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A Secondary Urea Reactor (R3404) in an urea plant experienced a rapid de-pressure event

due to failure and launching of the top flange head.  The failure of the top flange head was

attributed to environmental stress cracking. The event caused the complete contents of the

reactor to be released to atmosphere. The event also caused external damage to the vessel,

vessel foundation, and surrounding equipment and buildings.  This paper discusses the

causes of the failure, the effects on the facility, the process of investigating the incident,

and the detailed metallurgical findings, including welding parameters for the low alloy steel

reactor.

The authors analyzed factors which caused different cracking categories from material, stress

and media, gave advice on the leak detection of urea reactors: either the quality and flow of

the leak detection steam should be strictly controlled, or better leak detection method should

be used.
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process of investigating the incident, and the detailed metallurgical findings, including welding 

parameters for the low alloy steel reactor. 
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Introduction 

n Thursday, September 30, 2010 at 6:30 
pm, Urea Reactor R3404, shown in 
Figure 1, ruptured at the Coffeyville 

Resources (CVR) Plant in Kansas.  A loud noise 
was heard by personnel at the plant.  The 
complete contents of the reactor were released 
to atmosphere.  There were no injuries, fires or 
offsite environmental impact from the incident. 
 
After the incident, the investigation team 
performed an on-site assessment to document 
the condition of the Urea Reactor vessel and the 
observed damage to surrounding equipment and 
structures.  The thrown top flange and head 
were examined at the CVR plant, and then they 
were sent to an independent lab for further 
examination.  The following tasks were 
performed to understand the cause of the 
incident.  
 

 

 
Figure 1.  Urea reactor tower R3404  
before the incident. 

 

O 
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 The top flange was dye penetrant-inspected 
to determine if secondary cracks were 
evident. 

 The mating top flange fracture surface was 
examined. 

 After removing the boiler feed water jacket, 
the bottom shell-to-head weld was visually 
examined and dye-penetrant inspected. 

 Metallurgical assessments were performed 
on several samples sent to the lab to 
determine their failure mechanisms.  These 
samples included the fractured top flange, 
the fractured shell that matched the top 
flange, and the cracked bottom shell-to-head 
weld.  The tasks performed included visual 
observations, microstructure analysis, 
fracture assessment, hardness testing, 
chemical analysis of the steel and stainless 
steel items on the Urea Reactor vessel, and 
energy dispersive X-ray (EDS) analysis of 
deposits on the fractures.  

 During the on-site visit, the near and far-
field damage to buildings and structures was 
assessed.  The on-site effort was focused on 
documenting and measuring the damage 
caused by the air blast that resulted from the 
rupture of the vessel (pressure vessel burst).  

 Two analyses were performed to determine 
whether a higher than normal pressure event 
had occurred inside the vessel or whether 
the failure occurred at normal operating 
pressures.  One analysis was a component 
throw analysis of the top flange that landed 
385 feet from the vessel.  The other analysis 
calculated the residual strength based on the 
observed fracture features and the assumed 
remaining strength of the shell-to-top flange 
weld.  

 

 
Figure 2.  Drawing showing the location of 
the top and bottom shell-to-head welds. 

 
Vessel background 

The Urea Reactor was a jacketed vessel with 
boiler feed water in the jacket.  The vessel had 
an inside diameter of 48 inches (1.22 meters) 
and was 88 feet tall (26.8 meters). A boiler 
feedwater jacket covered the full height of the 
reactor shell and was welded to the forged top 
flange. The jacket was incorporated for heat 
recovery purposes only. The vessel shell wall 
was comprised of fourteen layers plus a 
stainless steel liner and stainless steel overlay at 
the top flange and bottom head.  Figure 2 shows 
a detail on the Urea Reactor vessel and the 
locations of the top flange and bottom head.  At 
the time of the incident, the vessel was in stable 
operation at an internal pressure of about 
3,600 psig (24.82 MPa) at a temperature of 
390 oF (199 oC).  Prior to the incident, the 
history of the vessel was as follows: 
 

 The Urea Reactor was designed 
according to ASME Section VIII 1995 
Edition. 

 The vessel was fabricated and certified 
in 1998. 

 The vessel was put in service in October 
2000. 

 Internal inspections were performed in 
2006, 2008 and 2009. 
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 No external shell wall integrity 
inspections were performed due the 
presence of the jacket. 

Vessel Materials of Construction 

The materials of construction for the items 
examined are shown in Table 1.  The 

engineering drawing of the top flange indicated 
that the material was SA-508-4N, which is a 
steel alloyed with chromium and nickel.  
Cracking was found in locations where the SA-
508-4N material was welded.  The overlay and 
liner were stainless steel.   

 
Table 1.  Materials of Construction for the Urea Reactor Components 
Item Material of Construction 

Jacket   Carbon steel, (ASTM SA-516, Grade 70N)  
Shell (14 Layers) Carbon-manganese-silicon steel, (ASTM SA-724 Grade B) 
Top Flange and Bottom Head Alloy steel, (ASTM SA-508-4N Class 3) 
Liner ¼ inch thick, Type 310LMO  Stainless Steel, Sandvik 2RE69 
Overlay  Type ER309MOL Stainless Steel, Sandvik 2RM69 

 
 
Vessel Damage Observations 

During the on-site investigation, the following 
damage to the Urea Reactor was identified:   
 
 The Urea Reactor vessel was leaning to the 

northwest against another vessel, as shown 
in Figure 3. 

 The boiler feed water (BFW) jacket had a 
longitudinal split on the southwest side, as 
shown in Figure 4. 

 A portion of the BFW jacket was thrown 
and lodged into the pipe rack southeast of 
the vessel. 

 The Urea Reactor vessel skirt was buckled 
and the foundation was damaged (Figure 5).  

 The top flange and attached head from the 
vessel were thrown about 385 feet (117.4 
meters) to the southeast.  

 The thrown top flange and attached head 
were removed from the ground, as shown in 
Figure 6, and examined.   

 The top of the vessel, shown in Figure 7, 
was visually examined.  The fracture 
occurred at the interface between the top 
flange and the weld to the shell. 

 Multiple radial cracks were observed in the 
fracture and weld around the full 
circumference, shown in Figure 8.  

 After removal of the BFW jacket, cracks 
were evident at the lower shell-to-head 
weld, shown in Figure 9. 

 

 
 Figure 3.  Urea reactor tower R3404 after 
the incident. 
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Figure 4.  South side of the urea reactor 
and the BFW jacket. (The arrow shows the 
longitudinal split in the water jacket.)  

 
 
 
 

 
Figure 5.  Buckled urea reactor skirt. 

 
 

 
Figure 6.  Top head of the urea reactor 
after recovery from the impact site. 

 
 
 
 

 
Figure 7.  Top view of the fractured top 
flange weld (arrow indicates north). 
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Figure 8.  Top view of the fractured top 
flange weld on the southeast side. 
 
 

 
Figure 9.  Lower shell-to-head weld showing 
radial and circumferential cracks after dye-
penetrant inspection. 

 
Blast Damage Assessment 

Structural damage to buildings in the plant was 
present but not extensive.  The observed damage 
was inspected and described as minor, 
moderate, or severe.  Minor damage is defined 
as cosmetic damage to building skins or limited 
window breakage; moderate damage is defined 
as significant damage to building skins; and 
severe damage is defined as limited failure of 

building skin components with potential damage 
to main structural frame members.  The 
following summarizes the observations: 

 Steel Urea Reactor skirt was collapsed. 

 The Urea Reactor foundation was displaced 
downward and canted to the west. 

 No damage to main structural members of 
buildings was observed, but there were 
significant areas where failure of cladding 
components was observed.   

 Minor and medium to severe structural 
damage to light steel buildings occurred 
within 75 feet (22.9 meters) of reactor, 
representing the worst case building damage 
observed in the facility from the event. 

 Minor damage to light steel buildings, 
cooling towers, and some glass breakage 
occurred at distances up to 500 feet (152.4 
meters) from the reactor.   

 No indications of damage to windows or 
buildings were found beyond approximately 
550 feet (167.6 meters) from the reactor. 

 
 
Dye Penetrant Inspection 

Red dye penetrant examination was performed 
on the top flange and bottom head to accent the 
cracks, as shown in Figure 10.  The top flange 
had indications of many radial cracks, as shown 
in Figure 11.  Also, thirteen indications of 
cracks were found in the top flange radius 
region, the portion of the flange just outside the 
flange-to-shell weld water jacket, but inside the 
jacket.  Figure 12 shows a close-up of two crack 
indications near the 3 o’clock position.  Figure 
13 illustrates the top flange and outer radius 
cracks.  
 
The lower shell-to-head weld was also dye 
penetrant inspected.  Similarly, the lower shell-
to-head weld had indications of radial cracks 
and circumferential cracks at the toe of the weld 
(juncture between the weld and head at the 
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exterior surface).  Figure 9 shows the cracks 
found in the bottom shell-to-head weld and at 
the toe of the weld.  Figure 14 shows the 
location cracks in the bottom head.  
 
In summary, this demonstrated that cracks were 
evident in the top flange radius region on the 
outside surface, and cracks were found on the 
outside surface of the bottom shell-to-head 
weld.  These regions were exposed to boiler 
feedwater.  
 
 

 
Figure 10.  Top flange fracture surface after 
cleaning and dye penetrant inspection (The 
arrows show the locations of the thirteen 
crack indications in the flange radius 
region). 
 

 
Figure 11.  Top flange fracture surface 
features at 1 o’clock position (arrow shows 
location of a radius region crack). 

 

Figure 12.  Close-up of the crack indications 
in the top flange radius region found near the 
3 o’clock position. 
 
 
 
 

 
Figure 13.  Drawing showing the top flange 
configuration and the fracture location. 

 
 

Radius Region 
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Figure 14.  Drawing showing the bottom 
head. 

 
 
Metallurgical Analyses 

Visual examination and dye penetrant revealed 
six distinct cracking/fracture regions on the 
vessel identified below:  
 

1. Circumferential fracture at the top flange 
weld.  

2. Circumferential and radial cracks at the 
bottom shell-to-head weld. 

3. Multiple radial cracks through the top 
flange weld. 

4. Final fracture of the top flange weld and 
the liner. 

5. Top flange radius region cracks.  
6. Water jacket failure. 

 
To understand these crack/fracture regions, 
metallurgical samples were taken from the top 
shell wall-to-flange weld and from the bottom 
shell-to-head weld.  “Crack” is defined as a 
discontinuity created by the separation of atoms 
under stress.  A “fracture” is defined as the 
surface formed when a component separates 
into multiple fragments. The samples were cut 
from the vessel and analyzed.  Visual 
observations were made, and testing was 
performed that included microstructure analysis, 
hardness testing, and chemical analysis of the 
steel. 

The samples evaluated included: 
 
The Thrown Top Flange: A 360-degree ring was 
cut from the top flange that included the 
complete fracture surface.  This 360-degree ring 
was cut into seven equal sections for 
manageability. 
 
The Shell-to-Top Flange Weld: The shell-to-top 
flange weld, including the mating fracture, was 
cut from the vessel as a 360-degree ring sample, 
which was cut into seven equal sections for 
manageability. 
 
The Shell-to-Bottom Head Weld: The bottom 
head was cut from the vessel using a water jet 
cutter.  The circumferential cut was made 
through the weld.  A 3½-inch (89 mm) thick 
ring was machined from the flange that included 
the region with the observed weld cracking. 

Circumferential Fracture at the Top Flange 

Weld  

The top flange fracture surface was 
circumferential and coincided with the top 
flange weld.  Figure 15 illustrates the observed 
fracture features. The fracture was contaminated 
by debris from impact with buckets, pallets, and 
dirt.  Residual material from each of these was 
embedded in the fracture, but the debris was 
removed and did not affect the fracture 
evaluation. 
 
The top flange fracture actually occurred along 
the interface between the flange and the shell-
to-flange weld.  The fracture plane was 
perpendicular to the axis of the vessel 
(horizontal when the vessel was upright).  The 
fracture surface had an irregular topography 
except near the inner surface where there was an 
overload shear lip, indicative that this was the 
final fracture. 
 
Nearly the entire top flange fracture surface had 
a black discoloration (Figure 8), that was 
evident completely around the fracture and 
nearly completely through the flange weld 
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thickness of 5-5/16 inches (128.6 mm).  The 
black discoloration indicated that this part of the 
fracture was not recent; the flange had been 
cracked for some time before the incident.  This 
was further confirmed because removal of the 
black discoloration was difficult when the 
fractures were cleaned in the lab.  It was not 
possible to determine when the fracture 
occurred, but the time frame could have been 
several years or more before the incident.   
 

 
Figure 15.  Illustration of the fracture 
features for the top flange (Note that the 
east and west directions are reversed in this 
view). 

 
The fracture surface also had regions containing 
a white deposit material.  Energy dispersive X-
ray spectroscopy (EDS) indicated that these 
deposits were principally residue from the boiler 
feed water.  Silicon, calcium, and phosphorus 
were commonly found in the deposits.   
 
The mating top flange fracture on the vessel, 
shown in Figure 7, was examined in place by 
surveying it from a lift basket.  This side of the 
fracture had similar features to the other mating 
fracture on the flange, which included dark 

discoloration, a flat fracture, white material on 
the surface, and irregular topography.  
 

 
Figure 16.  Radial profile for the top flange  
near the northwest side of the vessel.  The 
inside vessel surface is on the left side.   

 
The circumferential fracture/crack at the 
interface between the flange and the weld was 
examined in several locations.  Radial cross 
sections, like that shown in Figure 16, showed 
the crack extending along the weld heat affected 
zone (HAZ) adjacent to the flange.  There did 
not appear to be a “butter layer” at the interface.  
A “butter layer” is an overlay weld applied to 
the flange over the face that will be joined to the 
shell.  The butter layer is applied before 
attempting to connect the flange and shell.  
After the butter layer is applied, the flange is 
required to be stress relieved per ASME Section 
VIII, Paragraph ULW-26.  Figure 17 shows the 
interface between the flange and the weld.  
 
Optical microscopy revealed that intergranular 
cracking was evident at the toe of the weld, at 
the outside surface, and along the HAZ, shown 
in Figure 18.  Fracture surface features also 
showed intergranular fractures (Figure 19).  The 
cracks initiated from the outer surface and then 
extended along the HAZ between the top flange 
and the weld.  The intergranular cracks were 
typical of an environmental stress cracking 
mechanism.

  

Top Flange 
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Figure 17.  Radial fracture profile for the top 
flange weld.  

 
Figure 18.  Environmental crack at the toe of 
the top flange weld. 

 
Figure 19.  Intergranular fracture near the 
outside surface.  Original magnification: 150x 

Multiple Radial Cracks at the Top Flange 

Weld 

The region with radial cracks in the top flange-
to-shell weld, similar to those shown in Figure 
7, was sectioned.  The cracks extended through 
the weld and stopped at the base metal.  The 
cracking was intergranular and extended along 
columnar grains in the weld.  The radial cracks 
were the result of applied and residual stresses 
in the presence of the boiler feed water.  This 
resulted in environmental stress cracking.  

Circumferential and Radial Cracks at the 

Bottom Shell-to-Head Weld 

Circumferential and radial cracks were evident 
from the dye penetrant inspection at the bottom 
head, as shown in Figure 9. The cracks had not 
progressed as far as the top flange cracks and 
did not result in a failure.  Some radial cracks 
extended about 3.5 inches (89 mm) from the 
outside toward the inside surface.  Figure 20 
shows the circumferential crack extending along 
the HAZ. 
 
The radial cracks extended from the toe of the 
weld at the flange to the weld interface, 
coinciding with the circumferential crack.  
Optical microscopy showed similar 
intergranular cracks in the weld HAZ as found 
at the top flange. 
 

 

Figure 20.  Radial Section through the lower 
shell-to-head weld. 

Bottom Head  Outside Surface 

Weld  

Outside Surface 

Outside Surface Fracture 
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Final Fracture of the Top Flange Weld and 

the Liner 

The top flange final fracture occurred at the 
inner-most ligament of the weld, as indicated by 
the shear lip.  This showed that the crack origin 
did not occur on the inside surface.  This lip was 
slanted and was not discolored like the 
remaining portion of the fracture.  It was also 
noted that the shear lip extended about 70% 
around the circumference of the fracture, as 
shown in Figure 15.  The shear lip thickness 
ranged from about 0.6 to 1.6 inches (15.2 to 
40.6 mm)   in width in the carbon steel shell and 
weld.  The liner also had a shear lip fracture.  
 
The remaining 30% of the fracture was flat and 
not indicative of a shear fracture.  This region 
was located from the north to the west 
orientation on the vessel, as shown in Figure 15 
by the lack of a ligament (blue in the figure).  
This 30% region was discolored like most of the 
fracture.  This indicated that the vessel was 
cracked to the liner on the northwest side of the 
vessel prior to the failure.  It is probable that the 
final ligament first separated on the northwest 
side, and then the remaining ligament fractured, 
allowing the top flange to project toward the 
southeast. 
 
The stainless steel liner failed at the liner weld 
that joined the liner to the weld overlay in the 
top flange.  The liner weld fracture was 
indicative of a sudden overload as evident from 
the shear fracture surface.  There were no signs 
of pre-existing cracking.  In addition, the 
fracture was not significantly discolored, 
indicating that the fracture occurred at the time 
of the incident.  
 
On the northwest side, cracks were observed on 
the inner surface of the carbon steel shell, but 
not on the stainless steel liner.  The depth of 
penetration was on the order of 0.5-inch (12.7 
mm).  The cracks followed along the grains in 
an intergranular manner.  

Top Flange Radius Region Cracks  

Cracks in the radius region of the top flange 
were also examined (Figure 12).  The radius 
region was exposed to the boiler feedwater.  
Two of the thirteen locations that had radius 
cracks were sectioned, which revealed 
intergranular cracks that had repair welds, 
shown in Figure 21.  The reason for the repair 
welds was not determined.  The cracks looked 
similar to the crack pattern in which the 
circumferential cracks propagated.   
 

 
Figure 21.  Repair weld and crack evident in 
the top flange radius. 

 
The repair-welded regions had a high hardness 
in the HAZ that ranged from HRC 44 to 45.  It 
can be concluded that the repair weld had 
occurred sometime after overlay of the weld and 
before the jacket was welded to the flange 
(because the jacket is welded to the flange after 
the vessel is fabricated).  Although the repair 
welds were made before the vessel was in 
service, the intergranular nature suggests that 
the cracks occurred after the vessel was put in 
service.  The cracks were due to environmental 
stress cracking.   

Water Jacket Failure 

The jacket that was attached to the vessel failed 
at the jacket-to-flange weld.  Two sections of 
the jacket were thrown to the southeast.  The 
jacket that remained on the vessel had a 
longitudinal split on the east-southeast side of 
the vessel, as shown in Figure 4.  The jacket 
failed due to overload as the result of the Urea 
Reactor vessel fracture.  Throw direction of the 
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jacket fragments is consistent with the top 
flange separating first on the northwest side. 
 
Internal Pressure Assessment 

Two independent analyses were performed to 
determine the pressure in the Urea Reactor 
when the top flange separated.  One analysis 
was a component throw analysis of the top 
flange, which landed 385 feet (117.4 meters) 
from the vessel.  The 4-foot diameter top flange 
and attached head weighed approximately 
25,600 pounds (11,600 kg).  A surveillance 
camera recorded this projectile just before its 
impact at approximately 13 seconds after the 
burst, providing a flight time. 
 
The other analysis was of the residual strength, 
based on the observed fracture features and 
material strength of the shell-to-top flange weld.  
Using the estimated cross sectional areas for the 
liner/overlay and the remaining cross sectional 
ligament, the estimated strength of the liner 
based upon hardness, and the average tensile 
strength of SA 724, Grade B, the load required 
to fail the liner and ligament was calculated.  
 
The results of these two analyses indicated that 
the Urea Reactor failed at the normal operating 
pressure of about 3600 psig (24.8 MPa).  A 
pressure greater than normal was not needed to 
fail the remaining ligament on the shell-to-top 
flange weld or throw the top flange and head the 
observed distance.   
 
Conclusions and Discussion 

The investigation concluded that the following 
factors contributed to the Urea Reactor top 
flange failure.   

1. Based on the fracture assessments, it was 
concluded that the top flange was nearly 
completely cracked through prior to the 
incident.  Analyses of the throw of the 
top flange and the estimated residual 
strength of the final ligament indicated 
that the Urea Reactor failed at its normal 

operating pressure of about 3,600 psig 
(24.8 MPa).  The Urea Reactor was 
operating normally up to the time of 
rupture; there were no unusual 
conditions during start up or shut down, 
and no upsets or other unusual operating 
conditions were reported. 

2. The engineering drawing of the top 
flange indicated that the material was 
SA-508-4N, which is an alloy steel.  
Analysis of chemical composition 
confirmed that the material met SA-508-
4N specifications.  ASME Section VIII, 
Paragraph ULW-26 (1995 edition) 
requires that welding procedures on SA-
508-4N include applying a butter layer 
and stress relieving it prior to welding 
the flange to the vessel shell.  Multiple 
radial profiles taken through the top 
flange weld showed no evidence of a 
butter layer or overlay between the 
flange and the flange-to-shell weld.  Due 
to the low alloy steel composition of the 
flange, the weld HAZ had a high 
hardness, which made it very susceptible 
to environmental stress cracking.  

3. Hardness testing in the area of cracking 
in the weld heat affected zone (HAZ) 
indicated a high hardness level, HRC 44 
to 45, which indicated that the welds 
were likely not stress relieved.  The high 
hardness level and weld residual stresses 
would have made the welds susceptible 
to the environmental stress cracking 
observed in the welds and heat affected 
zone. 

4. Metallurgical and fracture examination 
concluded that the failure mechanism 
was environmental stress cracking 
indicated by the branched intergranular 
cracking.  This type of cracking was 
predominately observed at the interface 
between the flange and the vessel wall 
weld, a region of high hardness.  The 
cracks originated on the exterior and 
migrated inward.  The exterior surface of 
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the vessel was inside a water jacket.  No 
unusual corrosion species, other than 
boiler feed water elements, were present 
in the water jacket to explain the 
cracking.  In addition, cracks found in 
the top flange radius were repair welded.  
These locations had cracks indicative of 
an environmental stress cracking 
mechanism.  

5. Environmental stress cracking occurs in 
welded carbon steel in the presence of 
certain environments, such as boiler feed 
water, anhydrous ammonia, nitrates or 
caustic.  There have been reports of this 
steel (SA-508-4N) cracking in welded 
equipment when operated with boiler 
feed water.1  The steel can be susceptible 
to environmental stress cracking when 
this material is welded and not stress 
relieved.   

6. The fracture surface and microscopic 
examinations did not show features of 
fatigue that would explain this failure.  
In addition, no overload fracture features 
were observed near the outside surface.  
Thus, cyclic loading and stress overload 
were not a likely contributor to the 
failure.   

7. In addition to the boiler feed water 
environment, stress was also a cause of 
cracking.  The radial cracks indicate that 
the welds were subjected to hoop 
stresses.  These could be from applied 
operating stresses as well as from 
residual weld stresses.  The presence of 
hundreds of radical cracks around the 
circumference suggests that residual 
stresses may have been high in the weld. 

8. The vessel was put in service in 2000, 
ten years prior to the incident.  The shell 
was internally inspected during its 10-
year lifetime; however, the shell exterior 
could not be inspected due to the 
presence of the water jacket.  There was 
no way to perform a visual inspection of 

the carbon steel shell or alloy steel 
flange because the vessel had an internal 
liner and an external water jacket.   

 
Mitigation Practices 

Given the actual and potential destruction from 
the event, it is most important to Coffeyville 
Resources Nitrogen Fertilizers, LLC to prevent 
such an occurrence in the future.  To mitigate 
the risk of a repeated incident the following 
steps have been taken on the repair of the 
vessel:  
 

 Followed an approved weld procedure 
for the repair of the vessel.  This 
procedure met all the requirements of 
ASME Section VIII, including a buttered 
weld and a PWHT defined.  Test 
coupons of the weld were created prior 
to the approval of the procedure.  
Hardness tests were performed on the 
coupons to confirm the effectiveness of 
the PWHT. 
 

 The vessel was repaired by cutting 
several feet of the cylinder around the 
failed main welds and using new forged 
flange and bottom head.  The vessel was 
repaired without the water jacket being 
re-installed.  This will allow visual and 
radiographic inspection of the weld over 
time.  
 

 Followed the “Industrial Best Practices” 
procedure generated by the contracted 
vessel inspection company.  This 
included timely inspection of the weld 
from the exterior and as well as internal 
inspections warranted by the duty of this 
vessel.  
 

 Implemented an automated leak 
detection system to monitor the health of 
the Sandvik™ protective liner. The 
system is designed to maintain a vacuum 
on the weep holes and monitor ammonia 
level on the discharge of the vacuum 
pump. 
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