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Introduction: 
Operators pay close attention to the condition of high value and process-critical equipment in 
order to assure the long term availability of these assets, while maintaining reliable high 
performance between turnarounds.  It is a balancing act – long-term reliability/availability 
and performance optimization – made more difficult by the uncertainty of the Fitness-for-
Service and remaining life of the equipment. One of the most valuable and critical items in 
petrochemical plants are Isomax Reactors. 
The Isomax Processes are a broad spectrum of fixed bed desulfurization and hydrocracking 
processes happening in reactors working under high temperature and pressure, many of them 
working in refineries all over the world.  
In this paper we present the Inspection and FFS evaluation results of two Isomax Reactors, 
done in Shiraz and Bandar Abbas refineries in Iran, during last year (2008). Especially 
Shiraz Refinery Isomax is in a marginal life expectation and so the results will be interesting 
for refinery owners and plant operators.  
 
Shiraz Refinery Project  
This project included inspection and Fitness for Service (FFS) on Isomax Reactor FV-601 
and Heat Exchanger FE-601A (both operated since 1974) performed by Tubi Tak Consulting 
Eng. & Inspection Co. in cooperation with ISQ during shut down in 2008 (2-9 August). 
 
Inspection Activities and Results 
The inspection activities on Isomax Reactor FV-601 covered following items: 

1. Circumferential weld seams: S-C1 to S-C7 (7 lines) 
2. Vertical weld seams at 35° & 75°  : S-1L to S-6L (6 lines) 
3. Top manhole attachment weld seam 
4. Quench nozzle attachment weld seam 
5. Thermowell nozzle attachment weld seams 
6. Catalyst unload nozzle attachment weld seam 
7. Outlet nozzle attachment weld seam 
8. Skirt circumferential weld seams attached to the bottom head 

These tests included the following: 
1. Disbonding and lamination detection plus Thickness measurement by Pulse echo UT. 

In overall 15 areas of disbonding and one area of lamination were detected and the 
values of thickness were reported. 

2. Embedded Cracks detection and sizing by TOFD and Phased Array UT.  
In overall 3 cracks on S-C6 and one area of cluster of small cracks on S-3L and one 
area of slag inclusion on S-2L were detected. Crack sizing for largest crack on S-C6 
performed by conventional UT for comparison. For the purpose of shortening the 
paper only the largest and most important crack that determines the remaining life of 
the reactor will be discussed here:  
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Sketch Showing The Position Of Cracks 
 
 

Phased Array Result 

 

Size By Different UT Methods 
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UT technique  Conventional UT TOFD  Phased array  Average 
Depth (2ab [mm])  54  53  54  54 
Length (2cm [mm])  71  71  72  71 
Size of ligament to ext. surface (d [mm])  26  26  30  27 
Angle of crack with long. direction (α º)  9.6º  21.6º  16.6º  -- 
According to ([1], 9.3.6.2), a longitudinal flaw with dimension 2c = 2 cm = 71 mm was considered.  

3. Surface Cracks detection by MT showed 2 indications that both were removed after 
some surface grinding. 

4. Surface Crack detection by PT from inside showed no indication. 
5. Hardness testing results.  

a. The average measured hardness on the base metal (above and below the 
welds) was 243 Hv. This correlates to an Ultimate tensile strength of 643 
MPa, which is coherent with the A387-Gr.E material specification  
(517 MPa < UTS < 689 MPa).  

b. Average hardness of 256 Hv and 257 Hv were obtained on welds S4C and 
S6C, the latter being the location of the cracks. Such hardness values correlate 
to an Ultimate tensile strength of 815 MPa, which is higher than base material 
specification.  

c. Contrarily, the hardness measured on the HAZ of welds S4C, S5C and S6C is 
only 189 Hv, which correlates to an UTS of 604 MPa, therefore also within 
the limits of the material specification.  

d. It should be emphasized that referred hardness value on the HAZ (189 Hv) is 
below the threshold value (235 BHN / 247 Hv) above which stress oriented 
hydrogen induced cracking (SOHIC) is prone to occur [2]. 

6. Chemical analysis  
a. Chemical Composition of both base metal and weld metal were measured and 

results, compared with the material specification of the base material A387-
Gr.E, indicated in TERNI drawing CN.100246-H (despite the fact that such 
composition is from a ladle analysis). Results included in JSW report as of 
Dec. 2002 are also included for comparison.  

Element  TERNI Draw.  JSW report (2002)  
Base metal      Weld metal  

Recent Results 
Base metal      Weld metal 

Mn (wt%)  0.30 – 0.80  0.60  1.07  0.60  0.98  
Si (wt%)  0.15 – 0.30  0.23  0.35  0.18  0.30  
Sn (wt%)  Na  0.014  0.015  0.000  0.030  
P (wt%)  0.02 (max)  0.010  0.018  NA  NA  

This data was used to obtain the Temper Embrittlement Factor (JTE), given by:  
JTE = (Si + Mn ) × (P + Sn ) ×104        (1)  
Using the data from recent results and assuming a maximum Phosphorous content of 0.02%, 
one obtains:  

Base metal: JTE = 156     Weld metal: JTE = 640 
The welds are therefore more prone to temper embrittlement than the base material. It should 
also be noted that current ASTM specification for this material [6] imposes a maximum J 
factor of 150, based on heat analysis.  

7. Replication (5 points).  



 

a. Weld Microstructure is Binite that doesn't seem to be damaged and has 
retained its initial condition and existing carbides haven't experienced much 
change from initial manufactured condition. 

b. HAZ Microstructure is Bainite  + Ferrite  and doesn’t show any extensive 
damage happened. There exist some carbides in grain boundaries, but they 
aren't in continuously connected and dangerous situation.  

c. Base Metal Microstructure is Bainite  + Ferrite there are some limited 
damages to the Bainite  structure and limited areas of continuously connected 
carbide formation in grain boundaries, but they haven't resulted to creep cavity 
and micro crack formation and so they are not in dangerous condition. 

In addition the inspection performed on Heat Exchanger FE-601A, showed 7 indications of 
cracks in its tube sheet flange holes. 

Fitness For Service Evaluation On Largest Crack 
Following inspection performed on reactor FV-601 of the Shiraz refinery, crack-type flaws 
were detected and evaluated following the procedures of API 579 -Fitness for Service, ed. 
2007.  

The more relevant damage mechanisms acting on the reactor material were analyzed and 
considered in the assessment. These are Temper Embrittlement (TE) and Hydrogen Assisted 
Cracking (HAC). Both cause a reduction in material toughness, which was accounted for.  

Assessment results showed that major defect detected on weld S6C is not acceptable for the 
current evolutions of pressure and metal temperature used during start-up and shutdown. 
More precisely, the problem occurs at low pressure and low temperature (below 100ºC), 
therefore at the beginning of start-up and at the end of shutdown.  

Alternative procedures for both start-up and shutdown were suggested, such that the defect 
was considered acceptable for the next year and a half (until December 2009). The critical 
crack size of the most relevant defect (longitudinal embedded crack on weld S6C) estimated 
as 55.43 mm x 72.09 mm (current crack size is 54 mm x 71 mm). The indicated critical crack 
size is based on the aforementioned alternative start-up and shutdown procedures, which are 
referred to metal temperature.  

The referred time span of one and a half year is based on the study of crack propagation, 
which indicated that critical dimensions will occur after that time in operation. A more 
restrictive start-up procedure will consequently be required to extend the life of the reactor up 
to three years (until August 2011). Such procedure is also indicated here.  

Based on the obtained results, we believe that safe operation of the reactor beyond August 
2011 can only be achieved by repairing the longitudinal defect in weld S6C. It may be 
possible to do a repair by welding and then to perform the required PWHT without causing 
Sigma Phase embrittlement in the overlay cladding. This will require the removal of the 
cladding by grinding in the zone heated above 649ºC (1200ºF). The size of that zone could be 
determined by a transient heat transfer analysis.  



 

 

Damage mechanisms  
Temper embrittlement (TE)  
Temper embrittlement is the reduction in toughness due to a metallurgical change that can 
occur in some low alloy steels (particularly 2.25Cr-1Mo and 3Cr-1Mo) as a result of long 
term exposure in the temperature range of 343ºC to 593ºC. This condition has occurred in the 
FV601 reactor for as long as 34 years (operation started in 1974).  
Temper embrittlement causes an upward shift in the ductile-to-brittle transition temperature 
as would be measured by a Charpy impact testing performed on exposed material. Although 
the loss of toughness is not apparent at operating temperature, the equipment may be 
susceptible to brittle fracture during start-up and shutdown.  
According to [2], and in order to minimize the possibility of brittle fracture during start-up 
and shutdown, it is recommendable to limit the system pressure to about 25 percent of the 
maximum design pressure for temperatures below 170ºC. The Shiraz refinery operates the 
reactor such that a maximum pressure of 57 kg/cm2 is obtained at 170ºC. This is about 29% 
of the design pressure (196 kg/cm2), therefore close to the suggested limit.  
Temper embrittlement condition is taken into account in the assessment by a reduced material 
toughness, obtained using the Fracture Appearance Transition Temperature (FATT) on the 
correlations used for the estimation of fracture toughness.  
The FATT is obtained by correlation with the Temper Embrittlement Factor (JTE). According 
to ([1], F.4.7.3):  
FATT99% =−15.416  +0.72670  −8.0043 ×10 2

TEJ      (2 ) 
For the base metal: TEJ  = 156 => FATT = 78ºC  
For the weld metal: TEJ  = 640 => FATT = 122ºC  

Hydrogen embrittlement (HE)  
Hydrogen embrittlement and the associated damage mechanism named hydrogen assisted 
cracking (HAC) occur when hydrogen diffuses to a pre-existing flaw and stresses are applied 
(including residual stresses) to the flaw. The crack will then continue to propagate at an 
increasing velocity until fracture occurs. This rapid hydrogen accelerated propagation 
condition is dictated by the value of the material toughness in the presence of absorbed 
hydrogen at the crack tip. This toughness is designated as KIC-H , and its value is significantly 
smaller than the corresponding value (KIC) of the hydrogen free material.  
Because diffusibility of hydrogen in steel increases with temperature, if the reactor is cooled 
too rapidly for hydrogen to diffuse out of the steel, it will become entrapped at ambient 
temperature. This is why HAC is more pronounced at temperatures from ambient to about 
150°C, decreasing with increasing temperature.  
Furthermore, for HAC to occur, two conditions are required: (1) the stress intensity factor 
resulting from the applied and residual stresses exceeds a critical threshold value, Kth , and  
(2) a critical concentration of hydrogen is maintained in the vicinity of the crack tip. The 
latter can be controlled by degassing the reactor before every shutdown.  
The threshold value of the stress intensity factor Kth can be correlated to the FATT ([1], 
F.5.3.7), such that:  
 
Kth = 0.0014 FATT 2 − 0.421 FATT + 57       (3)  

It should be noted that FATT increases when Temper Embrittlement occurs. The two damage 
mechanisms TE and HAC are therefore related, such that HAC is more prone to occur on a 

TEJ



 

material already damaged by TE. Furthermore, the toughness of such a material on hydrogen 
service (the value of KIC −H ) also decreases with the occurrence of TE.  
Considering the computed values of the FATT for base and weld materials, the following 
values of the threshold stress concentration factor are obtained:  
 
For the base metal: JTE = 156 => FATT = 78ºC => Kth = 32.6 MPa√m  
For the weld metal: JTE = 640 => FATT = 122ºC => Kth = 26.5 MPa√m  
 
The computation of K IC −H is based on the analogy between the actual propagation of a crack 
enhanced by hydrogen (the crack propagates and then stops propagating when the diffusing 
hydrogen cannot keep pace with the growing crack) and the experimental curve of KIR , 
obtained fitting the lower envelope of all data for quasi-static initiation, dynamic initiation 
and crack arrest. This curve is then further corrected to account for Temper Embrittlement by 
using the FATT as the reference temperature ([1], F.4.4.1 and F.4.7.3).  

KIC −H ≈ KIR = 29.5 +1.344 exp(0.0260 (T − FATT + 89)      (4)  

This equation therefore provides lower bound estimates of KIC-H.  

Material properties  
The following properties of material A385 Gr.E (normalized and tempered) were used in the 
assessment:  
Sy – Yield strength  
Su – Rupture strength  
E – Modulus of elasticity  
β – Mean coefficient of thermal expansion  
K – Thermal conductivity  
C – Specific heat  
The evolution of such properties with temperature was obtained from [8] and is included in 
table 1.  

Table 1 – Material properties  
T(ºC)  Sy (MPa)  Su (MPa)  E (MPa) β (C-1)  K(W/m.K) C(J/kg.K)  

21  310  517  210987  1.152E-05 36.15  437.3  
93  284  517  205471  1.206E-05 36.84  472.3  
149  272  503  202713  1.242E-05 37.18  494.8  
204  263  498  198576  1.278E-05 37.18  514.2  
260  257  496  195129  1.314E-05 37.01  535.8  
316  252  492  190992  1.332E-05 36.49  557.7  
371  245  483  186855  1.368E-05 35.80  579.4  
427  236  465  181339  1.404E-05 34.94  605.1  
482  223  434  176512  1.422E-05 34.07  637.1  
538  205  382  169617  1.458E-05 33.03  676.6  

Values of Sy and Su depicted in table 1 are minimum values. However, according to ([1], 
9.3.5.1), mean values can be used in the assessment, estimated according to ([1], F.2.1.1).  

Symean = Symin + 69 MPa         (5)  
Sumean = Sumin + 69 MPa         (6)  



 

 
Material toughness:  
A value of CVN = 47.5 J obtained at 10ºC is indicated in TERNI drawing CN.100246-H. 
This is not a very typical value, considering that CVN values of 54 J are normally specified 
for these equipments [7]. The ASME VIII, Div.2 code, however, requires only 27 J at the 
minimum operating temperature.  
Regardless, the original CVN value cannot be used in the estimation of material toughness, 
because it is referred to a non-exposed (new) material. Although the effect of hydrogen 
embrittlement does not reflect in the CNV of the exposed material, a substantial reduction is 
caused by temper embrittlement.  
In order to account for both TE and HE damage mechanisms, the lower bound fracture 
toughness was obtained from equation (4).  
Using this procedure for the base material and for the weld material, both with different 
FATT values (see 5.1), the corresponding KIC-H lower bound curves as a function of 
temperature were obtained (Fig.1). A plot of KIC-H without temper embrittlement (TE) is also 
included for comparison.  
According to ([1], F.4.4.1e)), the curves obtained with equation (4) were truncated at a 
maximum of 110 MPa√m.  

Fig.1 – Evolution of KIC-H with temperature (weld material, plate material)  
 
Partial Safety factors  
Partial safety factors (PSFs) are used on computed primary stresses, material toughness and 
crack size. The values of such safety factors are calibrated against mean values of these 
variables, and are obtained from ([1], table 9.3) considering a probability of failure of 1 x 10-3  
A partial safety factor of 1.0 was however used on toughness, because the assessment was 
done with lower bound values.  
The partial safety factors used on stress, toughness and crack size were, respectively:  
PSFs = 1.40  
PSFk = 1.00  
PSFa = 1.15  
 
Operating conditions  
The present operating conditions of the reactor were indicated by Shiraz Refinery and are 
depicted in figures 2 and 3. 
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Fig. 2 ‐ Start‐up conditions
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Fig. 3 ‐ Shutdown conditions

Temperature (°C)

Pressure (kg/cm2)

Fig.4 – Hoop pressure stress across the 
thickness for P=1 MPa 

1  MANUFACTURE DATE  1970-1971  
2  MANUFACTURED BY  TERNI (ITALY)  
3  MATERIAL  SA-387 (3%CR & 1%MO)  
4  CLAD MATRIAL  S.S 347  
5  DESIGN TEMP.  470 °C  
6  OPR. TEMP.  MAX 455 °C  
7  DESIGNE PRES.  196 KG/CM2 
8  OPR. PRES.  182.7KG/CM2 
9  THICK. OF SHELL 186 MM 
10  LENGTH  21717 MM  
11  DIAMETER  (ID)  2438 MM  
12 NO. OF TRAYS  3  
13  NO.OF SHUT DOWNS FOR INSPECTION  11  
14  SERVICE LIFE  34 YEARS (FROM 1352)  

  
 
Stress analysis  
Pressure stresses  
The pressure stresses were computed by Lamé formula 
for thick cylinders:  
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Where Ri = 1219 mm and Ro = 1405 mm  

The assessment methodology requires that stress 
distributions are input as 4th order polynomials. The 
coefficients of such polynomials are then used to 
compute membrane and bending stresses across the 
thickness of the component. For the pressure stresses, 
the required coefficients are directly proportional to the pressure level; therefore it will be 
sufficient to compute them once for a pressure of 1 MPa. This is done in figure 4, where the 
required coefficients are also indicated.  



 

Fig.5 – Circumferential thermal stress across 
the thickness for m=1 ºC/h 

Polynomial stress distribution: 4
4

3
3

2
210 )()()()()(

t
x

t
x

t
x

t
x

t
x σσσσσσ ++++=   (8) 

Membrane stress for P= 1 MPa: 55.6
5432

4321
0 =++++=

σσσσσσm
MPa  (9) 

Bending stress for P=1 MPa: 50.0
15
6

20
9

22
4321 =+++=

σσσσσ b
 MPa  (10) 

Residual stresses  
The residual stresses were estimated based on ([1], E.4.1.2), considering the effect of PWHT:  

mean
y

r S×= 3.0θσ          (11) 
The mean value of the yield stress was estimated according to equation (5):  

3796931069 =+=+= mean
y

mean
y SS MPa  

The circumferential residual stresses area therefore estimated to be:  
1143793.03.0 =×=×= mean

y
r Sθσ MPa  

Using the same 4th order polynomial approach for the stress distribution, the corresponding 
coefficients and linearized stress components will be:  

1140 =σ  MPa; 1σ = 2σ = 3σ = 4σ =0  114=mσ    MPa;  0=bσ   
Thermal stresses  
The thermal stresses occurring across the thickness of the reactor during start-up and 
shutdown were evaluated by Finite Elements using the ANSYS program.  
It can be demonstrated that the distribution of circumferential thermal stresses for a linearly 
increasing imposed temperature at the inner wall of the cylinder is proportional to the heating 
rate and to the material properties (equation 12).  
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Where:  
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dTm  is the heating rate of the inner wall (ºC/s) 
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α  is the thermal diffusivity (mm2/s) 

β  is the thermal expansion coefficient (/ºC)  
E  is the Young Modulus (MPa)  
µ  is the Poisson ratio  

This relation allows one to obtain the thermal stress distribution for a heating rate of 1ºC/h 
and a given set of physical properties (see figure 5), and then correct the results 
proportionally for different heating rates and physical properties.  

Again using a 4th order polynomial to describe the 
stress distribution, one obtains:  
Polynomial stress distribution: 
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The polynomial coefficients indicated in figure 5 were obtained for 
⎥
⎦

⎤
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β E =0.3757 

The corresponding coefficients for any other value of heating rate and physical properties are 
obtained proportionally.  
 
Assessment methodology  
A Level 2 assessment according to API 579 was used. This basically required the 
computation of:  

• Stress intensity factor for primary loads: KI
P  

• Stress intensity factor for secondary and residual stresses: KI
SR  

• Reference stress for primary loads: P
refσ  

• Reference stress for secondary and residual stresses: SR
refσ  

• Plasticity interaction factor: Φ  
The pressure load was classified as Primary Load, whereas the thermal stresses were 
classified as Secondary Loads.  
The methodology used to obtain the stress intensity factor and the reference stress is fully 
explained in ([1], Part 9 and annexes C and D). The plasticity interaction factor was obtained 
according to ([1], 9.4.3).  
The assessment was performed along the normal start-up and shutdown evolutions of 
pressure and temperature indicated by Shiraz refinery (see figures 2 and 3). The material 
physical properties were updated as a function of temperature, using the data from table 1.  
For each point in the start-up / shutdown curves, the variables “Load ratio” and “Toughness 
ratio” were computed and plotted in the Failure Assessment Diagram (FAD) specified in the 
API 579 code.  
Where:  
Load ratio: 

y

P
refP

rL
σ
σ

=          (16)  

Toughness ratio: 
HIC
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I

P
I

r K
KKK

−

Φ+
=        (17)  

The FAD diagram basically indicates the allowable value of Kr for each value of Lr, such that 
unstable propagation of the crack will not occur. The equation of the FAD is:  
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P
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With a cut-off at P
rL = 1.25 for C-Mn steels.  

The assessment was performed at three different locations inside the cracks, obtained 
changing the position angle φ (see figure 6). Values of φ=−π /2 ; φ= 0 and φ =π /2 were used. 
For the purpose of using the FAD diagram, however, only the largest value of Kr was 
considered.  

Fig.6 – Location of assessment points in the crack  
 



 

Fig.8 – Alternative start-up procedure 

Fig.9 – Alternative shutdown procedure 

Fig.7 – Assessment points of defect 1 
(present operating conditions) 

Fig.10 – Assessment points of defect 1 (alternative 
operating conditions) 

 
Assessment of defect 1  
Present operating conditions  
The results obtained using present start-up and shutdown conditions are summarized in 
figure7, which is a plot of the FAD with the location of the (Lr , Kr ) points during a start-up 
and shutdown of the reactor.  

  

  

It is clear from the results that operation is not safe at the beginning of start-up and at the end 
of shutdown, typically at temperatures below 100ºC. 
 
Alternative start-up and shutdown procedures  
It is suggested that different procedures are used during start-up and shutdown, such that 
computed values of (Lr , Kr ) are always maintained within the acceptance zone of the FAD 
diagram. A possible solution is presented in figure 8 and figure9. The corresponding 
assessment diagram is presented in figure 10. The temperature referred in the graphs and 
tables is metal temperature.  
The proposed alternative start-up and shutdown procedures should not be considered as the 
only viable solutions to maintain the assessment points within the acceptable part o the FAD 
diagram. Any other evolution of pressure and temperature, with lower pressures for the same 
temperatures, or higher temperatures for the same pressures, will accomplish the desired 
result. However, care should be taken in not using a higher heating rate at the beginning of 
start-up, because this will produce higher traction thermal stress at the location of the crack, 
causing the assessment points to fall outside the acceptable zone of the diagram. Identically, 
one should not use lower cooling rates at the end of shutdown because the induced 
compressive stresses will be lower and consequently the assessment points may fall outside 
the acceptable zone of the diagram.  
 



 

 
Crack propagation  
Two possible crack propagation mechanisms were evaluated: hydrogen assisted crack 
propagation and creep. The analysis was focused on defect 1, since it is the more relevant 
defect.  
Hydrogen assisted crack propagation  
The upper bound crack growth rate of an existing crack can be estimated from a Paris type 
law ([1], F.5.5.2):  

7.1124104.2)( K
dt
da

H
−×=   (Kth<K<KIC-H)  (mm, h, MPa, MPa m ) (19)  

Where Kth is the threshold stress intensity factor and KIC-H is the material toughness under 
hydrogen service. These are given by equations (3) and (4) above. A value of Kth equal to 
26.5 MPa.√m was obtained for the weld material.  
This equation is valid for hydrogen concentrations between 2.0 to 4.2 ppm and temperature 
below 150ºC [7].  
The values of K below 150 ºC (during start-up and shutdown) were obtained from the 
assessment model, considering the present size of the defect, and the alternative operating 
procedures specified in figures 8 and 9. The results are presented in tables 2 and 3.  

Table 2– Stress intensity factor below 150ºC  
Start-up with alternative procedure (figure 8)  

T 
 (ºC)  

P  
(kg/cm2)  

dT/dt  
(ºC/h)  

P
IK  

(MPa.√m) 

SR
IK  

(MPa.√m) 

P
IK + SR

IK  
(MPa.√m)  

HICK −  
(MPa.√m) 

20  0  0  0  27.2  27.2  30.5  
100  22  20  4.5  29.7  34.2  37.2  
150  37  20  7.6  29.8  37.4  57.8  

 
Table 3– Stress intensity factor below 150ºC  
Shutdown with alternative procedure (figure 9)  

T 
 (ºC)  

P  
(kg/cm2)  

dT/dt  
(ºC/h)  

P
IK  

(MPa.√m)  

SR
IK  

(MPa.√m) 

P
IK + SR

IK  
(MPa.√m)  

HICK −  
(MPa.√m) 

20  0  0  0  27.2  27.2  30.5  
100  40  -10  8.2  26.0  34.2  37.2  
150  60  -10  12.3  25.9  38.2  57.8  

 
The results showed that at a metal temperature below 150ºC the total stress intensity factor 

P
IK + SR

IK  is always above the threshold value of Kth = 26.5 MPa.√m. The crack will therefore 
propagate, even during a full stop, provided a critical concentration of hydrogen is 
maintained in the vicinity of the crack tip. It will therefore be beneficial to reduce the 
hydrogen concentration in the metal, by allowing it to diffuse to the atmosphere. This can be 
accomplished by operating the reactor at high temperature without hydrogen charge before 
shutdown (degassing).  
The crack propagation rate can now be obtained from equation (19). Considering the values 
of K for 100ºC, a typical value for that rate is:  

yearmmhmmK
dt
da

H /018.0/1013.22.34104.2104.2)( 67.11247.1124 =×=××=×= −−−  



 

Fig.17 – Predicted evolution of crack size 
starting August 1380 

This value of propagation rate does not explain how the crack size has increased from 50 mm 
(measured value in August 2002 [4]) to 54 mm in August 2008 (present inspection results). 
The crack growth cannot consequently be explained only by a HAC mechanism.  
Propagation due to creep  
According to [9], an estimation of crack propagation rate due to creep is given by:  
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Where tR is the time to rupture at operating temperature T and reference stress P
refσ .  

By the use of the assessment model, it was possible to compute de stress intensity factor for 
primary loads P

IK  and the reference stress for primary loads P
refσ  at normal operating 

conditions T= 430 ºC and P=165 kg/cm2.  
For the present crack dimensions (2a=54 mm; 2c=71 mm) the following values were 
obtained:  

P
IK =33.8MPa m =1069 N.mm-3/2 

P
refσ  =161 MPa  

The time to rupture was obtained from [10], using a Larson-Miller Parameter correlation 
applicable to 3Cr-1Mo material:  
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From equation (20), the instantaneous crack propagation rate due to creep at the present crack 
dimensions is therefore: 
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This rate is more than twenty times higher than the computed rate based on HAC 
damage mechanism; creep is therefore the main damage mechanism responsible for crack 
growth.  
Crack growth model  
A crack growth model was developed based on equation (20) and on the global assessment 
model, from which the evolutions of P

IK  and P
refσ were obtained. Since propagation by HAC 

is quite small and only occurs at temperatures below 150ºC, it will be conservative to 
consider that the reactor operates 100% of the time at high temperature.  
The time to rupture tR was obtained from equation (21), using a regression of the Larson-
Miller parameter vs. stress data provided in [10]:  
LMP = (−1.92974 ln( σ ref ) + 28.567) ×103  (18000 < LMP < 20000)   (22)  

Equation (20) was then integrated numerically with a 
time step of two months between August 2002 and 
August 2011. This allowed to check the crack growth 
model against the observed crack growth from 2a=50 
mm in August 2002 to 2a=54 mm in August 2008. The 
results obtained are presented in figure 17.  
Considering an uncertainty of about 2 mm in the 
measured crack size in year 2002, the model was run for 
initial conditions of 48 mm, 50 mm and 52 mm. The 
presently measured crack size (54 mm with an 
uncertainty of 1 mm) is predicted with reasonable 



 

Fig.18 – Predicted evolution of crack size 
between years 2008 and 2011 

Fig. 19 – Assessment of defect 1 during 
start-up (alternative operating procedure)  

accuracy, with a difference of about 1.4 mm to the measured value.  
In order to predict the crack size after additional three years in operation (up to August 2011), 
the model was started with the present initial conditions (2a=54 mm, 2c=71 mm in August 
2008). The predicted crack growth (dimensions “2a” and “2c”) between August 2008 and 

August 2011 are shown in figure 18.  
Critical crack size  
Considering the crack will continue to grow by both 
creep and HAC mechanisms, it becomes necessary to 
know its critical size, as well as the time required to 
reach it.  
This can be achieved considering the increasing 
dimensions of figure18 and performing an assessment 
for each time step. It will be sufficient to do this for the 
worse combination of pressure, metal temperature and 
heating rate occurring during start-up and shutdown. 
Considering the alternative start-up and shutdown 
procedures indicated in figures 8 and 9, such 
combination will occur 2 hours after the beginning of 
start-up, being defined by the following conditions (see 
figure 19):  

• Metal temperature: 40ºC  
• Pressure: 10 kg/cm2  
• Metal heating rate: 10ºC/h  

 
The allowable crack size for this condition is 2a=55.43 
mm, 2c=72.09 mm. It is predicted that this will occur 

eighteen months from now, by December 2009.  
It should be emphasized that it is absolutely required not 
to exceed the heating rates specified for start-up, neither 

to use lower cooling rates during shutdown. This is because thermal stresses will produce 
traction stresses in the crack proportional to the heating rate (relevant for start-up), and 
compressive stresses proportional to the cooling rate (relevant for shutdown). Both stresses 
were considered in the assessment.  

Remedial actions  
It will be possible to extend the equipment life beyond 18 months without repairing the 
defect, by changing again the start-up and shutdown conditions. Using this method, and 
considering an extension of life until August 2011, the relevant crack dimensions will be 
2a=56.90 mm, 2c=73.22 mm.  
Running the assessment model with these increased crack dimensions, the following 
acceptable evolution of pressure and metal temperature was derived for the beginning of 
start-up. The remainder of the start-up and the shutdown procedure may remain unchanged.  
The results obtained showed that changes in the operating procedures during start-up and 
shutdown can be used to extend the life of the equipment until the expected date of the next 
outage (August 2011). However, this cannot be considered as a definite solution for the 
problem posed by defect 1, such that a repair of such defect should be analysed in detail.  
Specifically, it may be possible to do a repair by welding and then to perform the required 
PWHT without causing Sigma Phase embrittlement in the overlay cladding. This will require 



 

the removal of the cladding by grinding in the zone heated above 649ºC (1200ºF). The size of 
that zone could be determined by a transient heat transfer analysis.  
Finally, although crack propagation by HAC is of a lower order of magnitude than 
propagation due to creep, it will be nevertheless beneficial to perform a degassing of the 
reactor before shutdown. This can be accomplished by running the reactor at high 
temperature without hydrogen charge, such that the hydrogen embedded in the metal can 
diffuse to the atmosphere. Failure to do this will cause hydrogen to be entrapped in the metal, 
causing crack propagation by HAC at temperatures below 150ºC.  

Reference documents  
The following reference documents were used:  
[1] API 579 – Fitness for service: ed. 2007;  
[2] API 571 – Damage mechanisms affecting fixed equipment in the refining industry;  
[3] BS 7910 – Guide on methods assessing the acceptability of flaws in fusion welded 
structures;  
[4] JSW report – Inspection report for ISOMAX reactor FV-601 and heat exchanger FE601A  
[5] A387-72a – Standard Specification for Pressure Vessel Plates, Alloy Steel, Chromium-
Molybdenum  
[6] A387M-03 – Standard Specification for Pressure Vessel Plates, Alloy Steel, Chromium-
Molybdenum  
[7] Viswanathan, R. – Damage Mechanisms and Life Assessment of High Temperature 
Components  
[8] ASME II, Part D – Properties  
[9] BS 7910 – Guide on methods of assessing the acceptability of flaws in fusion welded 
structures  
[10] API 530 – Calculation of heater tube thickness in petroleum refineries 
 
  



 

Bandar Abbas Refinery Project 
This project included inspection and Fitness for Service (FFS) on Isomax Reactor V-06003A 
(in service since 1994), Top Flanges Grooves of V-06003A/B and V-06004A/B Reactors 
performed by Tubi Tak Consulting Eng. & Inspection Co. in cooperation with ISQ during 
shut down in 2008 (24 Nov.-2Dec.). 
 
Inspection Activities 
The inspection activities on Isomax Reactor V-06003A covered Circumferential and Vertical 
weld lines positioned on cylindrical body and Hemispherical Heads on top and bottom of the 
reactor for: 

1. Disbonding and lamination detection plus Thickness measurement by Pulse echo UT  
2. Embedded Cracks detection and sizing by TOFD and Phased Array UT  
3. Surface Cracks detection by MT 
4. Hardness testing 

 
In addition the inspection performed on grooves of 8 Flanges of V-06003A/B and V-
06004A/B reactors, included: 

1. Surface Crack detection by PT 
2. Embedded Crack detection and sizing by Different Ultrasonic Methods 

 
Results of Inspection 
The inspection findings on Isomax Reactor V-06003A showed no important indication to be 
FFS assessed. 
The flanges were tested by Liquid Penetrant test for finding largest defects to be sized by 
Phased array later. From 8 flanges 2 found to have heavy cracks (V-06003B & V-06004B) as 
shown in following pictures. The others hadn’t defects that can be detected and sized by 
Phased Array. 

  

V-06003B V-06004B 
 
All 8 flanges were tried with Creeping Wave, Conventional, and Phased Array Probes but 
because of the complexity of the geometry only Phased Array could find and size the largest 
cracks on above 2 heavily cracked flanges. These were sent for FFS evaluation. 
 
FFS Evaluation Of Ring Joint Groove Cracking 
Circumferential cracks were detected on the ring joint grooves of the top flanges of reactors 
V06003B and V06004B of the Bandar Abbas Refinery.  In order to evaluate if the repair of 
the cracks would be required before start-up, a detailed FE analysis of the ring joint / flange 
interaction was performed, from which the stress distributions during bolting-up and 
operation were obtained. 



 

 
Finite Element model 
A Finite Element model was built using the ANSYS 
program, accounting for the geometry of the two 
flanges and ring joint.  The interaction between the 
ring joint and the groove walls was modelled with 
surface-to-surface contact elements, such that contact 
pressure and resulting stresses could be obtained for 
the different conditions which were analyzed.  Due to 
the high computed stresses in both the joint and the 
flange, non-linear (plastic) constitutive material laws 
had to be used. The true stress vs. logarithmic strain curves for the two materials used in the 
nozzle (AISI 347 and SA182 Gr.F22) were obtained for different temperatures and used in 
the program as piecewise curves. 
The cracks are located in the lower flange, as indicated in figure. The crack lengths are 
oriented circumferentially along the groove, whereas the crack depths are oriented between 
axially and perpendicularly to the groove surface. The larger crack depth was 8.5 mm in 
reactor V06003B and 11 mm in reactor V06004B. Since the overlay weld thickness at the 
groove is 4.5 mm, this corresponds to crack depths of 4 mm and 6.5 mm within the base 
material, for reactors V06003B and V06004B, respectively. 
 
Results from FE analysis   
The model was used to obtain the stress distributions at the cracked zone for bolting-up and 
operating conditions. In order to a crack to propagate, the stress component perpendicular to 
the crack should be in traction, and should not decay shortly below the surface. 
 
Results for Bolting-Up Condition 
Only the bolt load used for gasket seating is applied to the flange, with a value of 
W=19293kN. The results showed very large contact pressures (about 800 MPa), as well as 
high equivalent stresses (far above the yield stress). However, such stresses are basically 
compressive stresses at the location of the crack, as depicted in figures, the latter being a 
capped plot of the traction stresses obtained in a coordinate system oriented perpendicularly 
to the crack. It should be noted that, at the most, such traction stresses are only about 30 MPa, 
decaying very rapidly at a short distance from the surface. 
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Results for operating condition 
The bolt load is changed to W=17259 kN, and the internal pressure and the temperature are 
increased to 205 bar and 391 ºC. The internal pressure relieves the contact pressure of the 
joint to about 200 MPa, also decreasing the equivalent stresses around the groove. Additional 
stresses appear at the weld overlay / base metal interface, due to the differences in thermal 
expansion coefficient. This increases the traction stresses oriented perpendicularly to the 
crack (see figure). Nevertheless, such stresses remain small (between 30 MPa and 50 MPa).  
Like for the bolting-up condition, the traction stresses perpendicular to the crack decay very 
rapidly at a short distance from the surface. Furthermore, at a temperature of 391 ºC the 
material toughness is very high (at least 110 MPa√m), even considering the occurrence of 
temper embrittlement and hydrogen embrittlement. The occurrence of unstable crack 
propagation is therefore not considered possible during operation. 
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Conclusions 
The results obtained with the Finite Element simulation of the gasket / flange interaction 
showed that larger equivalent stresses do occur at the lower flanges, where cracking was 
detected. This is particularly true for the bolting-up condition (see figure). 
It could also be shown that stresses oriented perpendicularly to the existing cracks are small 
for both bolting-up and operating conditions (about 30 MPa) and decay very fast with the 
distance to the surface. According to the measured crack sizes, the crack tip is already in a 
compressive stress field. Such conditions readily showed that unstable crack propagation is 
not expected to occur. Nevertheless, an FFS evaluation according to API 579 was performed 
for the bolting-up condition of the flange, where the minimum material toughness occurs. 
The results confirmed that unstable crack propagation cannot occur in the present conditions, 
such that a repair is not required. 


