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a b s t r a c t

In allusion to the explosion of a urea reactor took place in a fertilizer plant at Pingyin,
Shandong, China, a series of evidence collection and inspection jobs which includes collect-
ing operation condition and parameters, sampling the explosion fracture, reactor body
apart from explosion fracture, and leak detection medium and its hangover, etc., had been
carried out firstly. Based on these jobs, farther analysis and computation work has been
done to the structural and materials characteristics and the operation condition of the urea
reactor, including compositions, metallographic phases, tensile properties, impact energy,
strain ageing characteristics, and fracture toughness of the urea reactor steels, the compo-
sitions of leak detection medium and its hangover in the urea reactor, and explosion energy
of the urea reactor. The most probable cause of the explosion of the Pingyin urea reactor
may be: the severe stress corrosion cracking (SCC) and instable propagation occurred,
which made the liner could not withstand the heavy load of internal pressure and
produced tearing destruction, then caused the medium in the reactor leaking rapidly,
and the BLEVE (boiling liquid expansion vapor explosion) happened in the reactor at last.
The main medium reason which caused SCC is some minim alkali ions such as K+ and Na+ in
the leak detection steam liquefied and concentrated. The structural reason to cause the
explosive accident is the insufficient or uncertain seal of the conical thread connection
between the leak detection nozzle and the first layer, which could not prevent the leak
detection steam leaking and diffusing into the layer gaps. Finally, the leakage and concen-
tration of the steam caused the SCC of many layers at the same time.

� 2008 Elsevier Ltd. All rights reserved.
0. Background

At about 21:20, on March 21, 2005, in a fertilizer plant at Pingyin county, Shandong province, a urea synthesis reactor
(‘‘urea reactor” for short) exploded. It killed four persons, seriously injured 32 people, and brought direct economic losses
up to 30 million RMB Yuan or 4.3 million US dollar. This accident is wondrously similar to the urea reactor explosion accident
took place in Hebei Qianan fertilizer plant about 10 years ago. Therefore, the local government entrusted the experts of Gen-
eral Iron and Steel Research Institute and Shandong University to find out the explosion reasons of the urea reactor and
. All rights reserved.
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wished to provide a reference for preventing the next similar accident from occurring. At first, we sampled the explosion
fracture and the reactor body apart from the explosion fracture, collected operation condition and parameters, and fetched
the leaking detection medium and its hangover, etc. of the urea reactor. Furthermore, we observed the fracture profiles of the
explosion microscopically, tested and measured the compositions, metallographic phases, tensile properties, impact energy,
strain ageing characteristic, and fracture toughness of the urea reactor steels, and analyzed compositions of leak detection
medium and its hangover in the urea reactor. Finally, we analyzed and/or calculated the operation process, structure, explo-
sion energy, fracture procedure, crack origination of the urea reactor, etc. Through our systematic analysis, we have probably
found the reasons which caused the urea reactor exploding.

1. Brief introduction to the urea reactor and accident

The accident urea reactor is 1400 mm in inner diameter and 110 mm in wall thickness. The structure of the reactor wall is
multilayered. As shown in Fig. 1, from inside to outside of its wall, the reactor consists of a X2CrNiMo18143Mod (correspond
to corrosion-resistant 316L urea grade stainless steel) liner of 8 mm thickness, a low carbon steel (Q235-A, a Chinese steel)
annulus of 6 mm thickness which extended from the top to the bottom of each cylinder to distribute the leak detection
steam, the first layer of 12 mm thickness made of a low alloy steel (16MnR, a Chinese steel) which was used to connect
the leak detection nozzle, and nine layers of 8 mm thickness and two layers of 6 mm thickness outer layers made of a
low alloy steel (15MnVR, another Chinese steel) which were used to endure the design stress. The total weight of the urea
reactor is 115 ton, height 26.2 m. From the top to the bottom, the reactor consists of an outlet pipe, a top cover, 10 sections of
cylinders, a bottom formed head, and three inlet pipes. The cylinders are labeled as Cylinder 1–Cylinder 10 from the top to
the bottom of the reactor. Cylinder 10 is 1.638 m and the others are 2.47 m for each in height. The top cover, bottom formed
head, and pipes are 2.332 m in total height. The top cover, cylinders and bottom formed head are linked by circumferential
welds denoted by C1,C2, . . . ,C11 form the top to the bottom. From C1 to C10, there are two opposite leak detection nozzles of
steam inlet below each circumferential weld about 150 mm. From C2 to C11, there are two opposite leak detection nozzles of
steam outlet above each circumferential weld about 150 mm. All nozzles of inlet and outlet of steam are distributed in one
axial plane. The nozzles can be denoted as NI1 (or NI1-1, NI1-2), . . . ,NI10 (or NI10-1, NI10-2) for steam inlet nozzles, and NO1
(or NO1-1, NO1-2), . . . ,NO10 (or NO10-1, NO10-2) for steam outlet nozzles of Cylinder 1, . . . ,Cylinder 10. The structure of a
leak detection nozzle connected to the reactor wall is shown in Fig. 2. In order to ensure the gas in layer gaps escaping freely,
six or more weep holes were drilled in every cylinder. Design pressure of the urea reactor is 21.57 MPa; design temperature
is no more than 195 �C. The pressure of leak detection steam was 1 MPa. The reactor was manufactured in December 1999
and served in March 2000. The urea reactor experienced one time of inspection in service in 2002 and the safety situation
grade was defined as 2 (a Chinese safety situation classification which means the reactor can satisfy the operation condition
safely).

After being surveyed, the operation situation of entire urea synthesis unit was normal before the accident and none
abnormal records of parameter changes including pressure, temperature, and medium have been found. The reactor body
broke into three sections along C9 and C10 during the explosion. Cylinder 10 and the bottom formed head which weigh
about 12 ton totally are linked to the reactor foundation in situ, and inclined right to southwest about 80� angle between
the cylinder and the ground. The reinforcing steel bars in the damaged foundation concrete are exposed out of the concrete
as shown in Fig. 3. Cylinder 9 weighed about 2 ton. There is an original crack cluster underneath the thermo-element nozzle
in longitudinal direction in Cylinder 9 and the crack cluster extended through C10 to about 900 mm in length. The cracks
1268 8*9+6*2=84
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Fig. 1. Schematic of urea reactor layers and weld.
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Fig. 2. The structure of leak detection hole of exploded urea reactor.

Fig. 3. The destroyed status of the foundation, the bottom formed head, and Cylinder 10.
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penetrated nearly through 13 layers. It continued to fracture in upward direction during the early stage of explosion, led Cyl-
inder 9 to have a badly and seriously longitudinal ruptures along it and to turn inside of cylinder wall out. Cylinder 9 flied off
12.5 m to southwest direction and projected into the second floor of urea workshop main frame near staircase direction as
shown in Fig. 4. Cylinders 1–8 and the top cover which weighed about 100 t together flied off about 86 m to northeast direc-
tion and fell in front of the gas-producing workshop. This part of the reactor body broke some pipes such as steam pipe, soft
water pipe and hydrogen carrying pipe on the outer pipe supporters, and fell underground 7–8 m as shown in Fig. 5. The urea
workshop main frame was destructed; the majority of glass of windows and doors in production plant district and the neigh-
bor denizen houses within about 300–500 m radius around the plant was destroyed by intense shock wave of the explosion.
Fig. 4. The destroyed status of Cylinder 9.



Fig. 5. The destroyed status of Cylinders 1–8.
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2. Fracture analyses

2.1. Macroscopic fracture analysis

As shown in Fig 6, the fracture at the plane of C10 took place along the upside of circumferential weld joint and in mother
material area. The entire fracture surface is quite even and there are many longitudinal cracks in the fracture plane. The
northeastern fracture surface is much smoother, there is a big cluster of longitudinal cracks which pass through C10 and ex-
tends about 150 mm downwards. An obvious swell can be observed from the side face of the crack. Comparing this crack
with the crack cluster underneath the thermoelement nozzle (which is labeled in Fig. 4) in Cylinder 9 in the corresponding
position which had penetrated before explosion, we can conclude that it extended from the crack cluster. The annulus, the
first layer, and several layers of the out layers show entirely even fracture. The outward shearing lip can be observed easily
along the entire fracture surface and the ratio of shearing is larger at the southwest of the fracture surface, which shows us
the radial (outward) shearing facture shape. Besides a partial fracture surface of the liner in northeastern direction evaginat-
ed not obviously, the fracture surface of the liner in other directions evaginated quite obviously which looked like bell-
mouthed. Through being observed and inspected carefully, the thickness of every layer and tray bracket do not show a
remarkable change except the liner. The diameters at and near the fracture plane of Cylinder 10 have not changed in evi-
dence after being measured.

As shown in Fig. 7, the longitudinal fracture surface of Cylinder 9 passes through the thermoelement nozzle and shows to
be the brittle even fracture at every layer except for the liner underneath and around the thermoelement nozzle. The height
of fracture surface underneath the nozzle to C10 is nearly 750 mm, and a great deal of longitudinal and opening mode cracks
can be seen near the main fracture plane. Obviously, those longitudinal cracks underneath the nozzle had existed before
explosion. The upper half of longitudinal and main fracture surface above the nozzle is inclined ductile fracture. No other
cracks can be found in the every layer near the fracture surface above the nozzle shown in Fig. 7. Cylinder 9 after explosion
piled up to a group along longitudinal fracture plane mentioned above and the thickness of every layer did not change obvi-
ously. Radial fractured cracks around the leak detection hole have been found remarkably in a large number of layers shown
in Fig. 8.
Fig. 6. The fracture appearance at the northeast direction of Cylinder10.



Fig. 7. The fracture status of the cracks underneath and around thermoelement nozzle.
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As shown in Fig. 9, the fracture area nearing the liner in the place of C9 is mostly located at the upside of weld joint and
only a fraction of area is located at the downside of weld joint. Contrarily, the fracture place close to the outside of the cyl-
inder wall is mainly located at the downside of weld joint. Except for the liner, the entire fracture plane of multilayer plates
partial to inside of the cylinder wall is even fracture primarily; however the fracture plane partial to outside of the cylinder
wall is inclined fracture primarily. The inclined fracture became bell-mouthed and curled outward. About 10 inside layers
located in southwest are even or nearly even fracture, and from southwest to northeast the number of the even or nearly
even fractured layers reduce gradually to two layers. The fracture plane of outer layers in northeast direction is mainly lo-
cated in downside of C9; only three layers of inner layers fractured on the upside of C9 except for the liner. The fracture plane
from the northeast to the southwest transited gradually from the downside to upside of C9 and finally turned into the
Fig. 8. Radial cracks around the leak detection hole.

Fig. 9. The fracture position of Cylinder 8.
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mother material of Cylinder 8, so a triangle tearing opening in the southwest was formed (see Fig. 10). By observing and
measuring, we do not find the diameter of the reactor body, the thickness of every layer at and near the fracture plane.
The thickness of tray brackets in this section of reactor body did not change obviously.

Due to the explosion, most of the tray brackets welded on the liner from Cylinder 1 to Cylinder 8 and Cylinder 10 were
seriously distorted. The distortion direction all pointed to the fracture surface outward. Except the top shelf of trays re-
mained at the original position of the flied off reactor body (see Fig. 11), the other trays are all flied off from the reactor.
Inspecting the liner surface, we discover that the weld joint and surfacing layer on the bottom formed head are argentate
color and the mother material surface is brown or gray color, where the true metallic color can be seen obviously; no crack
in the liner surface can be found after cleaning the surface. Except for a little of macroscopic even fractures can be observed
among the liner fractures at local region near the thermoelement nozzle at Cylinder 9 and C9, the other liner fractures are
almost shearing mode ductile fracture.

Sampling at the exploded fracture of Cylinder 8 upward, we found that there were obvious longitudinal cracks in the
annular, first layer, and out layers. Then we took samples randomly far away from the exploded fracture plane, underneath
NI8, and near C8. We also found serious longitudinal cracks in layer mother materials, which penetrated four layers and was
about 450 mm long within the sample. In fact, the crack extended continuously from the sampling place to C8 direction and
the length is unclear (see Fig. 12). At the same time, sampled at C8 between NO7 and NI8, some cracks paralleling to weld
joint were also found; the cracks extended from the welding toes into the weld joint. The cracks penetrated four layers which
steels included Q235-A, 16MnR, 15MnVR (see Fig. 13).

To summarize the results of the macroscopic analyses and dissection examination, we can conclude that there are no
obvious macroscopic manufacture defects in weld joints, however serious longitudinal and transverse cracks are already ex-
isted in the urea reactor before exploding, among which the crack located underneath the thermoelement nozzle in the evag-
inated Cylinder 9 is the most serious original crack. This crack lengthened 900 mm in longitudinal direction and penetrated
all layers except the liner.

2.2. Microscopic fracture analysis

We firstly examined the fractures and cracks at the exploded cylinder (i.e. Cylinder 9), and the cylinders near it (i.e. Cyl-
inders 8 and 10).
Fig. 10. The appearance of tearing in Cylinder 8.

Fig. 11. The top shelf of trays remained at the original position of the flied off reactor body.



Fig. 12. The cracking status of 16MnR layer near to C8.

Fig. 13. The cracking status in C8 between NO7 and NI8.
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Figs. 14–16 show the fracture appearances of the samples taken from the fractures near the thermoelement nozzle of Cyl-
inder 9, near C10 of Cylinder 9 and near C9 of Cylinder 8. All fracture appearances indicate that obvious corrosive traces exist
in these places and show intergranular fracture appearance; however the quasi cleavage or dimple fracture can be seen only
in the fractures near to the crack tip or obvious tearing area. S, Si, K, Ca, Al, and so on were analyzed out in the corrosion
products by X-ray energy spectrum.

Through these inspected and analyzed, we have enough evidence to confirm that the cracks in fracture appearance in-
duced typically by stress corrosion cracking (SCC) before explosion.

In order to further explain why there were a great deal of SCC cracks before the explosion, we specially sampled and ana-
lyzed the areas far away from explosive opening place, for example, the part of C8 between NO7 and NI8, the longitudinal
Fig. 14. The fracture appearances of Cylinder 9 near the thermoelement nozzle by SEM.



Fig. 15. The intergranular fracture appearance at C10 near 16MnR layer of Cylinder 9 by SEM.

Fig. 16. The intergranular fracture around C9 near 15MnVR layer of Cylinder 8 by SEM.
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weld joint area between two layers near C8 of Cylinder 8, and the fracturing and cracking areas of mother materials (layer
steels) of Cylinder 8.

Figs. 17–19 indicate that the intergranular fracture and crack forfication phenomena exist in the fractures and crack cross
dissections of the Q235-A, 16MnR, 15MnVR layers, and their welds at the positions mentioned above. Except the elements of
stainless steel, such as Cr and Ni, were checked out at the fracture along weld fusion line around Q235-A annulus as the
annulus clung to the liner tightly, other elements such as Na, K, Cl, P, S, Si, Ca, Mg and Al in the gaps along the crack fronts
of other layers were checked out by X-ray energy spectrum analysis. All of these traits exhibited a typical modality and char-
acteristic of SCC.

3. The reasons to induce SCC

3.1. The medium condition to produce SCC

Considering the structural characteristics of the urea reactor, we think that the medium factors to cause SCC of multilayer
plates and their weld joints must be the harmful ingredients contained in leak detection steam or some harmful medium left
Fig. 17. The intergranular fracture appearance of Q235-A annulus by SEM.



Fig. 18. The fracture intergranular appearance of 16MnR layer by SEM.

Fig. 19. The fracture intergranular appearances of 15MnVR layer by SEM.
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in multilayer plates. So we analyzed the substances in the gaps of SCC cracks and multilayer plates, the exudations from
weep holes at the urea reactor body, and the leak detection steam.

3.1.1. The corrosive products in the gaps of SCC cracks and the multilayer plates
Since the substances in the gaps of the SCC cracks at C8 and the multilayer plates between NO7 and NI8 were not affected

by explosion, specimens were cut from these regions by electrical discharge wire-cutting and analyzed by scanning probe
microscope. Two points of multilayer plate gaps and five points of the SCC crack gaps were analyzed. The analyzed results
are listed in Table 1, which indicate that there are much more K+, Na+ alkali ions in the gaps of multilayer plates and the SCC
cracks.

3.1.2. The exudation in weep holes of urea reactor body
The exudation from the weep hole of Cylinder 10 before the accident was shown in Fig. 20. The analyzed results showed

that the exudation included 22.1% Na+, 0.12% K+, which indicates the content of Na+ was extremely high. The exudation from
the gaps of layers was mainly made up of the concentration of the leak detection steam. It could be explained that the high
concentration alkali concentrated from the liquefied steam was the medium to cause SCC.
Table 1
Contents of Na+ and K+ in the gaps of multilayer plates and SCC cracks (%)

Ions Analyzed point in the layer gaps Analyzed point in the crack gaps

1 2 Average 1 2 3 4 5 Average

Na+ 6.97 16.11 11.54 0 0.74 1.72 3.99 5.07 2.30
K+ 4.90 17.95 11.43 1.30 0 0 2.59 0 0.78



Fig. 20. The exudation status of weep hole in Cylinder 10.

Table 2
The analytical results of leak detection steam and desalt water ppm

K+ Na+ Ca2+ Mg2+ NHþ4 Cl�

Desalt water just after the accident 0.013 0.181 <0.010 0.019 15.82 5.4
Desalt water before entering into the boiler <0.001 <0.005 <0.010 <0.001 <0.1 2.7
Condensed water in the relaxing container <0.001 <0.005 <0.010 <0.001 0.36 3.2
Condensed water of leak detection steam from 12 reactors of five other fertilizer plants 1 <0.001 <0.005 <0.010 0.08 138.08 55.2

2 <0.001 <0.005 0.04 <0.001 – –
3 0.002 0.100 0.06 0.03 – –
4 <0.001 <0.005 0.18 <0.001 – –
5 <0.001 <0.005 <0.010 <0.001 – –
6 <0.001 <0.005 <0.010 <0.001 – –
7 <0.001 <0.005 <0.010 <0.001 4.94 13.8
8 <0.001 <0.005 <0.010 <0.001 69.22 73.2
9 <0.001 <0.005 0.67 0.111 2.42 6.4
10 <0.001 <0.005 <0.010 <0.001 2.33 10.6
11 <0.001 <0.005 0.56 0.071 – –
12 <0.001 <0.005 0.28 0.036 – –
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3.1.3. Leak detection steam
In order to analyze the composition content of alkali ions in leak detection steam, we sampled and detected the desalt water

just after the explosion, the desalt water before entering into the boiler and the condensing water in buffer storage before steam
distribution after the plant restored its operation (at this time, the urea unit was not reused yet), and the water condensed from
the leak detection steam of 12 urea reactors in other five fertilizer plants. The analytical results are listed in Table 2.

It can be seen from Table 2 that the desalt water which was just taken after the explosion included fairly high Na+ and K+

ions. The Na+ content being high in desalt water may easily be understood that the water in the plant was treated by the
reverses osmosis technique, and the negative and positive ion treatment methods, in which the pH value of desalt water
is adjusted by adding Na2CO3. The analysis results of the water condensed from leak detection steam of 12 urea reactors
in other five fertilizer plants showed that the concentrations of ions in the water varied fairly complex and the concentra-
tions of harmful ions in the water of some plants are quite high. Therefore, considering the present technology, we can con-
clude that fertilizer plants are hardly to guarantee the purity of the steam, and it is not a wise method to inspect the leaking
of the reactor by steam because it is difficult to prevent the liquefaction and concentration of the leak detection steam in
gaps of layers and to lead SCC at last.

Moreover, the pressure of leak detection steam adopted by the accident plant was about 1 MPa and the saturated tem-
perature of the steam is about 182 �C. Considering the operation temperature being 178 �C at the bottom and 188 �C at the
top of the reactor and the thermal losing through the reactor wall, the condensing water must exist in the gaps of layers. The
condensing water of every section of cylinder was to be gathered in the upside of the circumferential weld joint and the
water condensation was to lay particular role on the bottom section of cylinder.

The examinations and analyses above could explain why the concentration of Na+ and K+ existed in the gaps of SCC cracks
and layers and in the exudation from the weep hole of the exploded reactor was fairly high, especially those in the exudation
was very astonished high. The contents of them were high enough to induce SCC.

3.2. The structural condition of SCC

The key design idea of traditional structures of the leak detection nozzle for urea reactor is to isolate the leak detection
nozzle from the multilayer plates by the manual arc welding method. The structure can prevent the connection between the
leak detection nozzle and the multilayer, so as to prevent the leak detection steam to leak into the gaps of multilayer plates
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[1]. In order to overcome the shortcomings of difficulty to weld and examine the deep hole weld between leak detection
nozzle and layers, the manufacturer of the Pingyin urea reactor adopted a new structure, i.e. conical pipe thread, to connect
the leak detection nozzle to the first layer (see Fig. 2). This structure exempted the deep hole weld and avoided the flaw gen-
eration. However, there are some problems in the new designed connection structure. First, the thread is difficult to control it
sealing effect during the reactor installation and maintenance; second, the conical pipe thread will be easily to loose under
vibration load and wind load during the urea reactor operation period. Therefore, the structure cannot achieve the isolated
function perfectly between the detection steam and the multilayer plates.

Once the connection thread between the leak detection nozzles and the first layer loosed, the leak detection steam can
easily diffuse into the gaps between every layer of the urea reactor, and the diffused leak detection steam will leave alkali
ions in the gaps after steam condensing and revaporizing. Hereby, the SCC in every layer and the circumferential welds of
them can be started and quickened. The appearances of the radial cracks around the leak detection hole, the cracking in
the circumferential weld joint, and the exudation from weep holes on the exploding urea reactor have proven the facts that
the leakage of the leak detection steam to every layer (see Figs. 8, 13 and 20).

4. The reasons to cause the urea reactor explosion

The fracture appearance of the exploded urea reactor shows a typical SCC fracture by the previous explanations. The di-
rect reasons to cause SCC are the looseness of the connection thread between leak detection nozzles and the first layer, the
leakage of leak detection steam into the gaps between multilayer plates, and then alkali ions in leak detection steam were
concentrated in the gaps between multilayer plates. However, if we want to explain the reasons to cause the urea reactor
explosion thoroughly, we must analyze the body material, the operation condition, the explosion energy, as well as the frac-
ture of the urea reactor.

4.1. The operation conditions

We carefully and thoroughly inspected and analyzed the automatic instrumental records and the manual records at the
moment and/or before the accident occurring, status records of safety valves, temperature, pressure, and liquid level meters,
equipment, etc. just after the accident. Some surveys to the operators, maintenance men, managers, and so on after the acci-
dent were also completed. We summarized some facts as follows:

(1) The abnormal phenomena such as overpressure and overtemperature have not been found just before the accident,
and the performance of the urea reactor was normal from the collected information.

(2) No records have been found about stopping, starting and other abnormal operation of the urea reactor within two
months before the accident.

(3) The indexes of the mediums and the related mediums were within the design ranges of the urea reactor or within the
ranges assured in the rules of production technology for the unit producing 40,000 tons urea per year by the watery
solution and complete circulation method [2]. No operating information was discovered to directly relate to the urea
reactor explosion, and the safety technical measure was complete.

(4) The passivation layer on the liner of the urea reactor was in good status and there was not any obvious corrosion
appearance on it after the accident.

(5) The profiles of three pressure meters on three inlet pipelines at the bottom of the urea reactor were damaged fearfully,
but the internal structures of them were good by examination. Not any opening traces of the seven safety valves which
are related to the urea reactor were discovered. Conditions including their opening pressures of the safety valves were
demonstrated fairly well after inspection.

The above analyses indicated that there was no any operation factor related directly to the urea reactor explosion.

4.2. Compositions and properties of steels

We tested and analyzed the compositions, tensile properties, strain ageing characteristics and fracture toughness of the reac-
tor body steels. Specimens were sampled from C8 between NO7 and NI8 and the mother material in Cylinder 8 near to C8.

4.2.1. Compositions and metallographic structures of steels
By analyzing the chemical compositions of weld material and every layer steel of Pingyin urea reactor, we concluded that

the compositions of 16MnR, 15MnVR steels conform to the requirements in standard GB6654-1996 [3], the composition of
Q235-A steel conform to the requirements in GB700-1988 [4], and the composition of 316L steel conform to the require-
ments in GB4237-1992 [5]. Except the content of V is slightly higher, the other compositions of weld materials meet the
requirements in GB5117-1995 [6] totally.

Nonmetallic inclusions exist in the 15MnVR steel of Pingyin urea reactor seriously. According to the I-JK standard of GB/T
10561-1989 [7], the steel is specified as class C grade 5; the metallographic structure of them is ferrite and pearlite; the grain
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size is grades 7–8. The longitudinal and transverse direction of the steel reveals a typical banded structure configuration and
is evaluated as class A grade 5 from GB4237-1992 [5]. The microhardness was measured to be HV190–200.

4.2.2. Tensile properties and impact energy of steels
The specimens sampled along steel plate rolling direction and measured the tensile properties and impact energy at room

temperature. The experimental results show that the ultimate strength (ru), yield point (rys), elongation of short specimen
(d5) and Charpy V impact energy (AKV) of 16MnR and 15MnVR steels meet the requirements in GB6654-1996; except value of
ru is slightly higher than the requirement in GB700-1988, rys, d5 of Q235-A steel meet the requirements in GB700-1988; and
ru, rys, d5 of the 316L steel meet the requirements in GB4237-1992. Although there are no requirements for AKV in GB700-
1988, GB4237-1992, and GB5117-1995 to Q235-A and 316L steel plates, and the welding materials of Q235-A, 16MnR,
15MnVR, and 316L, the measured values meet the general requirements of impact energy for pressure vessel steels.

4.2.3. Fracture toughness of steels
Through resistance curve method, the CTOD values of three kinds of steel plates, Q235-A, 16MnR, and 15MnVR, and the

circumferential welds were measured. The conditional crack tip opening displacement values (d0.05, here subscript ‘‘0.05”
means 0.05 mm crack growth) of 16MnR and Q235-A are a bit lower than the values they usually are, the d0.05 value of
15MnVR is close to its usually experimental value.

4.2.4. Strain ageing sensitivity coefficient, CV, of steels
The strain ageing sensitivity coefficient, CV, is often used to estimate the strain ageing sensitivity of steels. CV can be cal-

culated as follows:
CV ¼
AKV � AKVS

AKV
;

where AKV is equal to the mean value of not strain ageing Charpy V impact energy; and AKVS is equal to the mean value of
strain ageing Charpy V impact energy.

The measured CV values of 16MnR, 15MnVR, and Q235-A are equal to 40%, 17%, and 90%, respectively. The first two meet
the requirement of CV < 50% the usual requirement for the pressure vessel steels, but the latter outclasses this requirement. It
is fortunate that the Q235-A steel plate is only designed to distribute leak detection steam uniformly everywhere just out of
the liner and is not taken into account of the strength design of the urea reactor body.

Through detailed inspections and analyses of materials qualities, it is cleared that the layer and weld materials properties
all conform to the national standard requirements except the ru of Q235-A is slightly high and CV is excessively high of
Q235-A. The metallographic structures and the hardness values are normal. Moreover, the problem existing in Q235-A
has not any inevitable relations with the explosion of the urea reactor.

4.3. Fracture analyses

During the inspections and analyses to exploded wreckage of Cylinder 9, a group of cracks located in the same position
were found and they all originated crisply underneath the thermoelement nozzle from the annulus to the most outer layer,
namely, the 14th layer, being counted from the liner. And under the action of stress corrosion, the cracks firstly grew and
spread to C10 at lower part of Cylinder 9 in a brittle manner continuously, finally passed through C10 and extended
150 mm long into Cylinder 10. The total original crack lengths reached 900 mm by adding the height between the thermo-
element nozzle to C10 and the extension length through C10. The cracking directions of 13 layers are all facing to an identical
direction and cracks are all within the longitudinal plane. The cracks originated by SCC downward underneath the thermo-
element and tore by explosion upward above the thermoelement in inclined plane fracture. The liner fracture is a typical
inclined plane ductile fracture. The original crack length, 900 mm, should be regarded as the axial cracks in Cylinder 9.

As lacking suitable test machine to test the fracture toughness of thinner and curved layer steels at high temperature, only
the room temperature fracture toughness, d0.05, of the layer steels were measured. In the fracture assessment, the fracture
toughness at 180 �C of every layer steel of Pingyin urea reactor was assumed seven times as much as that at room temper-
ature. According to Ref. [9], the fracture toughness at 180 �C of 20Cr3MoWV is only 2.04 times as much as that at room tem-
perature. This steel has analogous fracture toughness values to that of urea reactor layer steels. So that our assumption is
vary conservative. According to that, we have carried out a detailed analysis of fracture separately and the detailed fracture
analysis will be elaborated in the other paper.

The analysis result indicates that the allowance crack sizes in all 13 layers (including annulus, first layer and outer layers)
of Cylinder 9 are smaller than the half length of the practical existing penetration crack (450 mm). From that, the practical
existing penetration cracks have all achieved their unstable crack propagation condition.

The inner pressure in cracking position would be undertaken only by the liner and its stress value would surpass the ten-
sile strength of the liner steel. This state would cause the tearing of the liner, the massive leaking of working medium, and
the explosion of urea reactor at the end.

As the cylinder rolling direction of Pingyin urea reactor is vertical to the steel rolling direction and the thickness of the layers
was thinner. Therefore, the pre-crack front of our specimens must be parallel to the thickness direction and vertical to the rolling
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direction of layer steel plate. The values measured by these specimens were higher than those actually possessed in steels as
their crack extension direction was parallel to the steel rolling direction. The outdoing toughness value can cause the calculated
allowance crack size bigger than the practical one and make our fracture analysis on conservative side.

4.4. The explosion type and energy

4.4.1. The determination of explosion type
Considering the practical operating situation of the urea reactor and referring Ref. [10], we can conclude that there are

two kinds of possible explosions: one is a chemical explosion induced by NH3 or H2 of gas phase at the top of the urea reac-
tor; another is the most possible instable growing of the longitudinal cracks underneath the thermoelement at Cylinder 9
and cause the high temperature (178–188 �C) and high pressure (19.2–19.5 MPa) liquid phase medium to leak rapidly. Be-
cause of having very little fraction of gas phase (it only occupy 0.647% cubage of integral reactor), the rapid leakage of work-
ing medium would cause a pressure dropping rapidly in the reactor and led to the phase balance destruction and finally a
physical explosion, which is known as BLEVE.

In the past, the gas phase chemical explosion accidents at the top of other urea reactors have a typical character that the very
thin urea solution outlet pipes on the top of the reactors were all damaged during the explosion. Nevertheless, the outlet pipe of
Pingyin urea reactor is perfect after the explosion as shown in Fig. 21. And at the same time, except Cylinder 9 turned inside of
wall out by eversion of integral liner surface, the macroscopic fracture illustrated in Section 2.1 shows that the diameter and
wall thickness of the reactor have not any evidence changes during the explosion even at the exploding opening in Cylinders
8 and 10. This demonstrates that no gas phase explosion occurred when the reactor was still in integral situation. It can be con-
cluded clearly that the possibility of gas phase explosion at the top of Pingyin urea reactor may be excluded.

4.4.2. The analysis of explosion energy
The analysis of explosion energy includes four parts: (1) the chemical explosion energy of gas phase in the top of reactor;

(2) the physical explosion energy produced by BLEVE in the reactor; (3) the energy needed to cause an integral reactor
exploding; and (4) the total energy consumed by the reactor itself. Only analyzed results of explosion energy are given briefly
in this paper; the detailed computation will be elaborated in other separate papers.

4.4.2.1. The chemical explosion energy of gas phase in the top of the reactor. According to the structure of Pingyin urea reactor,
the possible occurring place of the mixture gaseous explosion is the top of the reactor. In general condition, the outlet pipe of
urea solution is inserted below the liquid–gas interface, and storing up gas space accounts for the entire urea reactor cubage
0.647%, that volume is only below 242 l. Two origins of explosive gases in gas phase are: (1) H2 and CH4 carried in the raw
material gas, CO2 (purity P 98% and about 96% after adding the oxygen) accounting for the proportion about 1%; (2) the gas-
eous state ammonia. The oxidative atmosphere in urea reactor gas phase is oxygen (or air), which is mainly added to prevent
urea reactor corrosion (occupies 0.5% by volume of CO2 gas). The above atmosphere is in the dynamical equilibrium when
the urea reactor is in normal operation process. The above explosive or oxidative atmosphere can concentrate only when the
urea reactor is in stopping or abnormal condition and can be detonated under the action of static blazing energy, etc. The
hydrogen detonation energy is the highest in the explosive atmosphere by computing. Supposing the entire gas phase in urea
reactor to be filled with exact reactive proportion of hydrogen and oxygen, and the heat energy produced by the reaction of
hydrogen and oxygen transform into the explosive energy completely, we get that the value of the energy is about 200 MJ.

4.4.2.2. The energy needed to cause an integral reactor exploding. Suppose the average plastic strain of the integral reactor cyl-
inder is 0.2% and the average stress is 400 MPa, which is approaching to the actual measured yield points of 16MnR and
Fig. 21. The status of urea solution outlet pipe and thermoelement nozzle at the top of the reactor.
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15MnVR when the gas phase at the top of the reactor exploded. At this time the plastic strain of Cylinder 9 is 25% before it
ruptured (the actual measured elongation at room temperature, d5 > 25%, but the elongation at working temperature is high-
er than the elongation at room temperature, 180 �C). Here, the required energy of the reactor before rupture is the sum of the
following energies: (1) the energy to increase the overall elastic deformation of the urea reactor, 4.5 MJ; (2) the energy to
produce the plastic deformation of the urea reactor cylinder, 9.2 MJ; and (3) the energy to induce plastic swelling up of Cyl-
inder 9 before it explodes, 85 MJ. Therefore the total required energy before the urea reactor exploded is 99 MJ.

4.4.2.3. The physical explosion energy produced by BLEVE in the reactor. The fast SCC crack extension led the liner of urea reac-
tor tearing, caused the medium leaking and the pressure dropping rapidly, so that it made the urea reactor medium have a
BLEVE at last. The explosion energy includes the isentropic thermo-insulation expansion work of the gas phase in the med-
ium, 110 MJ, the isentropic thermo-insulation expansion work of decomposition gas from the ammonium carbamate fluid,
470 MJ, and the burst boiling work of the liquid medium, 4000 MJ. The total energy is 4580 MJ.

4.4.2.4. The total energy consumed by the reactor itself. Except for the energy, which created the destruction of equipment and
buildings all around, the total energy consumed by the urea reactor itself includes the ejection work of Cylinder 1–Cylinder 8,
63–172 MJ (the ejecting angle varying from 60� to 80�), the tearing work of Cylinder 9, 21 MJ, and the ejection work of Cyl-
inder 9, 398 MJ. The total energy is 482–591 MJ.

The calculated result of energies indicates that the physical explosion energy produced by BLEVE is about 10 times to the
energy consumed by the reactor explosion itself, and is over 20 times to the energy of oxygen–hydrogen explosion in all gas
phase at the top of reactor. If there were not any serious SCC, the highest chemical explosion energy produced in the gas
phase at the top of reactor is slightly high than the energy required by the integral reactor exploding. If the energy absorbed
by the medium in the reactor is taken into account the chemical explosion energy of the reactor gas phase must be less than
the energy required by reactor exploding itself. Therefore, even if the gas phase space of the reactor had been filled with pro-
portioned hydrogen and oxygen, and had produced a complete hydrogen explosion (see Fig. 21, there was no any evidence to
prove this kind of explosion had taken place), without serious SCC, the chemical explosion in gas phase would not cause the
reactor explosion.

5. Conclusions

A great amount of SCC cracks existed in Pingyin urea reactor before the explosion, and many of them were located in the
mother materials. The cracks underneath thermoelement nozzle were the most serious longitudinal SCC cracks and had ex-
ceeded the steel allowance crack size, which may be a direct origination of explosive fracture. The rapid fracture of serious
SCC cracks caused the liner steel tearing, induced the medium in the reactor to leak rapidly, and then destructed the gas–
liquid phase balance of the medium, made BLEVE happen at last.

The alkali ions, such as K+ and Na+, were found in the gaps of cracks and layers, the exudation from weep holes, the liq-
uefied leak detection steam and the desalt water to produce the steam, etc., which are the main medium factor to cause SCC.
The concentration of alkali ions at the lower sections of cylinders of the reactor and the overhanging pipe of thermo-element
nozzle were especially serious, where the temperatures were much lower. These analysis results inosculate the exploding
appearance. Therefore, the best way to overcome the problem is to cease the steam leak detection.

Leak detection nozzles connected to the first layer by conical thread might avoided the deep hole weld and its inspection,
but could not guarantee effectively the seal between the leak detection nozzle and the layers, and could not prevent the leak
detection steam to diffuse into the layer gaps. The leakage and concentration of the steam caused the SCC of many layers at
the same time and accelerated the SCC rate of the layers. How to solve the seal between the leak detection nozzles and the
layers of the multilayered high-pressure vessels is still a question need to be studied when utilizing steam to detect leakage.

The total work of expansion work, burst boiling work, etc., produced by medium in the reactor just when the reactor rup-
tured is 10 times to the energy needed to cause the reactor exploding and 20 times to the energy produced by complete
hydrogen explosion of gas phase in the top of the urea reactor. No any evidence was found as histories when the chemical
explosion of gas phase took place. The most severe SCC cracks and instable propagation of them made the liner could not
withstand the internal pressure and produced tearing destruction. The tearing destruction of the liner caused the medium
in the reactor leaking rapidly, and the BLEVE in the reactor happened at last.
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