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Abstract. Petroleum refining is a complex physico-chemical engineering process. And most of these processing tasks
take place inside static equipments, such as pressure vessels, furnaces and heat exchangers, among others. Moreover,
it is common these equipments be designed for extreme pressure and temperature conditions. In case of failure, they
could represent catastrophic damages for both environment and people.

Non destructive tests usually detects many defects considered safe for the equipment (regarding conservative design
codes criteria). However, some of them require a more detailed assessment by using techniques such as Fracture
Mechanics and Stress Analysis using Finite Elements Method.

This work presents a real pressure vessel study case in which several cracks where detected during turnover
maintenance in the torispherical head and cylindrical shell girth weld. Since such defects were not predicted by the
inspection before opening the equipment, there was no even budget allocated nor available time for immediate repair,
due to refining logistics requirements. Therefore, in order to assess the structural integrity of this equipment without
needing a big repair on it, a Fracture Mechanics study was performed using the British Sandard procedure BS-7910,
that requires a good stress analysis eval uation which was done using the Finite Element Method.
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1. INTRODUCTION

In contrast to the straightforward and conservatatulations that are typically found in desigrdes (ASME
BPVC, BS-5500, API 650, etc), more sophisticateskasment of metallurgical conditions and analy$éscal stresses
and strains would precisely indicate whether opega¢quipment is fit for its intended service oretter particular
fabrication defects or in-service deteriorationetiten its integrity. Such analyses offer a soursisifar decisions to
continue to run as is or to alter, repair, monitatire or replace the equipment. This logic is tvepecialized
publications calls “Fitness for Service” assesssemhich can be defined as quantitative engineegirgjuations that
are performed to demonstrate the structural inegfian in-service component that may contairaafbr damage.

The most used codes for this purpose are the AarefRetroleum Institute API 579 (API, 2007) and Bréish
Standard BS-7910 (Guide to methods for assessm@dhbeptability of flaws in metallic structures)otB addresses
evaluation methods for several kinds of damagesh sis localized and generalized thickness losigufat creep and
cracks. APl 579 addresses more failure mechanibatsBS-7910 is easier to apply when the damageciaek. For
this reason, it is more commonly used at Petrobras.

Differently from the requirements desired for neguipments, the fitness for service purposes foripgents
depends on specific questions made for specifiblpros, such as (Anderson, 2005):

*  What if a weld contains an unacceptable flaw?

. Is the flaw harmful?

. Could a repair make matters worse?

*  What if material does not meet design specifice?

*  What if the cracks occur in service?

. Can a structure be used beyond its design life?

The answer for these questions concerns the rdam of applying the fitness for service philosopaylaw
can be acceptable provided the conditions for faiure not reached in the required service lifetime

There are several reasons for a structure failsoabsequent studies to catastrophic failures shdhatdmost of
them occur by low temperature fragile fracture wehilie stresses are below yielding point. Furtheemenacks usually
have its source close to geometric discontinuitiesn pre-existent defects. In other words, it beeaevident that a
failure will occur only if a combination of theséirée factors happens: materials properties, steand flaws
geometry.

Fracture mechanics has showed how these factold beuelated to characterize both the actionsrtight cause
failure and the resistance offered by the compo(feigt 1) and BS-7910, by using fracture mechaaid strength of
materials concepts, provides extensive guidancthernreatment of flaws in welded structures. Thénneanphasis of
the procedures is on the avoidance of failure Isy fieacture/plastic collapse or extension of fldwsfatigue crack
growth.



Proceedings of COBEM 2009 20th International Congress of Mechanical Engineering
Copyright © 2009 by ABCM November 15-20, 2009, Gramado, RS, Brazil

MATERIAL
RESISTANCE

DRIVING FORCE MATERIAL RESISTANCE
T CRACK AGAINGT CRACK
GROWTH GROWTH

FRACTURE MECHANICS MECHANICAL TESTS

Figure 1 — Fracture mechanics X materials strength.

This work presents the appliance of the BS-791hotiilogy to some cracks found in a weld of a DE®t{hnol
amine) process tower, in order to determine whetherdamages should be immediately repaired, gengraxtra
costs, loss of production or a better planning @¢dag done in order to repair them on another oocnasn the next
sections, not only the analyzed problem will becdbgd with the followed steps to its solution, @liso the main
engineering topics related to this study.

2. FITNESS FOR SERVICE EVALUATION OF THE DEA PROCESS TOWER
2.1. Overview

At the end of scheduled turnover maintenance irE& @bsorber process tower in a Petrobras Unitjrigection
team had found some cracks that could represergedan the safe operation of this equipment, anthépeople
working at this unit. The first opinion was to rapall the cracks. But this would represent an éaliibly huge amount
of extra work and money, because the tower wasdyreeady to operate again, and all maintenance tesd been
already demobilized. For this reason, a fithesss@wice study was performed, in order to decidbefdefects could
remain in the equipment.

Figure 2 shows a simple schematic DEA Treatment (Barkash, 2003):
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Figure 2 — Simplified amine treatment unit.

The objective of an amine treatment unit is to reené,S, CGQ and mercaptan compounds from various gas
streams, such as recycled gas in hydrotreatinghgdrbcracking processes, hydrogen plant feed agldgfas systems.
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The HS recovered is burned in the flare or used as feedhe sulfur recovery unit. In this process (DEA)e
hydrogen sulfide is removed from a gas stream Inyawd with an aqueous solution of diethanol amine.

In order to improve the chemical reaction efficignihe absorber tower operates under high pregguseMPa) and
medium temperature (80°C) conditions. At lower temafures, aqueous amine is not too corrosive toocasteel, but
the high pressure and the impossibility to keepctiemical process always as designed, Stress @orr@sack (SCC)
represents a possible damage mechanism for thigregut.

2.2. Crack evaluation steps

Any kind of structural integrity evaluation requsré¢he analyst to follow some logic steps, in ortteobtain a
reliable result: identify the flaw type, i.e. planaon-planar or shape; establish the essentia, datevant to the
particular structure; determine the size of the/ffand determine the limiting size for the final nagdf failure.

In the scope of fithess for service philosophyaklshing essential data means to define the napastion and
orientation of flaw, structural and weld geometfgbrication procedure, stresses (pressure, therreaidual or
resulting from any other type of mechanical loajliagd material mechanical properties.

Summarizing, it is necessary to determine the tfpgefect, its location and orientation with resp@cthe stresses
(this task is preferably performed using ultraspmon-destructive x-ray or gamma radiography testguipment
geometry (using engineering draws); stresses inctheks location (using analytical equations oitdirelement
analysis) and mechanical properties of both weldl parent metal (performing mechanical tests orl&abdata, such
ASME Sec. ).

BS-7910 presents three assessment levels, named 1 8implified Assessment), Level 2 (Normal Assesnt)
and Level 3 (Ductile Tearing Instability Assessmebtue to the available data to perform analyseydl 2 steps are
followed in this report.

The main goal of this evaluation is to determina diven crack is safe. In terms of BS-7910, a sedek must fall
inside the Failure Assessment Diagram (FAD), basethe Dugdale’s R6 method. The vertical akig ¢f the FAD is
a ratio of the applied conditions, in fracture meals terms, to the conditions required to cauaetdre, measured in
the same terms. The horizontal axis) (s the ratio of the applied load to that requiteccause plastic collapse. An
assessment line is plotted on the diagram. Calonkfor a flaw provide either the co-ordinatesanfassessment point
or a locus of points. The positions of these amamared with the assessment line to determine tbepsability of the
flaw.

2.3. Problem description
This study assesses the encountered cracks cdngideat all design process variables are keptroted, in order

to avoid uncontrolled crack propagation due to Sta@age mechanism. Figure 3 shows the geometrytodmdid the
finite element model used to perform the stres$yaita

D, =900 mm

h =50 mm

CES = 25.600 mm
t=38,1mm

Cracks Site:

\ Weld union between

botton head and cylindrical
shell.

Figure 3 — DEA absorber tower main geometry.

After ultra-sonic examination, some cracks werentbaround the girth weld between the bottom heatl tha
cylindrical shell. Before analyzing the safety bétdefective equipment, it is necessary to re-ctariae the cracks,
because they can interact with themselves. BS-aét@esses this issue, by using a set of simple geemules.
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Figure 4 shows schematically the location weredteeks were found, and its representation, afterB8-7910
proposed interaction criteria:
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Figure 4 — Geometric representation of the cragkatlon.

Due to their morphologic characteristics and conicgy the operational historic of this equipmengpection team
has concluded that the cracks were really cause¢ldeblgumid HS.

2.4. Material mechanical properties (strength andaughness)

Material properties play an important hole in detiging the fitness for service of equipments. Pomchanical
resistance, for example, can lead the whole stre¢tuplastic collapse failure, and a crack woudgter propagate. On
the other hand, very high resistance materials grasent fragile behavior, what could foment theasied brittle
fracture.

According to the procedure, mechanical propertieal e estimated for the site and at the temperatthere
cracks are located (weld metal, in this case). H@wneat is common to use mechanical propertiesavépt metal rather
than weld metal. Further, it is conservative, simaxhanical properties of parent metal are uswadhgst.

This process tower is made of the SA-516 gradealfASME Section Il Part A specification for low ban plate
steel for moderate temperatures. Table 1 shows anéedl properties for this material evaluated i t@mperatures:
designed and ambient temperatures:

Table 1. Mechanical properties of SA-516 gradeob@ained from ASME Section Il, Part D.

15°C 80°C
Tensile strength ($ 483 MPa 483 MPa
Yield strength (9 262 MPa 240 MPa
Elastic modulus (E) 202.700 MPa 198.500 MPa
Poisson ratio 0.3 0.3

It is also very important to accurately determihe material toughness. This parameter is relatatie¢anaterial
capability to avoid cracks propagation. For somedkdf services (cryogenic, or gas storage sphéoesxample),
Charpy test is a design requirement, since it &sitbe to correlate the Charpy energy to the toagén
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However, in most practical cases, there are ndablaifracture toughness data available from thar@htest. In
those situations, it is necessary to estimateyiteiimploying an indexing procedure based on a referéemperature,
which can provide a conservative lower-bound egtnad fracture toughness for a ferritic materidhisTmethod does
not apply for austenitic materials, which do notéa transition temperature in Charpy energy curve.

In the late 1960s and early 1970s, a large fradmghness data set was collected for multiplesheftow alloy
pressure vessel steels and was plotted againsiveetamperature. The curvediwas then drawn, which represents a
lower envelope to all of the fracture toughneststermded at quasi-static rates. Equation (1) sgs Kc curve, used
for determining the Lower Bound Critical Stressimgity Factor:

0.036 (T T, +56)

K, = 36.5+3.084¢ "

In Eq. (1), Kc is the Critical Stress Intensity Factor (the touggs parameter, irMPa\/E), T is the assess
temperature and,& is the reference temperature, both in °C, estidnaten the ASME Section VIII Division 1 UCS-66
curve, reproduced on Fig. 5, for the studied caghis report:
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Figure 5 — Curve UCS-66. The red arrows represenstudied case, a 38 mm thickness SA-516 gragdai®

Primarily, the UCS-66 curve is used for determinthg need of impact testing for a combination ohimum
design metal temperature and thickness which @vb#te curve assigned to the subject material. Ating to ASME,
if a minimum design metal temperature and thicknessbination is on or above the curve, impact nests not
required.

Each curve represents a group of materials withlairtoughness behavior. The SA-516 grade 70 isacierized
by Curve B. UCS-66 is also referred by API 579 ébedmine the reference temperature for the lowentddoughness
computation.

From the Fig. 5, it can be seeing 10°C as the erfer temperature for a 38 mm SA-516 gr. 70 platbstButing

these data in Eq. (1), the lower bound toughnetsrad isK | =64.2MPaym.

2.5. Stress analysis

A very important step in a fithess for service ewdion is the correct stress determination. Thesses to be
considered in the assessment are those which vibmulthlculated by a stress analysis of the unflastedtture. For
several geometries, there are analytical results ¢an be used for stress calculations. Howevegsecto structural
discontinuities such as welds and nozzles it isemammplicated to determine the correct stressibiigion. In these
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cases, the actual stress distributions may be osdlde stresses may be linearized. The latter rdetrié normally
provide overestimates but has the advantage thearization does not need to be repeated with ogeaWth. It is
essential that account is taken of the primary nramd and bending stresses, the secondary streedesha
magnification of the primary stresses caused bgllocgross discontinuities or by misalignment.

For these reasons, the Finite Element Method (FiEMjidely used. Basically, FEM is a mathematicall tased to
solve differential equation (equilibrium theory, this case). For any physical problem, a discrdtim@thematical

model is generated and solved, and a solutiontairedd in terms of displacements. Figure 6 showsvanview of the
method (Mac Donald, 2007):
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Figure 6 — Overview of consecutive stages of anill BBalysis.

The process tower studied in this work has axiathregtry. Thus, the finite element model can be ditedl in
order to reduce the computational costs. Figureoivs the finite element model: only the lower pEHrthe tower was

modeled. The design conditions (structural presswaed boundary conditions) are also represente@. mhin
dimensions of the equipment are shown in Fig. 3:
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Figure 7 — Axi-symmetric FEM model of the DEA tow@resign pressure = 7.6 MPa.

A linear elastic analysis was performed in Ansyschamical v. 11.0, in order to obtain the strestustand define
which stress is mode | crack opening (the mosicet)t Figure 8 shows the principal directions, fi@nes where only
normal stresses acts.
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Figure 8 — Plot of the principal stresses.

From Fig. 8, it is possible to conclude that theddd crack opening stress is the Middle Principass (S2). In this
case, this stress is equivalent to the normal stirey direction (Sy). Figure 9 shows the Sy disition along the
geometry. The cracks’ site is also highlighted.
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Figure 9 — (a) Longitudinal stress (Sy) distribatia the tower. (b) Detail of the stress distribatclose to the cracks’
site. The underformed configuration is also repmeesi (black lines). Stresses are shown in Pa.

From the stress distribution shown in Fig. 9, adigount of bending can be seen. BS-7910 methodokmgyires
stress linearization. Primary membrane stresse$ @pencalculated with Eq. (2) and primary (and selemy) bending
stresses (Pb) are computed with Eq. (3). Figurshbivs the stress linearization used for computstion
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Figure 10 — Graph of linearized stresses. Pm =64RIPa; Pb = 22,46 MPa.
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BS-7910 also addresses secondary stress calcglafiifferently from the primary stresses (thoseseauby the
loads), secondary stresses are caused by strugewmatetric accommodations, thermal gradients (textelds, for
example). Despite contributing to the crack openserondary stresses do not lead to gross plasiiepse. Yield
stress (262 MPa) is a good estimate for its valioevever, when heat treated, those stresses calibead up to 30 %,
depending on the flaw orientation with respecth® primary stresses. This is the case for DEA m®tewers, which
work with hydrogen.

3. CRACKS ASSESSMENT

After applying the interaction criteria, there asely two embedded discontinuities to be analyzeat. $afety
reasons and due to the uncertainly of some measntsrand material properties data, BS-7910 strorsglgmmends
the utilization of partial safety factors. For tlguipment, it was selected the safety factorsesponding to a non-
redundant equipment where a severe failure coutirpehis is, 1.50 for stresses, 1.85 for flaw s@el 2.60 for
toughness. Figure 11 shows the dimensions of butiedded re-characterized cracks:

30 mm 26 mm
2c=120 mm I 2c=330 mm I
B=3t mm $ B=38 mm $ - -
2a=3 mm 2a=5 mm
=3 mm | p=7mm
Crack 1 Crack 2

Figure 11 — Flaw sizes according to BS-7910 nonatnrs.

The BS-7910 procedure is implemented in a softwaled Crackwise. All the collected data is infodmim
appropriated screens inside the software. Restttssoanalysis are shown in a FAD diagram, showhRig. 12:
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Figure 12 — Flaw sizes according to BS-7910 nonanrg. Dots below the blue line are considered safe

Despite the fact that both cracks are consider&ulestcrack 1 is very close to the safe limit (tloeindary of FAD
diagram). Two extra simulations are then performedyrder to identify the critical size of both dimtinuities. For
this, the crack heighRf) was kept constant, varying the lengle)(against the ligamenp). Results are shown in Fig.
13:
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Figure 13 — Critical flaw sizes for (a) crack 1 ghdicrack 2. Height is constant, while varyingdén(2c) against
ligament (p).

This hypothesis is valid due to the stress fieldha flaw position: stresses that activate modeatlc opening are
much higher than the components would tend to apesther modes (such as those which would incréasecrack
height).

4. CONCLUSIONS

After applying fracture mechanics to the re-charazed flaws in the DEA process tower, we conclbdéh are
stable, and the equipment can be operated safelygydits campaign. But on the other hand, this guies vessel works
highly pressurized, and DEA can be corrosive and te carry hydrogen, which can cause stress dorrasacks.

Stress corrosion crack growth is still a phenomemonwell described by mathematical laws. For teigson, the
hypothesis of a non environment assisted crackutiized. This is valid only if the chemical prosas well controlled
and kept stable or, in other words, the DEA towestibe operated in its design conditions.

Finally, in order to support this hypothesis, itsn@commended to the inspection apply a polymesmron the
cracks location, by avoiding the direct contacthaf fluid with the base metal. This procedure imawnly used in
several equipments and has been showing goodgesult
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