogen purge system with low flow alarat aralternativeMIC

system venting into the PVH [52] (presumably tdoesthe inert environment

inside the PVH and RVVH without operating the Tif@an®umps),

Equip centrifugal pumps with dual seals [53],

Provide water spray protection for the MIC pumpshi@ storage area, for vapor

cloud suppression [54].

The audit team complimented the factory’s creadipproach to improving workplace
safety with non-standard operating and maintenpnoeedures [55]. This might explain
why the decision to shut down the refrigerationtesysfour months earlier was not
guestioned [56]. Accordingly, the factory’s safatgnuals were rewritten in 1983 and
1984 to reflect actual operation without MIC reéigtion [57].

The fateful night

On the evening of December 2, 1984 the vent lineeworroded and choked with MIC
trimer deposits [58]. The pipes were being flushith water to remove the MIC trimer
deposits [59]. MIC trimer deposits form in the ggace of rust. Rust forms on carbon
steel pipes not protected by an inhibitor. Thebitbr (nitrogen) was isolated from the
PVH and RVVH in order to pressurize the MIC storémygks. The MIC storage tanks
were pressurized to bypass the Transfer Pumps.

Somehow, water entered Tank 610 which contained 4¥¢ons of MIC. Under normal
circumstances, this would have activated the tahigk temperature alarm. But the high
temperature alarm was disconnected when the reditiga system was shut down.
Likewise, the control room MIC temperature gaugeldmot be trusted because it
normally read above scale without refrigeratiorne Tefrigeration system was shut down
almost three years before the incident [60] to rgartae potential hazards resulting from
pump seal failures. The contamination event inSiaek 610 remained hidden while the
reaction mixture continued warming up.

Tank 610’s vent valve was leaking on the eveninp@tember 2, 1984 [61]. This made
it impossible to pressurize the tank with nitrogedowever, the pressure inside the MIC
storage tank increased as the reaction mixturesegahore vapors into the PVH [62].
Although the control room pressure gauge seeméd toithin normal range for a sealed
tank [63] the tank was not sealed [64]. Therefoomtamination was not detected until a
thermal runaway reaction took place, which sentan&’s pressure soaring above the
relief valve setting [65]. Although factory worlsaresponded immediately, by that time
it was too late.

The refrigeration equipment and process alarms yenégded to prevent a thermal
runaway reaction should the MIC be contaminatedriyymeans. But process safety was
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compromised in an attempt to manage personal expbsizards represented by potential
pump seal failures.

Can we learn more from Bhopal?

Bhopal forever changed the way industry approaélesess Safety Management
(PSM). Increasing clarity around the events legdip to the release complements and
reinforces these important lessons. Time has atlaveeto take an even closer look at
regrettable choices that resulted in disablingstfstem provided tpreventthe scenario
that resulted in the release. Most industry pitesls no doubt plainly see from this
examination that we encounter the same situation®ik every day. Perhaps this is the
message behind "Recognized and Generally Accepbed E&ngineering Practices”
(RAGAGEP). The decisions we make throughout tfeedf a process, especially before
its construction, can and will affect us as welblighose who follow.

As an industry professional you will make decisidagly that as a whole define your
process safety identity. We can't tell you whattiight answers are. It is therefore
important to allow your conscience be guided bytwbak place in Bhopal. This is
where Bhopal has even more redeeming value. \Wébet thoughts in mind, the focus is
on advice provided by a more recent examination:

When you choose not to investigate a chronic fajltemember Bhopal.

When the right choice is not the most economicaleagh remember Bhopal.
When choosing to accept actual operation becauseamnot get expected or
design operation, remember Bhopal.

When designing a solution that manages a hazatebin®f eliminating it,
remember Bhopal.

When tempted to execute a procedure the way yol thshould be written
instead of how it is actually written, remember Bab

When thinking about substituting engineered equipmath people, remember
Bhopal.

When you perform a safety audit, remember Bhopal.

When redesigning a system to make it "safer," reberBhopal.

When operators have concerns with a decision yealout to make, remember
Bhopal.

When making changes for the sake of improving peksafety, remember
Bhopal.

Finding your identity

After twenty-seven years there are two prevaillmgpties that may explain how water
contaminated the MIC storage tank. A better undedihg of the events leading up to
the incident supports the conclusion that it redfigs not matter exactly how the water
got in [66]. However, the explanation you favogm®verned by your process safety
identity. If you believe that a single event cansma process safety incident of
extraordinary magnitude, then the cause was prglsatlotage. But if you believe that
significant process safety failures result fronoeplex series of interacting events that
may include design defects, repeat failures, wankiad procedures, and missed warning
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signals then maybe the cause was inadequate prigo&ston during routine
maintenance. Perhaps even during a maintenancedane required to contain the
process in a factory like yours.

What can you do?

When you report for work tomorrow, remember Bhopahd when you return to the
comfort of your home, convince yourself it's becaysu did.
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