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ABSTRACT 
 

The length of useful life of the reactor vessel is much more questionable than the estimate of a probable breakdown.  
It particularly arises as a need and an obligation after regular technical inspections. The problem of determining the 
remaining life of the vessel is especially arises when there are errors or cracks on the vessel walls. 

Research on high quality vessels leads to the conclusion that hydraulic tests are harmful, which was confirmed by a 
large number of cracks that appeared after these hydraulic tests. This fact gives a basis for evaluation of these tests and 
their adjustment depending on the length of exploitation. 

The analysis of causes for a change in material properties from manufacturing all the way to the removal from 
exploitation was performed on over fifty vessels in oil processing. Special attention was given to a reactor vessel that 
operates under heavy operating conditions and with a complex catalytic chemical process using hydrogen. 

Changes in material characteristics were monitored from the production of the reactor vessel until its shutdown and 
removal from service. The causes for crack occurrence and expansion in vessel walls and heads were analyzed. The 
occurrence of new cracks and expansion of old cracks was particularly considered during hydraulic tests. 
 
INTRODUCTION 
 

Isomax plant (Figure 1), in technological line of oil processing, was designed for processing 1000 tons/day of heavy 
vacuum which produces dry and liquid gasses, light and heavy gasoline and gas oil. The plant has two separate stages. 
The first stage of the Isomax plant (DHC) stage prepares the charge for the fractioning section, while the second stage of 
the Isomax plant (HC stage) treats the residual from the bottom of fractionator. This plant treats a complex charge which 
consists of heavy vacuum gas oil and hydrogen. Such charge goes to a vessel which contains a single-layer still catalyst 
sensitive to overheating. Cooled hydrogen which prevents the overheating of the catalyst is added to the flow of the 
charge.  
      The following chemical reaction takes place in the reactor vessel: 

- conversion of nitrogen compound into ammonium  and its removal from carbon-hydrogen by stripping 
 - hydration of sulphur into sulphur-hydrogen, and then its separation by stripping 
 - saturation of small amounts of olefine. 
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Fig. 1  Technical scheme of Isomax plant 
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In the reactor vessel (working pressure 15.5 MPa) an exothermal process takes place between the catalyst mass (35 t) 
and heavy vacuum gas oil, with mediation of 64000 m3 of hydrogen per hour of reaction. This process is fundamentally 
static, but when examined over a longer period of time it has some characteristics of low-cyclic behavior. 
 In exploitation there is a possibility of disturbance of the process which leads to Isomax plant shutdown. The 
shutdown of the plant occurs according to the regulated procedure which is built into automatic control. Disturbances in 
the process lead to unstationary work regime which , as a consequence has an undesired change in pressure and 
temperature inside the vessel. This further leads to changes in thermal and mechanical dilatation as well as stress in the 
wall of the vessel. It can be concluded that such (frequent) disturbances pose as loc-cyclic strains which can have a 
significant impact on the vessel integrity even with a small number of disturbances (with plastic deformities). 
 
STRESSES DUE TO INTERNAL PRESSURE 
 
 Due to complexity in deriving equations for thick wall vessel calculations, that derivation is not shown here. Those 
equations will be used for the specified case of reactor vessel. Main dimensions of the vessel include outside radius, 
inside radius, and some arbitrary radial position R between outside and inside radius of the vessel. As Table 1 indicates, 
certain deviations in dimensions of the vessel might appear during manufacturing or operation. 
 In thick wall vessels, along with the longitudinal stress (σ1 ) and transverse stress (σ2 ) , there is a radial stress (σ3) 
that acts along the radius of the cylinder or sphere. It represents a compressive stress and ranges from zero on the outside 
surface to its maximum value on the inside surface which is equal to the internal pressure. 
 Stresses inside the vessel wall depend on the internal pressure, outside and inside radius, or symbolically as 

 
( )p,R,Rfσ vu=              (1) 

 
 In order to define the safety and reliability level it is necessary to determine stresses in the vessel shell during the 
following four characteristic situations: 
 
1. In service after the first hydrostatic testing, σ1(1,2,3) 
2. In hydrostatic tests after a longer period of time, σ2(1,2,3) 
3. During operation after the appearance of crack 23.1 mm deep, σ3(1,2,3) 
4. In hydrostatic tests, after a longer period of operation, when the 23.1 mm deep crack was removed by grinding, 

σ4(1,2,3)  
 
 Once manufactured, the vessel is mounted at the site of operation and compressive test is performed.  First column of 
Table 1 shows stresses in the vessel shell after the first compressive test and test working period. 
 Pressure vessels are subjected to compressive tests (after it was in service for standard period of time) to check their 
integrity. The magnitude of testing pressure is also determined by certain standards. This pressure is pt=21.0 N/mm2 for 
the observed vessels and the stresses in the vessel shell are shown in the second column of Table 1. 
 

Table 1. Stresses in the vessel due to different loading cases 
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pσ3 =  15.50σ1.3 =  21.00σ 2.3 =  15.50σ3.3 =  21.00σ 4.3 =  
 
 All properties that regulate operating and working conditions of system elements (machine components) have their 
distribution and probability of their occurrence. Knowing these properties represents a basis for determining reliability of 
mechanical systems and their elements. 
 Reliability of the system is its probability to operate without failure with design specifications and given conditions 
(Table 2). 

Safety factor in vessel operation, for four characteristic cases, can be determined from the ratio of dynamic strength 
and governing stress as shown in Table 3. 
 If the safety factor of the system element drops below 1 there is a reason to doubt the proper functioning of the 
system. It is then necessary to check the reliability of that element and the whole system. 
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Table 2. Reliability of the vessel for four stress cases 
 

 1 2 3 4 

⎟
⎟
⎟

⎠

⎞

⎜
⎜
⎜

⎝

⎛

+

−
=

2
σ

2
σ

1D
1

1D
SS

σσ
FP  0.99944P1.1 =  0.81327P2.1 =  0.95053P3.1 =  0.18P4.1 =  

⎟
⎟
⎟

⎠

⎞

⎜
⎜
⎜

⎝

⎛

+

−
=

2
σ

2
σ

2D
2

2D
SS

σσ
FP 1P1.2 =  1P2.2 =  1P3.2 =  1P4.2 =  

⎟
⎟
⎟

⎠

⎞

⎜
⎜
⎜

⎝

⎛

+

−
=

2
σ

2
σ

3D
3

3D
SS

σσ
FP 1P1.3 =  1P2.3 =  1P3.3 =  1P4.3 =  

 
Table 3. Safety factors 

 
 1 2 3 4 
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TESTING THE REACTOR VESSEL 05-R1A 
 

Reactor vessel with designation 05-R1A is used in oil processing. After a long exploitation period (12 years and 
more than 44,000 operating hours), and based on certain indicators, the reliability of this vessel came into question. 
 Main material of the vessel 05-R1A is ASTM A387 grade D, while the inside protective layer material is AISI 347. 
Volume of the vessel is 43 m3 with an overall height of 24,682 mm and inside diameter of 2.133 mm. Wall thickness of 
the shell is 134+4 mm. Operating temperature inside the vessel is from 371°C to 454°C (for distillation area 371°C -
566°C). Vessel is made out of welded rings. Inside layer is 4 mm thick and machine welded by a one-layer austenite tape 
60x0.5 mm, under dust (tape type NASTRARC 308 LC and dust type ARCOSITE NB 347). Welding was accomplished 
through one pass. The procedure of welding these rings together and welding the inside layer to it was a closed thermal 
cycle: preheat-welding-heat treatment, preheat-add-on welding-heat treatment. This way, some vessel elements were heat 
treated up to five times. 
 Inside the vessel, we have an exothermal catalytic process of vacuum-gas oil (specific weight of 0.919 kg/dm3) and 
93% hydrogen (H2) with a catalyst and a temperature above 440 °C and a pressure of 15 MPa. During exploitation, there 
were some unplanned shutdowns, which included vessel shutdown as well. During those 12 years of vessel 05-R1A 
operation there were about 100 unplanned shutdowns. 
 Regeneration of the catalyst mass includes special operating conditions for the vessel. It includes stopping the intake 
of vacuum-gas oil and 93% hydrogen, while introducing nitrogen and 2% oxygen. This leads to firing and burning of the 
coke that is layered on the catalyst. During this burning process, certain regions inside the vessel and on the shell surface 
can reach very high temperatures. This indicates a possibility of a complex influence of the catalyst regeneration on the 
shell material, and can cause changes in the material. 
 Adding the above mentioned operating conditions (and frequent unplanned shutdowns) it can be concluded that 
vessel material experiences complex influences in exploitation. 
 Testing the material resistance to corrosion under operating conditions requires specimens of a certain type and in a 
certain stress condition. Therefore, a plate made out of ASTM A387 grade D steel (same as the vessel shell material) was 
placed inside the reactor vessel, at 2/3 of the height of the catalyst (about 10 m). The plate has a layer of austenite 4 mm 
thick (same quality as the one inside the vessel). Now, adequate plate stresses were needed to make testing conditions 
identical to exploitation conditions. This was not achieved and it caused inaccurate results in material testing of one part 
of the plate. This indicated a need for developing a special type of material testing. 
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 The following tests of the vessel 05-R1A material were performed: 
 
- Material homogeneity and vessel wall thickness (visual examination, liquid penetrant test, and ultrasound test) 
- Vessel material properties (testing strength and elasticity of the material, metallographic testing, and testing for 
corrosion damage). 
 
 Three visual tests were performed in time intervals of five days each. First visual test was performed immediately 
after opening the vessel (temperature of about 40°C). The entire inside surface of the upper calotte was dark gray in 
color. After removing the net and a part of the catalyst, first three rings were examined. Similarly to calotte observation, 
corrosion was visible but thicker than before (around 2 mm). There were no characteristic corrosive layers (which usually 
appear above the existing cracks). Third visual examination was performed after the surface was prepared for penetrant 
testing. Again, no damages or cracks were found during this visual examination. 
 Liquid penetrant tests (according to ASTM D129-64 and D808-63) were performed from the inside vessel surface on 
rings 1, 2 and 9 over a total length of about 4 m. There were four cracks on the ring number 1, and it was determined later  
(with some additional tests) that two of them were ferric oxide layers and not cracks, while the other two cracks were less 
than 10 mm long and 2 mm deep. There were no cracks on the ring number 2, while on the ring number 9 there were 
three cracks less than 10 mm long and about 2.5 mm deep. 
 Ultrasound testing determined non-metallic layers in the vessel shell (lower calotte designated by 9B and 10). These 
layers were circular in shape with a diameter of about 10 mm and very small thickness, at the depth of 28 mm and 45 
mm, of the surface parallel to the vessel shell surface. Calotte wall thickness was measured at several locations and was 
between 92 mm and 96 mm. There were no discontinuities in rings 1 through 8 (non-metallic layers), while the thickness 
of the material in those rings was from 136 mm to 138 mm. There were some non-metallic layers on the lower calotte 
similar to the ones on the upper calotte, and the material thickness was from 92 to 97 mm. 
 The testing of material properties started with testing the strength: 
 
 - From the inside vessel surface on the austenite weld and on the main material 
 - From the outside surface on three different rings 
 - On the cross-sectional area of the sample (this is the test plate that was mentioned earlier in the paper). 
  

In 22 testing locations, the average strength of the austenite weld was determined to be 225 HB, while at 18 testing 
locations the average strength of the main material was below 100 HB (which is about two times less than the strength of 
material before assemblage). Vertically, on the smooth austenite weld layer, the average strength from 10 tests was 209 
HB. Along the edge of two austenite welds, the average strength from 20 tests was 269 HB, while in the middle of 
austenite welds it was 279 HB. 
 Measurements on the outside surface of the reactor indicated that the average strength of the main material was 178 
HB, while the average strength of the austenite weld was 257 HB. 
 It was mentioned earlier that a test plate was placed at 2/3 of the catalyst height. Since it was under no stress, its 
conditions inside the vessel were the same as for the reactor shell. This plate was not heat treated so that we can 
determine the effects of repeated heat treatments. In the middle of the austenite weld (layer), for over 10 tests, the 
average strength was 169 HB, on the overlap region the strength was 179 HB, and the main material has an average 
strength of 145 HB. 
 The strength of the main material, according to designed and production documentation was between 169 and 178 
HB, and after the heat treatment the strength was between 140 and 162 HB. According to final documentation the 
strength of the austenite material was from 169 to 172 HB. 
 Metallographic analysis of samples, as well as of the vessel shell, was used to determine the change in material 
properties.  
 Austenite layer composition is shown in the bottom section. The surface of this weld is uneven which is a result of 
single-pass welding, but there are no corrosive damages. Austenite layers closer to the main material edge have a larger 
dendrite composition that does not change up to the main material surface edge (Fig. 2). On the contact surface in the 
austenite layer there is some grain size increase and darkening (Fig. 3). In this zone, there are visible grains that are 
properly oriented with decreased amounts of Cr and Ni. 
 The composition of the main material of the vessel shell is shown in Table 1.  Inside the main material that is right 
next to the austenite weld (this area is less than 35μm wide) a characteristic structure of a low-alloy steel that went 
through a welding thermal cycle is visible, which caused the appearance of a needle-type composition. 
 This is a result of the weakening in uneven structures, since the entire vessel went through multiple heat treatments 
at about 675°C. Needle-type composition disappears away from the area of contact between the austenite and the main 
material.  

Determining the composition of non-magnetic components in the main material of the vessel shell indicated that at 
10 measuring locations, the composition of δ-ferrite was between 0.8% and 2.5% with one individual extreme value of 
above 3.5%. The composition of δ-ferrite in the austenite weld was between 0.3% and 3% with individual extreme values 
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of up to 5%. The composition of δ-ferrite in the material of the test plate was between 4.8% and 15.5% with several 
extreme values of up to 40%. The composition of the σ-phase involving more than 20 locations is about 0.5%. 
 
 

 
 

Fig. 2. Metallographic shape of deeper dendrite layers 
in particular orientation (100x magnification) 

 
 

 
 

Fig. 3. Metallographic shape in the contact area 
between the austenite weld (AISI 347 type) and the main material (ASTM A387 grade D) 

with grain size increase and carbon presence (500x magnification) 
 
CONCLUSION 
  

It is still necessary to comply with given standards, rules, and regulations for design guidelines, design analysis, 
manufacturing and assembling, maintenance, and service monitoring. By using the knowledge from operation, designers 
should give more reliable design solutions without some standard routine. With time, those new solutions need to become 
a routine for the ideas that follow from operation later on. This approach would enable gradual and time-efficient 
modification of rules and regulations connected to all areas of pressure vessels, as technology changes become 
increasingly present. It is true that this approach was used for defining previous standards, rules, and regulations but there 
is a need to modify it some areas. Results from service indicated the need for changes in applying hydraulic tests in 
during service. 
 Average values of the strength of the main material on the inside and outside of the shell have shown an increase in 
strength of about 12 % compared to the required strength for the used material. Extreme values were not taken into 
consideration. Average values of the strength of the austenite weld (269 to 279 HB) have shown that there was a 
significant strength increase compared to the declared strength (of about 200 HB) of the selected austenite weld of over 
25 %. 
 Strength of the austenite weld is very high, which leads to a conclusion that during the heat treatments and 
exploitation of over 10 years there was a significant increase. Strength increase on the contact edge of the main material 
and the austenite weld is connected with the dislocation process in this area. 
 Austenite weld structure has shown an oriented structure according to the material thickness (in the direction of heat 
dissipation) so the grains of δ-ferrite and austenite are elongated in the same direction. Multiple heat treatments with 
temperatures of 675°C (at this temperature, transformation kinetics is very rapid) could have caused the transformation of 
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δ-ferrite into the solid σ-phase. Metallographic pictures lead to a conclusion that a composition of the σ-phase is 
significantly greater than 0.5 %.  
 On the other hand, it can be said that consequences of δ-ferrite formation and transformation into the solid σ-phase 
for austenite weld are not particularly negative since the austenite weld is not treated as a load-bearing layer but as a layer 
resistant to the process median. However, the influence of the austenite weld on the main material is significant since the 
crack appearance on the austenite weld can not be ignored as a part of the crack appearance and expansion in the main 
material of the vessel shell.  
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