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The U.S. Chemical Safety and Hazard Investigation Board (CSB)
is an independent federal agency whose mission is to drive chemical safety change
through independent investigations to protect people and the environment.

The CSB is a scientific investigative organization, not an enforcement or regulatory body. Established
by the Clean Air Act Amendments of 1990, the CSB is responsible for determining accident causes,
issuing safety recommendations, studying chemical safety issues, and evaluating the effectiveness of
other government agencies involved in chemical safety. More information about the CSB is available at

WWW.CSb.ZoV.

The CSB makes public its actions and decisions through investigative publications, all of which may
include safety recommendations when appropriate. Types of publications include:

Investigation Reports: Formal, detailed reports on significant chemical incidents that
include key findings, root causes, and safety recommendations.

Investigation Digests: Plain-language summaries of Investigation Reports.
Case Studies: Reports that examine fewer issues than Investigation Reports.
Safety Bulletins: Short publications typically focused on a single safety topic.
Hazard Investigations: Broader studies of significant chemical hazards.

Safety Videos: Videos that animate aspects of an incident or amplify
CSB safety messages.

CSB products can be freely accessed at www.csb.gov or obtained by contacting:

U.S. Chemical Safety and Hazard Investigation Board
Office of Congressional, Public, and Board Affairs
1750 Pennsylvania Ave., NW, Suite 910

Washington, DC 20006

(202) 261-7600

No part of the conclusions, findings, or recommendations of the Board relating to any accidental
release or the investigation thereof shall be admitted as evidence or used in any action or suit for
damages arising out of any matter mentioned in such report. See 42 U.S.C. § 7412(r)(6)(G).
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1.0 Executive Summary

Sometime before 11:22 p.m. on June 27, 2016, a major loss of containment (LOC) resulted in the release of methane, ethane, propane,
and several other hydrocarbons at the Enterprise Products Pascagoula Gas Plant (PGP)" in Pascagoula, Mississippi. The hydrocarbons
ignited, initiating a series of fires and explosions, which ultimately shut down the site for almost six months. Two workers were on the
night shift when the incident occurred and were uninjured. Had the event happened during the day, when a larger number of personnel
were working amid the process line, the consequences could have been much worse. Enterprise Products (Enterprise) incurred $10.4
million of expense due to fire response activities and another non-cash loss of $7.1 million as a consequence of this incident.?

Although no off-site property damage was reported, many nearby residents chose to evacuate. After the incident, members of a local
community organization expressed concern to the CSB that some residents did not know how to respond. They felt uninformed and ill
equipped to know if they were in harm’s way.

The probable cause of this incident was the failure of a brazed aluminum heat exchanger (BAHX) due to thermal fatigue.® The absence of
a reliable process to ensure the mechanical integrity of the heat exchanger contributed to the catastrophic failure of the equipment.

Thermal fatigue, as a damage mechanism, commonly forms small cracks in BAHXs. These small cracks can develop into hydrocarbon
leaks that typically can be repaired with minimal expense or consequence before a major LOC occurs.* Yet the June 2016 PGP incident,
as well as four other BAHX failure events (also discussed in this report), illustrate that the reliance on a leak-before-failure assumption is
not sufficient. Instead, operators of midstream gas plants need to assess and manage the risk of sudden and catastrophic BAHX rupture
scenarios where thermal fatigue plays a contributing role.

To minimize thermal fatigue in BAHXs, various industry guidance documents recommend limits for maximum cyclic temperature fluc-
tuations during operation and rates of cooling or heating during start-up and shutdown. Yet a number of midstream gas plant operators
have reported that these limits and rates may not be realistic, indicating that further dialogue between equipment manufacturers and
operators would be beneficial. The desire by midstream gas plant operators to keep process data confidential, in conjunction with the
“low frequency, high consequence” nature of catastrophic failure of BAHXs, has hindered industry-wide examination and learnings as
they relate to BAHX life expectancy.

This report aims to share the thermal fluctuation data and repair history of the BAHXs at PGP, summarize industry guidance on BAHX
operation, and document previous BAHX incidents, to trigger a meaningful dialogue between BAHX manufacturers, gas processors, and
repair technicians. The findings and analysis of this investigation can contribute to improved BAHX guidance and safe use.

Furthermore, this report examines an opportunity to address the need for a more robust and engaged community alert network—one
that includes social media and the ability to expand opportunities to interact with the community throughout an incident.

As a result of this investigation, the CSB makes safety recommendations to the American Petroleum Institute, GPA Midstream Associa-
tion, and the Jackson County (Mississippi) Local Emergency Planning Committee.

1 Before the incident, BP and Enterprise shared ownership of the plant. BP had 60 percent interest and controlled the operation of the plant. In March 2016 Enterprise acquired
BP's interest, and it assumed operatorship on June 1, 2016.

2 The non-cash loss in 2016 was attributable to assets damaged in the fire. This amount represented the net book value of assets at the time of the incident. Enterprise Prod-
ucts Partners LP, Annual Report (Form 10-K), December 31, 2016, p F-12, http://phx.corporate-ir.net/External.File?item=UGFyZW50SUQIN|YxMzU4fENoaWxkSUQIMzY4Mik-

wfFREcGUIMQ==&t=1 (accessed April 12, 2018).

3 The aluminum parts of a BAHX are closely and tightly connected. As the exchanger is heated or cooled, the parts expand or contract together. If the parts change tempera-
tures at sufficiently different rates, the expansion and contraction can be disproportionate. This increases stresses on the connections within the BAHX as the aluminum parts
push against and pull apart from each other. Over time, this process “fatigues” the metal, weakening it and ultimately causing cracks.

4 Historical exchanger repairs at the plant were in the range of $60,000-$150,000.
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2.0 Background

The Pascagoula Gas Plant (PGP) (Figure 1) employs 30
people. It was built in 1998/1999 with Amoco Production
Company (60 percent) and Shell Midstream Enterprises Inc.
(40 percent) as the original partners. In 1998, BP acquired
Amoco, and in mid-1999, Enterprise Products Partners LP
(Enterprise) acquired Shell's interest, but BP maintained
operation of the plant. In March 2016, Enterprise purchased
the remaining 60 percent interest in PGP, and it assumed
operatorship on June 1, 2016.>

The plant receives raw natural gas via a pipeline from Gulf of
Mexico deepwater oil wells and separates the material into
two products: natural gas liquids,® which serve as a feedstock
to the chemical industry, and a natural gas fuel stream,
primarily composed of methane. A cryogenic’ separation
process is used at the plant. A key piece of equipment used
in the process is a brazed aluminum heat exchanger (BAHX),
which allows for the transfer of heat between different pro-
cess streams while keeping the streams separate.

More than 500 gas processing facilities operate across the
country,® and cryogenic separation using BAHXs is common.

For example, Enterprise owns or jointly owns 26 midstream  Figure 1. Drone image of the facility depicting fire damage incurred at the plant.
gas plants, most of which are cryogenic processes equipped
with BAHXs.

PGP is covered under the Occupational Safety and Health Administration’s (OSHA's) Process Safety Management standard, 29 C.FR.
§1910.119,° and the Environmental Protection Agency’s Risk Management Plan rule, 40 C.FR. §68.

2.1 Incident Synopsis

During the night of June 27, 2016, the two personnel on duty at PGP—a control board operator and an outside operator'®—were stopping

5  Enterprise Products Partners LP, Quarterly Report (Form 10-Q), September 30, 2016, p 12, http://services.corporate-ir.net/SEC/Document.Service?id=P3VybD1hSFIwYOR-
vdkwyRndhUzUwWIclemQybDZZWEprTG10dmJTOWtiM2R1Ykc5aFpDNXdhSEEVWVAOMGFXOXVQVkJFUmlacGNHRm5aVDBATVRJeE1qTXIPQ1p6ZFdKemFXUTIOVGMIn-
R5cGUIMIZmbj1FbnRIcnByaXNIUHJvZHVjdHNQYXJObmVycOwucGRm (accessed Mary 8, 2017). When Enterprise took over operatorship, PGP was the only midstream gas
processing facility in the United States under BP’s majority ownership.

6  “Natural gas liquids are those hydrocarbons liquefied at the surface in the field facilities or in gas process plants. Natural gas liquids include ethane, propane, butanes, and
natural gasoline.” Gas Processors Suppliers Association. Engineering Data Book—FPS English Units, 14th ed.; Tulsa, OK, 2017; Vol. 1, p 1-6. https://gpsamidstreamsuppliers.
org/gpsa-databook (accessed July 10, 2018).

7 Acryogenic plant is “a gas processing plant which is capable of producing natural gas liquid products, including ethane, at very low operating temperatures, usually below
minus 50°F" Gas Processors Suppliers Association. Engineering Data Book—FPS English Units, 14th ed.; Tulsa, OK, 2017, Vol. 1, p 1-4. https://gpsamidstreamsuppliers.org/
gpsa-databook (accessed July 10, 2018).

8  U.S. Department of Energy. Natural Gas Annual Respondent Query System, https://www.eia.gov/cfapps/nggs/nggs.cfm?f_report=RP9&f sortby=&f items=&f year start=&f
year_end=&f show compid=&f fullscreen (accessed May 16, 2017).

9  The PGP site had no history of OSHA citations up until the June 27, 2016, incident. OSHA, U.S. Department of Labor. Inspection Detail, Inspection 1159519.015, Report ID
0419400, closed March 17, 2017, https://www.osha.gov/pls/imis/establishment.inspection_detail?id=1159519.015 (accessed July 10, 2018).

10  Board operators monitor the plant's computer system and adjust valve positions and set points to maintain safe operations. Duties of an outside operator include making
rounds of the plant to conduct safety checks, issuing maintenance permits (e.g., for hot work), and performing manual manipulations of equipment as required by various
procedures.
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production of natural gas liquids due to pipeline problems downstream of the facility. Although this was a non-routine activity," the control board
operator had experience conducting the procedure. The operators initiated the necessary steps from the control room,”? when, at 11:22 p.m., a
sudden explosion and fire occurred. No abnormal alarms or other indicators warned the two PGP personnel of any problems. Within a minute of
the initial explosion, the operators activated the emergency shut down systems at the plant and sheltered in the control room.

Over the course of the incident, the site experienced 13 different ruptures of piping and equipment. The CSB concludes that the first loss
of containment most likely originated at a BAHX when it lost core integrity due to accumulated thermal fatigue.’®

The BAHX of interest was part of Arain, one of three process lines (A, B, and C) at PGP The rupture released flammable hydrocarbon

into the process area in and around a variety of potential ignition sources. After ignition, emergency systems depressurized the plant and
sent much of the process fluids to a flare,”® but the rupture also caused a portion of Arain’s contents to continue to feed the fire, which

Figure 2. A comparison of the B-Train (top, shown in mirror image to match A-Train) and A-Train (bottom) process areas after the night of the incident.

11 Operations can be divided into routine and non-routine activities. Routine activities are normal day-to-day operations. Non-routine activities can be further subdivided into
three categories. Expected non-routine activities would be operations such as start-ups or shutdowns that are developed as part of normal procedures and included as a part
of unit operating guidelines. Preplanned non-routine activities are “bookshelf” activities such as on-line maintenance that are developed ahead of need and set aside for use
on an as-needed, irregular basis. Unplanned non-routine activities, also called abnormal activities, would include unique circumstances such as troubleshooting activities,
and are developed at the time of need. The procedures for curtailing NGL production were preplanned and written, but used only on a non-routine basis when required.

Center for Chemical Process Safety. Guidelines for Writing Effective Operating and Maintenance Procedures; John Wiley & Sons: Hoboken, NJ, 1996; pp 46, 108.

Ostrowski, S. W.; Keim, K. A HAZOP Methodology for Transient Operations. Presented at 11th Annual Symposium, Mary Kay O'Connor Process Safety Center, College Station,
TX, October 28-29, 2008.

12 The control room is the operations center where the computer system used to control plant operation is located.

13 The core of an exchanger is composed of layers of parting sheets, fins, and end bars. A header is a chamber that evenly distributes fluid coming into or leaving the exchanger
and is welded onto the core. See Section 2.2 for a more detailed description of a BAHX. Thermal fatigue is described in Section 2.3.

14 A-and B-Trains are cryogenic separation process lines. C-Train utilizes similar equipment to A- and B-Trains except that it does not have a turboexpander or demethanizer and
operates at warmer temperatures than the other two process lines. See Appendix B for further details on the A-Train process.

15  Plants like PGP use flares to dispose of flammable gas in the event of an emergency by burning it in a safe and controlled manner.
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intensified several times over approximately the next 35 minutes
as additional piping and equipment failed. Equipment, piping,
and vessels in the A-rain process area were extensively damaged
(Figure 2).

The first of several local fire departments was dispatched to the
scene approximately four minutes after the initial explosion. Jack-
son County Emergency Services,* in conjunction with the respond-
ing fire departments and PGP management personnel, decided the
appropriate course of action would be to allow the fire to burn itself
out. The last fire was extinguished by approximately 6:00 p.m. the
next day, and emergency response officially ended on the morn-
ing of June 29. Enterprise reported that 104,000 pounds of total
emissions were released on June 27, 2016; most of the released
hydrocarbon was burned off by the ensuing fires and flares.

The site was shut down for almost six months, and Enterprise
incurred $10.4 million of expense due to fire response activities
and another non-cash loss of $7.1 million as a consequence of this
incident.”

2.2 Brazed Aluminum Heat Exchangers

In general, heat exchangers allow for the transfer of heat between
different process streams while keeping the streams separate. In

a BAHX, fluids are distributed through alternating “layers” made
up of aluminum parting sheets and corrugated fins that are sealed
along the edges with side bars (Figure 3). The layers in a BAHX
are collectively called the BAHX core, and the outermost layers are
bound by aluminum cap sheets that are thicker than the parting
sheets. The attachment plates'® are welded onto the cap sheets;
they provide a welding base for the inlet and outlet headers as well
as the support legs.?

The heat from a warmer fluid is transferred to a cooler fluid across
the parting sheet and through fins, which help conduct heat to

the bulk fluids (Figure 4). A layer’s length dictates how much heat
is transferred by controlling the time that the colder and warmer
fluids are in contact with each other through the parting sheet

16  Jackson County Emergency Services “acts as a coordinating agency during times

Figure 3. An exchanger core comprises many layers, consisting of a
sheet of corrugated fins joined between two thin aluminum parting
sheets. The outermost parting sheets are called cap sheets. The
edges are sealed with side bars. BAHX length, width, and height are
based on the position of the exchanger during its manufacture.

Figure 4. Process streams are distributed through alternating layers,
where the warmer stream (red) transfers heat to the cooler stream
(blue) across the parting sheet, which acts as a barrier between the
streams. The fin matrix also aids in heat transfer.

of emergency or disaster.” Jackson County, Mississippi. Office of Emergency Services, https://www.co.jackson.ms.us/224/0ffice-of-Emergency-Services (accessed May 24,

2017).

17 The non-cash loss in 2016 was attributable to assets damaged in the fire. This amount represented the net book value of assets at the time of the incident. Enterprise Prod-
ucts Partners LP, Annual Report (Form 10-K), December 31, 2016; p F-12, http://phx.corporate-ir.net/External.File?item=UGFyZW50SUQIN|YxMzU4fENoaWxkSUQIMzY4Mik-

wfFREcGUIMQ==&t=1 (accessed April 12, 2018).

18  The space between the attachment plate and cap sheet is not intended to contain process fluid or hold pressure. To relieve any pressure that may develop underneath the

attachment plate, weep holes are drilled into each corner.

19  Brazed Aluminium Plate-Fin Heat Exchanger Manufacturer’s Association (ALPEMA). The Standards of the Brazed Aluminium Plate-Fin Heat Exchanger Manufacturer’s Associa-
tion, 3rd ed.; 2010 with amendments May 2012; p 44. http://www.alpema.org/standards.html (accessed July 10, 2018).
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and fins. Increasing the number of layers (height) or their width
increases the amount of hydrocarbons that can flow through the
exchanger.

Critical to the structural integrity of the core are the brazed fin
connections to the cap/parting sheet (Figure 5).2° When a layer
is pressurized, the fins and braze joints hold the layers together,
acting like a truss? on a bridge, counteracting the fluid forces on
the parting and cap sheets.

Choosing the appropriate exchanger for an application requires
an assessment of the risks and an understanding of exchangers’
design limitations. The benefits of a BAHX include highly efficient
heat transfer with a compact size that can accommodate many

Figure 5. Diagram depicting a view looking down the length of a
BAHX core. Pressure from the process fluids applies a force to the
fins of the BAHX. The fin arrangement behaves like a bridge truss,
distributing the force across the width of the pass.

different process streams, and the simplification of a plant’s heat
exchanger network.?? Disadvantages of choosing a BAHX include a
sensitivity to two-phase? flow distribution, susceptibility of small
flow passages to plugging, vulnerability to chemical attacks by
mercury, and exposure to fluctuating thermal stresses.?* Fluctu-
ating thermal stress can lead to thermal fatigue, and this damage
mechanism is the focus of this case study.

2.3 Introduction to Thermal Fatigue in a BAHX

When a material is stressed by pushing, pulling, or twisting, it can
change shape or deform.? If the material has a different shape
when the force is removed, the stress exceeded the material’s
yield strength. If the stress is below a material’s yield strength, the
material returns to its original shape when the force is removed.?
Yet, when a material experiences stresses below its yield strength
repeatedly, it can become fatigued and form small cracks that can
worsen as further stress cycles occur.

Figure 6. One area of high thermal stress in a BAHX is at the

side bar/attachment plate/cap sheet junction. The thicker pieces

of aluminum—the side bar and attachment plate (red)—change
temperature at a slower rate than the thinner cap sheet (blue). Adding
and removing thermal stresses where these pieces join (yellow) can
eventually cause thermal fatigue cracks to form.

The parts of a BAHX (fin matrix, parting sheet, side bars, etc.) are

tightly connected, each with different thicknesses. The thicker aluminum parts change temperature more slowly than the thinner ones,
and if the rates are sufficiently different, the expansion and contraction can be disproportionate. This puts high stresses on the connec-

20 The manufacturer of this exchanger uses a process called brazing. Several hundred layers of aluminum sheets coated with a lower-melting-point metal (i.e., the braze materi-
al) are stacked to create the core and then placed in a vacuum furnace. As the core is heated, the braze material melts and bonds the fin matrices, side bars, and parting/cap
sheets into one unit.

21 Atrussis a structural framework of interconnected beams typically arranged in a triangle pattern.

22 BAHXs are just one of several exchanger types. Another design is the shell-and-tube heat exchanger; while common in refineries and gas processing plants, it also has bene-
fits and drawbacks in its design.

23 Atwo-phase fluid consists of both liquid and vapor components. Under certain conditions flow can become erratic (see Section 5.3.3).

24 Swain, R. D.; Miller, A. C. Aluminum Plate-Fin Heat Exchanger Thermal Fatigue Study. Presented at American Institute