
Failures in Urea Reactor Vessels

Several case histories of urea reactor vessel failures are discussed, as well as remedial
measures taken to restore them to a level suitable for continued service. The failures were produced

by a variety of f actors including defects introduced during manufacturing or fabrication, service-
related deterioration, and/or upset operating conditions. These incidents can cause not only life

threatening injuries or even fatalities, but also prolonged periods of business interruption.
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Introduction

The production of urea requires the reaction of
ammonia with carbon dioxide. In the initial
stages, the reactants form ionized ammonium

carbamate, which is then converted by dehydration to
urea. At 320°F (160°C), the rate of dehydration
becomes sufficiently high that it is possible to manu-
facture urea on a commercial scale. Unfortunately, the
volatility of the reactants is such that this temperature
can only be reached if the synthesis takes place at a
relatively high pressure. The conditions applied in
practice involve pressures of 1,450 psi to 2,900 psi (10
MPa to 20 MPa) at temperatures of 320T to 374T
(160°Cto 190°Q (Meyers, 1986).

As a result of the constraints imposed by the various
chemical reactions, the pressure vessel in which the
urea is produced must be able to withstand the
required pressures. At the same time, it must be able to
withstand the corrosivity of the reactants involved,
particularly the ammonium carbamate. The designers
of urea reactor vessels have addressed these issues by
using heavy-wall carbon steel shells equipped with
corrosion resistant barriers.

Depending upon the maximum allowable working
pressure (MAWP) of the vessel, and thus, the min-

imum wall thickness requirement, the heavy-wall shell
may involve either a single-layer or a multilayered
construction. In the past, the multilayered construction
was favored for vessels with wall thickness values
above 5 in. (127 mm). More recently, these vessels
have been fabricated as single-layer shells using dis-
similar metal welds.

Most of the urea reactor vessels currently in service
involve a multilayered shell equipped with a stainless
steel lining. The lining, which is more properly
referred to as an inner shell, forms a pressure tight
membrane. During the fabrication of a multilayered
pressure vessel, the lining generally represents the first
component completed. The outer shell, which is made
up of multiple layers or wraps of carbon steel plate
material, is then constructed around the lining. Care is
taken to ensure that the lining is only attached to the
shell at the point of closure and selected nozzle loca-
tions. This design ensures that the inner shell or lining
is fully supported by the outer shell, but is still able to
freely expand and contract.

If through-wall cracks do develop in the stainless
steel lining during service, the corrosive process fluid
can seep underneath the lining and produce accelerat-
ed corrosion of the carbon steel shell. If this corrosion
continues unabated for any length of time, the vessel
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may fail. For this reason, lined vessels are generally
provided with telltale holes or weep holes which
extend through the full cross-sectional thickness of the
shell (Thielsch, 1952). These weep holes, if properly
maintained and inspected by the owner or operator of
the vessel, should readily disclose any leaks which
have developed in the lining, thereby enabling the
owner to make repairs promptly.

Multilayered pressure vessels are designed and fab-
ricated by several different companies in accordance
with their own proprietary specifications, and also,
Section VIII of the ASME Boiler and Pressure Vessel
Code (see Literature Cited). (Section VIII, which cov-
ers "Unfired Pressure Vessels", did not specifically
address multilayered construction until the 1970s, but
did provide general guidelines covering good practice
with respect to design and fabrication.)

While it does require specialized fabrication tech-
niques, the multilayered design has several advantages
over the single-layer design in heavy-wall applica-
tions, most notably with respect to the ease of forming
and welding, and the absence of postweld heat treat-
ment requirements, hi addition, when the vessels using
this multilayered design were introduced, it was
believed (mistakenly) that they could not fail
catastrophically.

Unfortunately, multilayered pressure vessels are sub-
ject to failures, both catastrophic and leak-type. For
the most part these failures involve leaks, but occa-
sionally, catastrophic failures do occur. Regardless of
type, the failures relate to a variety of different causes
including design deficiencies, defects in manufacture,
fabrication or welding, and service-related deteriora-
tion. Of these, service-related deterioration is by far
the most common cause of failure. This is due to the
increasing age of the existing reactor vessels in con-
junction with the relatively harsh operating conditions
to which they are subject.

A catastrophic failure of a urea reactor vessel, at the
very least, will result in a forced outage of extended
duration. More importantly, a catastrophic failure also
has the potential to result in life threatening injuries, or
even fatalities. As a result, these vessels must be peri-
odically inspected by properly experienced inspection
personnel, and carefully maintained to ensure that they
are in fact suitable for continued service at the intend-

ed operating conditions.
The multilayered design makes a meaningful inspec-

tion of the shell impractical, if not impossible. As a
result, any inspection of these vessels should focus
primarily on the lining. These inspections should
include detailed visual examinations to discover any
obvious evidence of service-related deterioration.
They should also include wall thickness measure-
ments to determine the wastage rates and the remain-
ing life expectancy of the lining. If necessary, these
inspections should also include nondestructive exami-
nation of the welds using either the liquid or fluores-
cent penetrant examination technique.

Despite the need for periodic inspections, the owner
or operator of a multilayered pressure vessel should
recognize that by far the best indication of vessel
integrity is provided by the weep holes in the shell. If
gas or fluid is observed escaping from the weep holes,
the integrity of the vessel has been compromised. It
should be brought off-line immediately and opened for
internal inspection.

This article provides several different case histories
of failures which have occurred in urea reactor ves-
sels. These case histories document the cause of fail-
ure and the remedial measures that were taken to
restore the vessel in question to a suitable level of
integrity for continued service. These case histories
also illustrate a few of the many problems which may
arise during the inspection and repair of urea reactor
vessels.

Case History A

The urea reactor vessel shown in Figure 1 was locat-
ed in the southeastern United States. This vessel had
been designed and fabricated by a midwestern con-
cern in accordance with their own proprietary specifi-
cations. In so far as practical, it also conformed to the
requirements of Section Vul of the ASME Boiler and
Pressure Vessel Code. This vessel was designed to
operate at full vacuum and also at 3,600 psi (24.8
MPa) at a temperature of 400T (204°C).

The vessel was fabricated using a "plywall" or mul-
tilayered construction. The 5-7/16-in. (138-mm)-thick
shell was made up of 21 layers of wrapper plates and
one layer of dummy plates. The shell was equipped
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with a stainless steel lining to provide corrosion resis-
tance. It was also equipped with weep holes to detect
any type of through-wall cracking in the lining.

The wrapper plates on this vessel, which were 0.250
in. (6.4 mm) thick, were produced to the requirements
of ASME Specification SA-516, Grade 70, covering
"Pressure Vessel Plates, Carbon Steel, for Moderate-
and Lower-Temperature Service".

The dummy wrapper in this vessel was produced in
accordance with the chemical composition require-
ments of ASME Specification SA-283, Grade C, cov-
ering "Low and Intermediate Tensile Strength Carbon
Steel Plates, Shapes and Bars". This layer, which was
located between the pressure retaining wrapper plates
and the stainless steel lining, had a thickness of 0.1875
in. (4.8 mm).

This stainless steel lining, which was originally
0.750 in. (19 mm) thick, was formed and welded from
plates produced in accordance with the requirements
of ASME Specification SA-240, Type 316L stainless
steel covering "Heat-Resisting Chromium and
Chromium-Nickel Stainless Steel Plate, Sheet and
Strip for Fusion-Welded Unfired Pressure Vessels".
The specification for the plate material used in the fab-
rication of the lining was further refined to permit a
maximum carbon content of 0.03%, a maximum fer-
rite content of 2.0%, and a minimum molybdenum
content of 2.2%. This chemical composition, which is
commonly referred to as urea-grade (UG), improves
the corrosion resistance of the stainless steel plate
material in urea service. All of the welding had been
performed with urea grade electrodes, depositing near-
ly fully austentic weld deposits of less than 2% ferrite.

hi 1983, after several years of operation, fluid was
observed leaking from the weep holes located in the
lower two shell courses of the vessel. The vessel was
taken off-line immediately and subjected to a thorough
internal inspection.

This inspection revealed cracking in the stainless
steel lining. Most of the cracking was located in the
knuckle radius of the bottom head, particularly in the
vicinity of the 6 in.(15.2 cm) diameter inlet nozzle.
The lining in this area had been repaired several times
previously. Cracking was also observed in the vicinity
of the bottom head-to-shell circumferential weld. This
cracking, which was apparent on both the head and

shell sides of the weld, is illustrated hi Figure 2.
The cracks in the stainless steel lining over the

inside of the head, which ranged in length from 0.250
in. to 7 in. (6.4 mm to 178 mm), were primarily con-
fined to an area which measured 12 in. in height by 24
in. in circumference (30.5 cm by 61 cm). Exploratory
grinding confirmed that several of the cracks in this
area had penetrated through the full cross-sectional
thickness of the stainless steel lining.

Due to the extent and severity of the cracking, a
decision was made to cut out this stainless steel plate
segment in its entirety from its location in the head,
rather than performing localized repairs. Overall pho-
tographs of the bottom head of the vessel subsequent
to the removal of the initial plate segment are provided
in Figure 3. The initial plate segment itself is similarly
illustrated in Figure 4. It should be noted that when the
plate segment was removed, a gap of approximately
0.500 in. (12.7 mm) was discovered between the stain-
less steel lining and the carbon steel head.

To confirm the nature of the cracking which had
developed in this plate segment, it was subjected to a
detailed metallurgical evaluation. As the first stage of
this evaluation, it was inspected nondestructively by
the liquid penetrant and radiographie examination
techniques to delineate the full extent of the cracking.
The results of the liquid penetrant examination are
illustrated in Figure 5, while the results of the radi-
ographie examination are illustrated in Figure 6. Both
techniques revealed the presence of extensive cracking
and fissuring. The cracking, which was primarily cir-
cumferential in nature, was most severe at a distance
of approximately 3 in. (76.2 mm) from the outer edge
of the plate section. This would be in the area where
the lining would undergo the most flexing, particularly
in light of the 0.500 in. (12.7 mm) gap which existed
between the lining and head.

Subsequently, one of the cracks in the stainless steel
plate segment was cross sectioned. A subsegment was
removed from this cross section, mounted in bakélite,
surface ground, polished, and etched using a suitable
reagent This subsegment is shown subsequent to met-
allographic preparation at magnifications of IX (1
diameter) and 10X (10 diameters) in Figure 7. The
cracking in this area, which extended 0.110 in. (2.79
mm) or 14% into the available cross-sectional thick-
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Figure 1. Multüayered reactor vessel.

Figure 2. Cracking adjacent to
circumferential weld.

Figure 3. Bottom head after removal of lining
section.

ness, is further detailed in Figure 8. It was transgranu-
lar in nature, typical of cracking produced by fatigue.

The results of the metallurgical evaluation conflnned
that the cracking in the lining was the result of both
thermal and mechanical fatigue. The thermal fatigue
was produced by the flow of ammonia through the
inlet nozzle which produced frequent temperature
cycling and the associated expansion and contraction
of the plate material. The mechanical fatigue was
caused by significant hoop stresses associated with the
operating pressure. Under normal circumstances, these
hoop stresses would not have posed a problem. In this
particular case, however, the lining was essentially
unsupported as a result of the gap which existed
between it and the shell, and thus was subject to higher
stress levels than anticipated. The cyclic nature of
these stresses resulted in mechanical fatigue. The loose
lining thus could be considered a manufacturing defi-
ciency.

Ï/5X

1/5X

Figure 4. Plate segment removed from bottom
head.
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7/8X

Î/SX

Figure 5. Plate subsequent to liquid penetrant
examination.

Figure 6. Print of radiographie film recorded on
plate segment.

0.110"

Figure 7. Cross section removed from
plate segment.

Figure 8a. Cracking in plate segment.

100X 500X

Figure 8b. Additional views of cracking.

AMMONIA TECHNICAL MANUAL 236 1996



The thermal and mechanical fatigue produced grad-
ual crack initiation followed by crack progression.
The initial cracking probably occurred at least 1 to 2
years prior to the discovery of the leak. These cracks
would not have been readily apparent during normal
visual examination, or even liquid penetrant examina-
tion. This is due to the fact that once the internal pres-
sure is released, the lining springs back, effectively
"closing" any minor cracks that might exist. Similar
difficulties have been encountered in detecting the
early stages of cracking in a number of other reactor
vessels utilizing stainless steel linings.

The original equipment manufacturer (OEM) and
several other fabricators involved in the design and
fabrication of multilayered pressure vessels inspected
this reactor vessel and indicated that it could not be
repaired in the field. Rather, it would have to be dis-
mantled and shipped to one of their respective fabrica-
tion shops. Despite the concerns raised by these ven-
dors, a decision was made to repair this vessel in
place.

The proposed repair involved removing the original
lining and overlaying the bottom head by welding.
This technique had been used successfully on other
multilayered pressure vessels and was considered
entirely feasible in this application. Moreover, such a
repair was considered to be permanent.

Initially, a cut was made in the lining by arc-air
gouging. This cut, which was located approximately 1
in. (25.4 mm) below the bottom head-to-shell circum-
ferential weld, extended around the entire circumfer-
ence of the vessel. The lining in the bottom head was
then cut into small segments so that it could be
removed through the manway.

The bottom head was then prepared for preheating.
This involved attaching thermocouples and resistance
heaters to the outside diameter surface in such a man-
ner as to ensure controlled and uniform heating.
These resistance heaters were then covered with insu-
lation and raised to a temperature of 300T (149°C).
The preheating was performed to minimize the resid-
ual stresses in the stainless steel weld deposit. At the
same time, it would produce a favorable microstrac-
ture in the heat-affected zone of the bottom head,
which represented a carbon steel forging.

Once a uniform preheat temperature was achieved,

the bottom head was overlayed by welding. The weld
overlay, which would have a total thickness of 0.250
in. (6.4 mm), involved multiple passes completed
using the shielded metal arc (SMAW) or "stick" elec-
trode welding process. The first pass was made with
AWS E-309L-16 stainless steel electrodes to counter-
act the effect of dilution. The initial stringer beads
were deposited between the remaining stainless steel
lining and the bottom head. Typical weld sections are
shown in Figure 9. The remainder of the first pass was
then deposited in a spiral pattern centered around the
midpoint of the bottom head. The view in Figure 10
shows the initial welding stage.

Once the initial pass was complete, four additional
passes were applied using AWS E-316-15 stainless
steel "urea grade" low ferrite electrodes. During the
welding of the third, fourth, and fifth layers, the pre-
heat temperature was decreased to 100T (38°C).

After the weld overlay on the bottom head was com-
plete, the vessel was tested hydrostatically at 4,000 psi
(27.6 MPa) for 30 min. The water was then drained
and the vessel was reinspected. This reinspection
revealed numerous minor fissures in the stainless steel
lining. These fissures were located immediately above
the bottom head-to-shell weld in the same general
vicinity as the cracking hi the bottom head. To a cer-
tain extent, they had been apparent during the original
inspection of the vessel, but now they appeared to be
more severe and were present over a larger area. More
than likely, these fissures opened up slightly during
the hydrostatic test.

These fissures were ultimately ground out. Most
were extremely superficial in nature but several isolat-
ed fissures extended as much as 0.250 in. (6.4 mm)
into the available cross-sectional thickness of the
stainless steel lining. The resultant cavities were
repaired by welding using urea grade (low ferrite)
AWS E-316L-15 electrodes.

Once this repair was complete, the vessel was
returned to service. It operated uneventfully for sever-
al years.

Case History B

In September 1993, carbamate vapor was observed
leaking from the weep holes in this same reactor ves-
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sel. It was brought off-line immediately for inspection.
Due to concerns raised by the failure of another reac-
tor vessel of similar design, a decision was made to
remove the trays and also the tray supports. When the
tray supports were removed, plant personnel discov-
ered two areas where the stainless steel lining was
subject to significant corrosion. In both instances, the
corrosion had developed behind tray supports where
the weld connecting the tray support to the lining con-
tained incomplete penetration weld defects.

Close-up photographs illustrating the first area sub-
ject to crevice corrosion at the ninth tray elevation are
provided in Figure 11. A detailed visual examination
of this area confirmed that the corrosion had penetrat-
ed through the full cross-sectional thickness of the
stainless steel lining and the dummy wrapper, but had
not affected the first wrapper plate. The width of the
hole produced by the corrosion was approximately
0.250 in. (6.4 mm).

Close-up photographs of the second area where cor-
rosion had occurred, behind a tray support at the third
tray elevation, are provided in Figure 12. In this
instance, the corrosion had penetrated through almost
the entire cross-sectional thickness of the stainless
steel lining. Only a thin layer remained.

Once the preliminary visual examination of the reac-
tor was complete, discussions were held to determine
the most suitable method of repair. On a general note,
the primary consideration when repair welding a urea
reactor vessel or any other type of multilayered reactor
vessel equipped with a stainless steel lining is to avoid
welding or fusing the lining to the shell. If the lining is
attached to the shell inadvertently, the movement of
the lining will be restrained during service. This will
introduce cyclic stresses into the lining, and if these
stresses are high enough, may result in cracking in the
lining. (The only exception to this involves those areas
where the lining is attached to the shell during original
fabrication.)

The repair welding procedures ultimately developed
and followed were designed to avoid fusion between
the lining and the dummy wrappers, and also in the
case of the corrosion at the ninth tray elevation, fusion
between the dummy wrapper and the first wrapper
layer. In both cases, the welding procedure specified
that the welding would be performed by the gas tung-

sten arc (GTAW) or "TIG" welding process using
qualified welders. The filler material specified
involved 25-22-3 lOLMo. A minimum preheat temper-
ature of 400°F (204°C) was used to reduce residual
welding stresses.

The repair procedure at the ninth tray elevation is
illustrated in the sketches provided in Figure 13. The
upper sketch illustrates the existing cavity, while the
lower sketch illustrates the proposed welding se-
quence. As shown, the 0.250 in. (6.4 mm) diameter
hole in the dummy plate was left in place. Initially,
some consideration was given to plugging this hole
with a suitable material, i.e., a material which would
not fuse to the weld deposit to be made in the stain-
less steel lining. After some thought, however, it was
decided to leave the hole unplugged. It would not
compromise the integrity of the vessel, but rather
would act as an extra weep hole.

The root gap was bridged by gradually building up
the side wall. Moreover, during the repair welding
process, care was taken to ensure that the weld deposit
did not burn through the feather edge of the stainless
steel lining, inadvertently fusing the lining to the
dummy wrapper.

The repair procedure developed for the crevice cor-
rosion at the third tray elevation was slightly less diffi-
cult to complete as the corrosion did not extend
through the entire cross-sectional thickness of the
stainless steel lining. Thus, it would only be neces-
sary to fill in the corroded area using 25-22-310LMo
filler material.

Case History C

Less than a year later in 1994, this reactor vessel was
brought off-line yet again when carbamate vapor was
observed leaking from the weep holes. The sub-
sequent hydrostatic test of the vessel revealed the pres-
ence of a leak in the lining at the ninth tray elevation.
The leak, which was identified by the backflow of the
water, was located at a tray support. The detailed visu-
al examination of the attachment weld which connect-
ed the tray support to the lining revealed "fingernail-
ing" in the lining side toe. This condition, which relat-
ed to rollover in the original weld and crevice corro-
sion during subsequent service is illustrated in the
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Figure 9. Weld at Interface between and
bottom head.

Figure 10. Typical appearance of remaining
weld overlay.

Figure 11. Perforation in liner at ninth tray
elevation.

Figure 12. Corrosion damage to liner at third tray
elevation.

• BOOTHS C4VITY- - PROPOSED REPAIR PROCEDURE -

Figure 13. Proposed repair procedure.
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close-up photographs provided in Figure 14.
To facilitate the inspection and repair of the lining,

the tray support was removed by grinding. The close-
up photographs provided in Figure 15 illustrate the
extensive spiderweb fissuring which was discovered in
the lining underneath the attachment weld.
Exploratory grinding of this fissuring confirmed that it
extended through the full cross-sectional thickness of
the lining (Figure 16). In fact, when the grinding was
complete, condensate was observed draining from the
annular space between the lining and the dummy
wrapper.

To confirm the cause of this cracking, small seg-
ments were removed and subjected to a detailed metal-
lurgical evaluation. This evaluation was performed
concurrently with the repair (which is discussed in
more detail below) so that the results could be used to
further refine the procedures used to complete the
repair.

An overall photograph of one of the lining segments
evaluated is provided in Figure 17. This photograph,
which was taken subsequent to the liquid penetrant
examination of the segment, reveals the fissuring that
was present. The subsequent metallographic examina-
tion of these fissures confirmed mat they were trans-
granular, but exhibited extensive branching. Their
appearance, which is illustrated in Figures 18 and 19,
was typical of stress corrosion cracking.

Stress corrosion cracking in austenitic stainless
steels requires three conditions to occur: sufficiently
high stress levels; a corrosive environment; a suscep-
tible material, hi this particular reactor vessel the nor-
mal operating stresses, the residual stresses from
grinding and welding, and the corrosive environment
combined to result in stress corrosion cracking. This
situation was further aggravated by the fact that the
thickness of the lining at this location was less than
that of the surrounding lining.

When the segments were removed for metallurgical
evaluation, some carbamate corrosion was observed in
the underlying dummy wrapper. To confirm the full
extent of this condition, a portion of the lining was
removed. This "window" revealed that the corrosion
had extended through the full cross-sectional thickness
of the dummy wrapper, leaving a 6 in. (15.2 cm) wide
crescent-shaped hole. There was also a channel or

groove extending to the right of the hole. This channel
would have been created as the carbamate traveled
toward the weep hole.

The pressure wrapper directly underneath the cres-
cent-shaped hole was also subject to corrosion. In this
case, however, the corrosion did not extend through
the full cross-sectional thickness of the pressure wrap-
per, or beyond the boundaries of the hole in the
dummy wrapper.

A decision was made to remove the accessible por-
tion of the dummy wrapper (Figure 20). The first pres-
sure wrapper would be repaired in place by weld over-
laying. Overall and close-up photographs illustrating
the shell subsequent to the removal of the lining and
the dummy wrapper are provided in Figure 21. The
channel which extended to the right of the leak was
chased until the reductions in wall thickness were less
than 0.125 in. (3.2 mm). (More extensive repairs
would not significantly increase the integrity of the
vessel, but would entail removing a relatively large
section of the lining.)

Once the cavities were completed, the area was
cleaned by grinding and power wire brushing to
remove scale and other surface debris (Figure 22).
The area was then preheated to a temperature of 400°F
(204°Q and the repair welding process began.

The first pressure wrapper was weld overlayed using
the shielded metal arc (SMAW) or "stick" electrode
welding technique. AWS E-7018 electrodes were used
in a diameter of 3/32 in. (2.4 mm). Welding was per-
formed using straight stringer beads with care taken to
minimize the starts and stops, while staggering the
ends of the overlay.

The completed weld overlay of the pressure wrapper
is shown in Figure 23. At the time this photograph was
taken, the weld overlay had already been ground flush
to facilitate the installation of the dummy wrapper
replacement section. They had also been inspected
using the liquid penetrant examination technique.
Recordable indications were not apparent within the
weld overlay. Moreover, they were not apparent adja-
cent to the edges of the cavity in the dummy wrapper
or the stainless steel lining.

Once the integrity of the weld overlay was con-
firmed, the dummy wrapper replacement plate was
installed. Prior to its installation, the dummy wrapper
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Figure 14. Leak location at ninth tray elevation« Figure 16. Views of exploratory grinding.

Figure IS. Fissuring underneath tray support. Figure 17. Lining segment subject to
metallurgical evaluation.
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.im Figure 20. Dummy wrap section subject to
corrosion.

Figure 18. Cross section removed from lining
subséquent to Metallographie examination.

Figure 21. Shell after removal ©f lining and
dummy wrap.

Figure If. Mlcrostructure at cracking.

Figure 22. Cavity subsequent to cleaning.
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Figure 23. Completed weld overlay en first
pressure wrapper«

Figure 24. Dummy wrapper after Installation of
replacement plate.

Figure 25. Fit-up of stainless steel lining
replacement.

Figure 26. Moot pass In stainless steel
replacement plate.

Figure 27. Weep
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plate had been rolled to the approximate radius of the
curvature of the shell, and bevelled to provide a single
vee joint configuration. To facilitate the fit-up, the
plate was cut vertically and then welded into position,
as shown in Figure 24. The final welds were ground
flush.

Subsequently, the replacement stainless steel plate
section for the stainless steel lining was cut and rolled
to the radius of the reactor vessel. After multiple mea-
surements of the cavity, the plate was cut to size and
fit up (Figure 25). The edges of the plate had been
bevelled, leaving a 1/4 in. (6.4 mm) land adjacent to
the outside diameter surface. This land would ensure
that the weld did not penetrate through the full cross-
sectional thickness of the lining, thereby reducing the
chances of fusing the stainless steel lining to the
dummy wrapper.

Once the fit-up was complete, the root pass was
made. The "TIG" welding process was selected due to
the consistently high quality welds and low likelihood
of lack of fusion (Figure 26).

During the course of this repair, an opportunity was
taken to install a total of 12 new weep holes in the ves-
sel. The new weep holes were installed 90° from the
existing weep holes and 6 in. (15.2 cm) closer to the
center of the can section. This action was prompted by
the discovery that some of the original weep holes
were plugged, most likely with carbamate salts formed
by the leak. The new weep holes would ensure proper
weep hole communication.

Prior to installing these weep holes, several prepar-
atory activities were performed. First, Section VIII of
the ASME Boiler and Pressure Vessel Code was
reviewed to determine the proper design of the new
weep holes. Once the design was established, a mock-
up was made so that the individuals installing the
weep holes could practice several times, thereby
becoming familiar with the process and developing the
skills necessary to perform it in a consistent and reli-
able manner.

The new weep holes were installed by initially drill-
ing a hole through the entire vessel including the stain-
less steel lining (Figure 27). This hole had a final
diameter of 0.125 in. (3.2 mm). A 0.250 in. (6.4 mm)
diameter hole was then drilled from the inside diame-
ter of the vessel through the stainless steel lining sec-

tion only. The drilling was performed very carefully to
minimize the amount of material removed from the
stainless steel lining and the underlying dummy wrap-
per.

The hole in the stainless steel lining was then welded
using the "TIG" process with 25-22-3 lOLMo filler
material. To reduce the likelihood of fusing the stain-
less steel lining to the carbon steel dummy wrapper
during welding, a 0.125 in. (3.2 mm) thick stainless
steel plug was inserted into the bottom of the hole.

These procedures confirm how with careful inspec-
tions, metallurgical evaluations, and carefully prepared
supervised welding procedures, the life of this type of
equipment can be extended for many years and even
decades.

Case History D

A routine inspection of a urea reactor vessel located
in the U.S. midwest revealed cracking on the outside
diameter surface of the reactor vessel shell, represent-
ing one quadrant of the shell circumference. The
cracking was particularly severe in the top courses, but
some cracking was also apparent on the bottom course
above the lower dished head.

This reactor vessel, which is shown in the overall
photograph in Figure 28, was originally designed and
fabricated by a firm in West Germany. The design con-
ditions involved 2,374 psi (16.4 MPa) and 380°F
(193°Q.

The shell of this vessel consists of four courses
joined by butt welds. Each of these courses is made up
of 12 separate layers of 0.274 in. (7 mm) thick carbon
steel plate. The top and bottom heads, which represent
solid carbon steel forgings, are joined by welding to
the layered shell sections.

The vessel is equipped with a stainless steel lining.
This lining was fabricated from plate material equiva-
lent to a AISI Type 316L designation which was fur-
nished with a thickness of 0.394 in. (10 mm).

The photographs provided in Figures 29 and 30
illustrate the cracking as it appeared during the origi-
nal inspection of the vessel. The photographs in
Figures 31 and 32 illustrate the cracking as it appeared
subsequent to sandblasting and liquid penetrant exami-
nation. The cracking was found exclusively in the two

AMMONIA TECHNICAL MANUAL 244 1996



Figure 28. Overall view of reactor vessel. Figure 29. Circumferential cracking in lower shell
course.

Figure 3®. Cracking in upper shell course.

outermost layers of the vessel. The twelfth layer con-
tained the most severe and extensive cracking, while
the eleventh layer contained only isolated cracking.
There was no evidence of cracking in the tenth layer.

To confirm the nature of the cracking which had
developed in the reactor vessel, a plate segment was
removed. This plate segment, which is shown in
Figure 33, was cross sectioned at representative loca-
tions. The subsegments removed from these locations
were metallographically prepared and examined at
higher magnifications. In all cases, the cracking exhib-
ited extensive branching, consistent with stress corro-
sion cracking. The typical appearance of this cracking
is illustrated in Figure 34.

The results of the visual and metallographic exam-
ination confirmed that the cracking in the two outer-
most pressure wrappers was the result of stress corro-
sion. Stress corrosion in carbon steel material is nor-
mally associated with caustic environments, but in this
application it was more than likely associated with
nitrates. The stress corrosion which occurred under-
neath the original insulation appears to have occurred
over a period of several years.
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Figure 31. Cracking as revealed by liquid pene-
trant examination.

Figure 32. Additional views of cracking as
revealed by liquid penetrant examination.

3/SX

34. Cracking In

Figure 33. Plate segment removed from vessel. Figure 35. Overall view of urea reactor vessel.
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Three major reactor vessel fabricators stated that the
vessel could not be repaired at the plant site, but
would have to be shipped to their respective pressure
vessel fabrication plants.

Once the cause of cracking had been established,
possible repair procedures were reviewed. It was
decided that entirely satisfactory weld repairs could be
made by either grinding out and repair welding the
existing cracks, or cutting out and replacing the affect-
ed plate segments. The decision regarding which
approach to use would be based on the density and
severity of cracking. In those areas with only mini-
mum cracking, localized repairs would be possible,
while in those areas with major cracking, it would be
more practical to cut out and replace the affected plate
segment. In either case, the repair welding would
restore this vessel to a level of integrity suitable for
continued service.

To provide additional confirmation that this
approach would be successful, the design of the vessel
was reviewed. This review confirmed that the initial
10 layers of the vessel shell provided the vessel with a
safety factor of 2.9 to 1. (Since the actual yield and
tensile strength values were higher than the minimum
design values, the real safety factor would be even
higher.) The results of this analysis confirmed that the
outer two shell layers were not strictly necessary to
ensure the integrity of the vessel at the design operat-
ing pressure. The proposed repair procedure should
thus be acceptable.

The repairs were completed successfully in accor-
dance with the procedure described, and the vessel
was returned to service.

Case History E

The urea vessel vessel shown in Figure 35 was
designed and erected by a midwestern firm in accor-
dance with their own proprietary specifications, and,
insofar as possible, the requirements of Section Vin of
the ASME Boiler and Pressure Vessel Code. It was de-
signed to operate at 3,850 psi (26.6 MPa) and 400T
(204°C).

The vessel was made up of 13 layers of wrapper
plates and one layer of dummy plates. It was equipped
with a stainless steel lining.

The wrapper plates were produced in accordance
with ASME Specification SA-212, Grade B, covering
"High Tensile Strength Carbon-Silicon Steel Plates for
Boilers and Other Pressure Vessels". They were 5/16
in. (7.9 mm) in thickness.

The dummy plates were produced in accordance
with ASME Specification SA-283, Grade C, covering
"Low and Intermediate Tensile Strength Carbon Steel
Plates Shapes and Bars". They were 3/16 in. (4.8 mm)
in thickness.

The stainless steel lining in this vessel was 0.375 in.
(9.5 mm) thick. The plates used in the fabrication of
the lining were produced in accordance with the
requirements of ASME Specification SA-240, Type
316L, covering "Heat-Resisting Chromium and
Chromium- Nickel Stainless Steel Plate, Sheet and
Strip for Fusion-Welded Unfired Pressure Vessels".

In October 1993, small quantities of gas were
observed escaping from the weep holes. The vessel
was brought off-line and inspected immediately. The
inspection did not reveal any obvious evidence of
cracking or other defect conditions in the stainless
steel lining.

As mentioned previously, it is often difficult to
detect cracks in the linings of high-pressure reactor
vessels. When the vessel is not in service, the lining is
not under pressure, and thus any cracks which are pre-
sent tend to close up tightly. This situation is further
complicated by the fact that the lining in a large vessel
may have a surface area in excess of 1,000 ft2 (107.6
m2). Moreover, if the vessel has been in service for
any length of time, this surface will be relatively rough
and porous, not entirely suitable for conventional non-
destructive examination techniques. Finally, the crack
or other defect condition may not even be exposed to
the surface; it may be located under a weld. These fac-
tors all combine to make the inspection of linings dif-
ficult and, at times, extremely frustrating.

Although, as a general rale of thumb, any leaks hi
the lining tend to be in fairly close proximity to the
weep hole where the weepage is observed; this is not
always the case. Thus, even though the initial inspec-
tion should focus on the "suspect" area, it may in time
encompass the entire vessel.

As the source of the leak in this particular vessel
could not be discovered after several days of visual
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Figure 36a. Strip lining in upper half of vessel Figure 36b, Additional view of strip lining.

Figure 37. Vertical seam weld in lower half of vessel liner.

and nondestructive examinations, a firm was con-
tracted to perform an inspection of the vessel using a
sulfur hexa-fluoride tracer gas. After several attempts
and extensive grinding of the baffle and the fillet
welds, a leak was discovered in the bottom half of the
lining.

The lining in the affected area was removed. In addi-
tion, the underlying sections of the dummy plate and

the first wrapper plate were removed. Superficial
channeling was observed in the dummy plate. This
channeling related to carbamate corrosion. Cracking
was observed in the wrapper. The cracking apparently
related to incomplete penetration in the original weld
deposit. More man likely it did not cause or contribute
to the leak. The affected sections of the wrapper plate,
dummy plate and stainless steel liner plate were
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replaced subsequently. The reactor was repaired and
returned to service.

A week later, gas and minute amounts of carbamate
were observed escaping from the weep holes. The
reactor was brought off-line again. Additional attempts
were made to locate the source of the leak. These
attempts, which included detailed visual and liquid
penetrant examinations, were concentrated in the
upper half of the vessel due to the fact that the weep-
age was most severe in that area.

These attempts proved unsuccessful. As a result, a
decision was made to strip line the upper half of the
vessel. Stainless steel linings can be repaired success-
fully using strip lining techniques. In some cases,
localized repairs have been performed over the exist-
ing lining. In other cases, the existing lining has been
removed. Regardless of how the strip lining is applied,
considerable care must be taken to ensure that it is per-
formed properly. Only highly experienced and quali-
fied welders should be utilized, and these welders
should follow low-stress welding procedures. (This
includes utilizing small diameter electrodes, stringer
beads, minimum between-pass grinding, preheating,
etc.)

Prior to welding it is imperative that the replacement
lining plate fits snugly against the underlying plate.
Considerable care must also be taken to ensure that the
welds do not penetrate into the carbon steel shell and
that the welds are sound, i.e., they do not contain
cracking, lack of fusion, or other deleterious weld
defects.

When the strip lining, which is shown in Figure 36,
was installed in upper half of this vessel, the vessel
was tested hydrostatically. This test was unsuccessful;
fluid was still observed escaping from the weep holes.

To refine the area in which the leak was located,
hydrostatic testing was performed in conjunction with
baffle blocking. Demineralized water was used on one
side of the baffle block. The water on the other side of
the block was treated with a chemical additive that
would serve as a tracer. Sulfate and phosphate were
used as tracers during two separate hydrostatic tests.
This testing confirmed the leak was located in the
lower half of the vessel within 7 ft (2.1 m) of the mid-
dle girth weld.

The original lining, which was still visible in the

lower half of the vessel had a very rough surface tex-
ture. In addition, discussions with plant personnel
indicated that it had been subject to some reductions in
thickness during the prior years of service. (The aver-
age recorded lining thickness was 0.264 in. (6.7 mm),
approximately 0.125 in. (3.2 mm) below the specified
original thickness.) The condition of the stainless steel
lining was consistent with 27 years of service in an
urea environment. More importantly, the level of dete-
rioration observed was not sufficiently severe to ren-
der the lining unfit for the intended service conditions.

The vertical seam welds in this portion of the lining
had been weld overlayed extensively in the past. In
some instances, the weld was 2 in. to 3 in. (50.8 mm to
76.2 mm) wide. The visual examination of the vertical
seam weld revealed corrosion undercutting at the toe
of the weld. In addition, porosity and corrosion pitting
were apparent at several locations. In other words,
these prior welds were not representative of desirable
and proper quality as would be preferred currently.
These conditions are illustrated in the close-up pho-
tographs provided in Figures 37 and 38.

Once the visual examination was complete, the
welds in the suspect portion of the vessel were
inspected using the liquid penetrant examination tech-
nique. To facilitate this inspection, the longitudinal
seam weld in the lining was ground flush (Figure 39).
As mentioned, the site of the original baffle fillet
welds had been ground flush previously.

The liquid penetrant examination of the welds in the
bottom half of the reactor vessel revealed eight sepa-
rate locations containing questionable indications.
The typical appearance of these indications is shown
in Figures 40 and 41. Exploratory grinding revealed
that six were very shallow, less than 1/16 in. (1.6 mm)
in depth. One other indication was slightly deeper
extending approximately 1/8 in. (3.2 mm) into the
available cross-sectional thickness. The final indica-
tion apparently extended through the full cross-sec-
tional thickness of the lining (Figure 42).

The segment of the lining containing this last indica-
tion was removed. Erosion was observed on the back
side of the lining confirming that a leak had existed at
this location. There was no evidence of corrosion on
the underlying dummy plate. Due to the fact that the
reactor vessel was brought off-line immediately.
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Figure 38. Additional views of seam weld.

Figure 39a. Vertical seam weld after flush grinding
and liquid penetrant examination.

Figure 40. YIew of indications Nos. 1 and 2.

Figure 41. View of indications Nos. 3 and 4.

Figure 39k Additional Yiew after flesh grinding
and liquid penetrant examination.

Figure 42. Indication No. 4 after
exploratory grinding.
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Figure 43. Liner segment after
removal from vessel.

Figure 45. Print of radiographie film recorded on
lining segment.

The lining was repaired in the area of this indication
and the vessel was tested hydrostatically. The hydro-
static test was held at 5,775 psi (39.8 MPa) for
approximately 12 h. A pressure drop of approximately
40 psi (0.28 MPa) was observed. In addition, minute
quantities of water were observed dripping from the
weep holes.

There was some concern about the validity of the
hydrostatic test It was felt that temperature fluctua-
tions may have resulted in pressure fluctuations. In
addition, it was felt that the weepage from the weep
holes may have related to residual water trapped

between the shell layers during previous hydrostatic
tests of the vessel. As the hydrostatic test was not
definitively conclusive, a decision was made to return
the vessel to service. When the vessel was returned to
service, carbon dioxide was observed escaping from
the weep holes. This confirmed that a leak still existed
in a stainless steel lining.

The vessel was brought off-line again and several
welds were reinspected using the liquid penetrant
examination technique. A number of suspect areas
were repaired by welding and the vessel was hydro-
statically tested. The hydrostatic test was successful

Figure 44. Fissuring in liner segment as revealed
by liquid penetrant examination.

Figure 46. Photomacrograph and microstructure
at area of extensive crack branching.
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and the vessel was returned to service.
The lining segment which was removed from this

vessel is shown in Figure 43. This segment was sub-
jected to a detailed evaluation which included liquid
penetrant and radiographie examinations, and optical
microscopy. The results of the liquid penetrant exami-
nation are shown in Figure 44, while the results of the
radiographie examination are shown in Figure 45. A
comparison between the results of these two examina-
tion techniques confirmed that the subsurface cracking
was longer than the surface cracking. This strongly
indicates that the cracking may have initiated in a
seam weld beneath the surface of the liner, probably as
a result of residual welding stresses.

At higher magnifications, the cracking exhibited
extensive branching (Figure 46). This indicates that
stress corrosion was playing a contributory role.

Discussion

The case histories provided above illustrate some of
the failures that have occurred in urea reactor vessels.
For the most part these failures were caused by ser-
vice-related deterioration, either alone, or in conjunc-
tion with a defect introduced during manufacturing or
fabrication. The service-related deterioration encom-
passed a variety of different mechanisms including
thermal fatigue, mechanical fatigue, crevice corrosion,
and/or stress corrosion cracking.

Regardless of the cause, the failures were always
revealed by carbamate vapor or fluid escaping from
the weep holes. This illustrates the importance of
properly maintaining weep holes to ensure that they
are free of rust or other deposits that could interfere
with their effective communication. It also illustrates
the importance of inspecting weep holes carefully, and
on a regular basis. The sooner a leak in the lining is
discovered, the less corrosion will have an opportunity
to occur in the underlying shell. This minimizes the
extent of repairs. Perhaps, more importantly, it rules
out the possibility of a catastrophic failure.

These case histories also document the difficulties
sometimes associated with identifying a leak in a lin-
ing. This difficulty relates to a number of factors
including the spring-back which takes place in a lining
when it is depressurized, the extremely large surface

area which may have to be inspected, the surface con-
dition of the lining which is generally rough and
porous, and the fact that any cracking or corrosion pre-
sent in the lining may be partially hidden by a weld.

As discussed herein, it is generally advisable to
focus the initial inspection of the lining on the area
which is in close proximity to the affected weep holes,
although ultimately, it may be necessary to expand the
scope of inspection. The inspection should include
detailed visual examinations, and possibly liquid pene-
trant or fluorescent penetrant examinations. If crack-
ing cannot be discovered using these nondestructive
examination techniques, it may be necessary to resort
to tracer gas, or hydrostatic testing using baffle block-
ing. These techniques will refine the area in which the
leak is located.

Once the leak is located, it is possible to perform
permanent repairs in the field. It must be emphasized
however, that repairs of multilayered reactor vessels
are not of a routine nature, and should not be under-
taken lightly. Prior to performing any repairs, several
preparatory actions should be taken. This includes
establishing the cause of failure, and reviewing the
operating parameters and the applicable codes. Using
this information, a suitable repair procedure can be
established. Special low stress welding procedures
should be followed. These include buttering and
stringer bead techniques, small diameter electrodes
and preheat (Thielsch and Cone, 1993). The shielded
metal arc welding process generally is preferred,
except for some locations where the inert gas tung-
sten arc welding process should be used. It is essential
that all repair welding is performed under the continu-
ous supervision of highly trained and experienced
welding engineering personnel familiar with the spe-
cial procedures that must apply to this type of welding.
At that point, the welders who are performing the
repairs can then be qualified, and if necessary, trained
so that they are fully familiar with the special repair
procedures needed. In most instances it is also very
important that the welders are trained on mockups and
demonstrate high levels of skills.

Routine periodic inspections coupled with proper
repair techniques can significantly extend the useful
life of multilayered urea reactor vessels.
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DISCUSSION
Othman Al-Muihim, National Chemical Fertilizer
Co.: Commenting on the previous article regarding
dangers of having one layer in urea reactors, we have
been operating a urea reactor in our plant for more
than 30 years with just one layer 316L liner without
any major problems, provided a frequent inspection is
carried out. For example, scanning of the vessel is
done every two years and an annual turnaround is
done for the reactor, as well as an internal inspection
of all the liner. Provided also that you maintain enough
passivation of air during normal operation. I have two
questions...
Thielsch: I prefer two stainless layers, too. The prob-
lem is when you have a vessel with only one layer,
you have to make a choice: you keep running it or you
replace the vessel. I agree two layers are better than
one.
Al-Mulhim: You didn't mention anything about stress
relieving in Case A where you had to gouge a lot of
area (I think 12 in. x 24 in.) of the bottom forging of
the urea reactor. Do you think that this relieving is not

required at that stage? Secondly, also for the first case,
do you have a plan to be conducted to replace a reac-
tor after this big incident with that much of a gouge
out at the bottom forging?
Thielsch: I'm not sure I fully understood your ques-
tion. Concerning the parent to the bottom forging, of
course, we have had no corrosion to the bottom forg-
ing itself so the weld overlay was applied to it. We
applied a high preheat. There, the preheat was 400°F
(204°Q; normally, I prefer 500°F (260°C) or a higher
temperature. We did not consider it necessary to do a
stress relieve treatment as you would do to a new con-
struction. In answer to your second question, we cut a
section out of the stainless steel liner and also we cut a
section of the first dummy plate completely. There was
little corrosion in the first wrapper plate of 21 plates,
and that was repair welded by grinding out the corrod-
ed area, weld overlaying and grinding it smooth, and it
was fully restored to the original thickness. Then we
put in a new dummy plate and a new stainless steel
liner. We fully restored it to its original conditioa
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