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The Process

Daily Average Reactor Temperature and Pressure

From March 1992 to January 007
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The pressure changes introduce the possibility that fatigue could influence creep life.
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The 2006 Crack Along the Weld Toe

The creep crack is between The weld center line is at the dashed
the yellow arrows red line between the red arrows
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Vertical Weld Seam Boat Sample

Located 1.5 m from the rupture

Cross Section
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Sample
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The S30900 stainless on the ID was thicker than it should have been.

A K PDVSA

CITGO.



Creep Voids Beginning to Form Cracks

& PDVSA

CITGO.



The 2006 Inspections and Repairs

CITGO

All vertical seams were UT shearwave inspected

Defects and cracks were present all along the
ruptured seam

No defects were found in other weld seams
Cracks were ground out.

The cracked seam was rewelded with N06625
GTAW process - temper bead technique

No post weld heat treatment
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The 2008 Shut Down and Repairs

* |In 2008 the unit was shut down due to regenerator
problems making the reactor available

« UT inspections found defects in three vertical
seams

« The defects had characteristics indicating they
were creep cracks — indicating near end of life

* New repair technique tested - weld overlaying with
N06625 — Inconel 625

 Weld overlay repairs:

o SMAW process
o Temper bead technique
o No post weld heat treatment
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Weld Overlay Repairs in 2008
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2010 Inspections, Repairs, and Testing

« All the welds UT shearwave inspected

- Samples of repaired welds and distorted areas
were cut out for creep testing

« Vertical seam welds were arc gouged out
including weld heat affected zones

 Vertical seams were rewelded with N06625

« GMAW, temper bead technique, no post weld
heat treat — weld beads in the vertical direction.

+ Existing weld tee junctions were also rewelded

A K PDVSA

CITGO



Results of 2010 Inspections and Testing

« 2008 weld overlay repairs were cut out, UT
inspected, and creep tested

« Existing cracks had not grown in 2 years

« Weld overlay repairs had increased creep life
relative to wall samples

« Creep specimens failed outside of the overlays

- Samples of distorted areas were cut out,
inspected and creep tested

* Bulged and flattened areas had lower remaining
life than undistorted wall
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Creep Samples

Cut Through the Weld Repairs
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The Results of Creep Testing

Before Creep Testing

K11757 N06625

Vessel Wall / Overlay
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After Creep Testing

All of the weld overlaid samples fractured outside of the weld overlaid areas.
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Analysis of Vessel Distortion
East

PEEQ

Envelope (max abs)
(Avd: 75%)
+1.012e-02
+9.27/5e-032
+8.432e-03
4+7.5892-032
+6.746e-03
+5.902e-03
+5.059e-03
+4.216e-03
+3.373e-03
+2.530e-03
+1.686e-03
+8.432e-04
+0.000e+00

3D finite element analysis modeling revealed that minor bulges and flat areas
were caused by the applied weight and wind loads.
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Localized Distortion Caused by
Insulation Removal

SOWV3

SMEG, (fraction = -1.07
(Avg: 75%)
+1.039e+00

+3.3176-01
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- +7.162¢-01
L +6.084e-01
L 4+5.006e-01
+3.928e-01
| +2 851e-01
Ll +1.773e-01
Ll 46.951e-02
-3.827e-02
-1.460e-01
-2.538e-01

“Flat” regions
between “peaks”

Concave region
between manway
reinforcement and
high damage
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wWed LT LS Luiusiou eastern Laynght Time 2010

Larger flat areas and bulges were caused by rapid removal of insulation that
occurred in 2008 and 2010. The highest stress was near the manway.
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2012 Cracking and Repairs

Creep cracking occurred for the first time away from welds

« Crack locations indicated the cracks were related to vessel
geometry.

* Finite element analysis revealed additional stress was introduced
due to rapid temperature changes.

« Reviews of process information identified very rapid start-ups
sometimes occur

* Process improvements were made to slow the heating rate

« Cracks were repaired by installing an insert plate

« Vertical seams were reinforced with weld overlays

« Analysis was conducted to determine the vessel remaining life

« The reactor could make it to the 2015 turnaround date
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Thermal Stresses Around the Manway
During Rapid Start-ups

S, Mises
(Avg: 75%)

+5.253e+00
+4.594e+00
+3.E34e+00
+3.074¢+00
+2.314e+00

+1.554e+00
+7.540e-01
+3.411e-02
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Thicker Plates Around Manway

Reinforcing Pad 34.5mm (1.25-Inches)

47.6 mm Typical Vessel Wall

|l (1.875-Inches) 18.6 mm (0.735-Inch)

45.7 cm (18-Inches) Wide
Higher Stress Zone

3D finite element analysis indicated that rapid heating could produce 15.9-26.2 MPa
(2.3-3.7 ksi) higher stress in zones adjacent to the manway reinforcing plates.
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Unusually Rapid Start-up in 2012
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Past rapid start-ups resulted in cracking 6-15 cm (2-6 Inches) away from the
welds in the high stress zones surrounding the manway reinforcing plate.
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Improved Start-up in 2012
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Improvements: Wall temperature was available to operators over the entire start-up
Insulation was changed so that there is a 16°C AT internal vs. surface

A K PDVSA

CITGO.



CITGO.

2012 Weld Overlay Repairs and
Insert Plate Repair

2012 Insert Plate and N06625 Overlay Reinforcement Repairs
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Remaining Life of the Reactor
Based Upon 2012 Creep Tests
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2014 Weld Overlay Cracking and Repairs

A different type of creep cracking occurred in January 2014 in the
weld overlay

Cracking was caused by residual stress in the Inconel 625 welds
On-line repairs were made to keep the FCC operating in January

First repairs involved installing a 10-Inch pipe cap over the crack following
ASME PCC-2 guidelines — Article 2.4 “Welded Leak Box Repair”

FEA analysis indicated the crack would be in compression and crack
propagation would stop

Critical creep crack size was 41-Inches — much larger than the cap size

Acoustic emission monitoring was considered for monitoring cracks
inside leak box repairs — this wasn’t done since the critical size was large

FEA analysis and Omega creep life analysis indicated the vessel wall creep
life would be greater than 3 years with the leak box repairs
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The 4.5-Inch Crack in a Vertical Weld S

eam

o

R w W e

Wikl a8 & . * o
i R T R e R
- LR e .

e -....-.q-_.-l.ﬁ“......l-. T s (7]t o 3 N

32w ST Eeragl s L .

SEd BESETRTE B

This crack was tight, and it was easily peened to stop the le

A

CITGO.

ak until the pip cap was installed.
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The Weld Seam After the Repalr_
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Conclusions

« Weld overlaying the vessel weld seams with UNS 06625
stopped creep crack propagation.

« Creep testing of welds that had been weld overlay repaired
iIndicated that the repaired welds had more remaining life
than the vessel wall without welds.

« Analyses revealed that large nozzles and changes in vessel
wall thickness can create zones of higher stress if the
vessel experiences significant changes in operating
temperature. These zones can lead to creep failures.

 Insulation removal from a vessel while the vessel is at
elevated temperature should be avoided. Safe insulation
removal temperatures need to be developed based upon
the vessel and insulation design.
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Conclusions

« The cyclic operating pressure that this vessel experienced
probably contributed to the creep cracking. Cyclic stress in
a vessel should be taken into account in vessel design.
API 579 includes this in creep fithess-for-service analysis.

 ASME PCC-2 welded leak box repairs were made while
this vessel was operating, and those repairs stopped or
significantly reduced creep crack propagation — we will
Know soon.

« The creep properties of UNS 06625 weld overlays need to
be analyzed including the residual stresses from welding.
High level of residual stress that can lead to creep
cracking when the temperature is near 510°C. Inconel
625 has a temperature range where it is creep brittle.
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Recommendations

It is recommended that procedures be developed by
iIndustry for repairing equipment containing creep cracks
with external weld overlays.

 Itis recommended that ASME develop guidelines for
including the effects of large nozzles and changes in
vessel wall thickness in remaining life calculations for

equipment that experiences rapid changes in
temperature.
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