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Abstract 

 

Since 2001, API 579-1/ASME FFS-1, “Fitness For Service” (FFS) document has been utilized 

by many professionals in the chemical and petroleum industry to mitigate the risk of operating 

process equipment with possible anomalies.  A FFS assessment is an engineering analysis of 

equipment to determine whether it is fit for continued service.  The equipment may contain 

flaws, may not meet current design standards, or may be subject to more severe operating 

conditions than the design conditions.  The product of an FFS assessment is a decision to safely 

operate the equipment as is, or to alter, repair, monitor, or replace the equipment. 

Keywords: Fitness For Service, Crack Like Flaws, Crystallizer, Engineering Analysis 

1. Introduction 

 

In 1990’s petrochemical plants in the United State of America and especially in Texas 

experienced a few catastrophic failures.  These failures caused plant personnel’s lives and 

damaged and destroyed process equipment.  These failures initiated several investigations by the 

Occupational Safety and Health Administration (OSHA).  OSHA officials were looking for 

processes to prevent occurrences of such accidents in the future.  The results of these 

investigations caused OSHA to mandate the OSHA 1910.119, “Process Safety Management of 

Highly Hazardous Chemicals”.  Paragraph “j” of this Code of Federal Regulations required that 

each facility under the regulations to have a formal mechanical integrity program for safe 

guarding against occurrence of such accidents. 

 

Many petrochemical companies had difficulties in writing the mechanical integrity program for 

their facilities because a document that provided rules for the evaluation of in service equipment 

did not exist.  In 1994, American Petroleum Institute (API) formally established the Fitness For 

Service (FFS) committee with API 579 designation.  Members from owner-user groups and 

technical professionals from chemical and petroleum industries and international groups from 

Europe, Japan, and China participated in the meetings and discussions.  API released 

Recommended Practice RP 579 for determining FFS of pressure vessels and piping in early 

2000.  Later a joint committee of the American Society of Mechanical Engineers (ASME) and 

API worked together to release API 579-1/ASME FFS-1 in 2004. 

 

FFS assessments are quantitative engineering evaluations that are performed to demonstrate the 

structural integrity of an in-service component that may contain a flaw or damage.  This Standard 

provides guidance for conducting FFS assessments using methodologies specifically prepared for 

pressurized equipment. These guidelines provides Standard that can be used to make run-repair-

replace decisions to help determine if pressurized equipment containing flaws that have been 
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identified by inspection can continue to operate safely for some period of time.  These FFS 

assessments are currently recognized and referenced by the API Codes and Standards (510, 570, 

& 653), and by National Board-23 as suitable means for evaluating the structural integrity of 

pressure vessels, piping systems and storage tanks where inspection has revealed degradation 

and flaws in the equipment. 

 

2. Required Data for the Assessment 
 

The required data for the assessment of the Crystallizer vessel shell in this study was as follows: 

 
Equipment 

Type 

Material of 

Construction 

Nominal 

Thickness 

Corrosion 

Allowance 

Diameter Joint 

Efficiency 

Design 

Pressure 

Design 

Temperature 

Pressure 

Vessel 
SA 240-304 0.500 in. 0.062 in. 102 in. 85% 25 psi 500 °F 

 

The vessel was externally insulated.  The product inside this vessel was a mixture of Dimethyl 

Naphthalene Isomer.  The chilled water utilized in the jacket side was about 50/50 mixture of 

De-Ionized Water and Ethylene until 9-12 months before the assessment and about 50/50 

mixture of De-Ionized Water and Glycol Propylene Glycol since then.  The vessel is heated up to 

300 °F for de-riming every 14 days.  Other operating conditions consisted of: 

 
Item Process In Temperature Process Out Temperature* Operating Pressure 

Internal Vessel 165º F- 175º F 140º F - 145º F 5 psig – 10 psig 

Vessel Jacket 70º F Chilled Water 110º F - 120º F 100 psig – 110 psig 

* Internal vessel process out temperature is about 270º F during de-rime 

 

The vessel was fabricated in 1994 and placed in service upon construction.  During a period 

between 1997 and 2002 cooling water was injected in the jacket.  Cooling water contained 

chloride and the possibility of chloride stress corrosion of the jacket and shell were realized.  In 

2001, after removal of insulations, an inspector performed a visual examination and found 

through wall cracks on the jacket side of the vessel.  These cracks were thought to be chloride 

Stress Corrosion Cracking (SCC) from the chilled cooling water.  An ultrasonic shear wave 

examination was performed in the inner vessel wall at eight elevations.  The result of this 

examination noted no significant indication at the time of the examination.  Further internal 

visual examination and an API 510 internal inspection was performed on this vessel and no sign 

of cracking was detected.  However, in October 2011 a Phased Array Scan on the inside diameter 

wall of this vessel was performed.  The intent of the Phased Array Scan was to locate any SCC 

type indications that may be propagating into the vessel walls from spot welds connecting the 

outer jacket to the vessel.  Each vessel was assigned four quadrants at 0, 90, 180, and 270 

degrees.  A manual raster scan was performed on areas 6” W x 2’ L in each quadrant at multiple 

levels of scaffolding in the vessel.  Scans in this vessel were performed at the bottom two levels 

and the top level of scaffolding at all four quadrants.  A scan was also performed at the 0º 

quadrant on the sixth level.  Numerous SCC type indications were found in these areas and each 

indication was assigned a number and the depth of penetration into the vessel was recorded.  

Depths of SCC type indications range from a low of 0.082” to a high of 0.244” with an average 

of approximately 0.165”. 
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Furthermore, on November 2011 a follow up examination was performed to provide more 

detailed information about the nature of the flaws.  The scans were performed at elevations 0’-2’, 

19’-22’, and 22’-26’ at the 0, 90, 180, and 270 degree quadrants; also at elevations 29’-32’ at the 

0 and 90 degree quadrants.  The readings in these areas were found to be consistent to those of 

the previous scans performed.  Depths of the SCC type indications range from 0.085” to 0.292” 

from the outside wall of the pressure envelope.  Indications were found to have a length ranging 

from 0.350” to 0.800”.  Indications were found only in areas where spot welds have been 

deposited and appeared to be separated by approximately 2” vertically and horizontally. 
 

 
 

In an effort to provide as much detail as possible, it was also requested to perform a Computed 

Radiography inspection in an area where the insulation had been removed at the 300 to 0 degree 

quadrant at elevation 26’.  One radiographic exposure was taken covering the entire exposed area 

of the vessel.  The radiograph provided a visual reference of the linear indications.  It was found 

that the majority of the spot welds in the exposed areas contain indications and numerous spot 

welds contain multiple indications.  Linear indications in exposed areas were found to be 

approximately 0.250” to 0.450” in length. 

 

Furthermore, a liquid penetrant examination was performed on the internal surfaces of the vessel.  

The result of the examination indicated that no internal surface cracks are present at the time of 

examination. 

 

3. FFS Engineering Assessment 

 

A FFS assessment based on the criteria in API 579-1/ASME FFS-1 Part 9, “Assessment of 

Crack-Like Flaws” was conducted.  The entire vessel shell plates were assessed.  No openings, 

nozzles, appurtenances, or structural supports were included in the assessment.  No supplemental 

loads were considered. 
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The assessment requires grouping of the crack-like flaws together in this case per figure below: 

 

 
 

The evaluation has been performed for a number of different scenarios for each vessel shell 

course.  The effect of the depth and the length of the crack-like flaw on this vessel is 

documented.  It is assumed that fatigue is not a factor and no active crack growth exists in the 

vessels. 

 

To perform FFS assessment two Finite Element Analysis (FEA) models were created.  One 

model is a slice of the entire vessel and the other is a small section of a representative part of the 

vessel with a size of about 21” x 21”.  Both models use studs attached with roller/sliding fixtures 

to represent where the end of the studs are welded to the jacket.  For both models the internal 

vessel pressure used was 25 psig and the external vessel pressure used was 175 psig. 
 

 
Vessel FEA Models and slice stresses 

 

A mesh around a central stud is created and a 0.050” radius where this central stud is attached to 

the shell for both models were allowed.  The models and hand calculations indicate that the 

highest stressed part is where each stud is welded to the vessel. 

 

The procedure outlined in API 579 Annex D Paragraph D.2.2.3 was utilized to determine the 

equivalent membrane and bending stress distribution across the wall thickness of the vessel.  

These values were used in the crack analysis to determine the risk of failure per following: 
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Plot of Stress Distribution 

The FEA results were utilized to calculate the Failure Assessment Diagram (FAD) detail.  The 

FAD is used for the evaluation of crack-like flaws in components.  The FAD approach was 

adopted because it provides a convenient, technically based method to provide a measure for the 

acceptability of a component with a crack-like flaw when the failure mechanism is measured by 

two distinct criteria: unstable fracture and limit load.  Unstable fracture usually controls failure 

for small flaws in components fabricated from a brittle material and plastic collapse typically 

controls failure for large flaws if the component is fabricated from a material with high 

toughness.  In a FFS analysis of crack-like flaws, the results from a stress analysis, stress 

intensity factor and limit load solutions, the material strength, and fracture toughness are 

combined to calculate a toughness ratio, Kr and load ratio, Lr.  These two quantities represent the 

coordinates of a point that is plotted on a two dimensional FAD to determine acceptability.  If the 

assessment point is on or below the FAD curve, the component is suitable for continued 

operation. 

 

The load ratio based on primary stress, L
P

r, is calculated using the reference stress for primary 

stress, σ
P

ref, and the yield strength of the material, σys: 

 

L
P

r = σ
P

ref  / σys 

 

The reference stress based on primary stress, σ
P

ref , is based on the modified primary stress 

distribution and modified flaw size, and utilizes reference stress solutions based on crack-like 

flaw geometries.  Yield strength values, σys, utilize either actual material test values, or nominal 

values based on the material specification.  They are chosen at the assessment temperature. 

 

The toughness ratio, Kr, is calculated using the applied stress intensity due to the primary stress 

distribution, K
P

I, the applied stress intensity due to the secondary and residual stress 

y = 257472x4 - 547499x3 + 382556x2 - 101073x + 10043 
R² = 0.9494 

y = -6902.1x + 6463.8 
R² = 0.4505 
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distributions, K
SR

I , the plasticity correction factor, Ф, and the modified material toughness value, 

Kmat: 

 

Kr = ( K
P

I + ФK
SR

I ) / Kmat 

 

The applied stress intensity due to the primary stress distribution, K
P

I, is calculated utilizing 

modified primary stress distributions and modified flaw sizes, and stress intensity factor 

solutions.  The applied stress intensity due to the secondary and residual stress distributions, 

K
SR

I, is calculated using secondary and residual stress distributions, the modified flaw size, and 

stress intensity factor solutions.  The plasticity correction factor, Ф is calculated using the stress 

intensity attributed to secondary and residual stresses, or load ratios.  The modified material 

toughness value, Kmat, is the mean value of the material fracture toughness modified with the 

partial safety factor for fracture toughness. 

 

  
 

4. Conclusion 

 

The results of the assessment indicated that this Crystallizer vessel was fit for service at the time 

of evaluation.  However, when considering the extend of the cracking around all the stud welds it 

becomes apparent that any further sharp temperature and pressure cycle should be avoided.  The 

maximum crack length recorded is 0.800” at this time which means that there could be areas in 

the vessel where the defect free distance between the adjacent stud welds is only about 0.150”.  

Furthermore, the maximum depth of crack recorded is 0.292” at this time. 

 

It is emphasized that controlling the rate of growth of these cracks is the most important factor in 

continuous utilization of the vessel.  Therefore, it is strongly recommended to perform online 

monitoring of the growth of these cracks by Acoustic Emission or other instrumentation. 
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Since 2001, API 579-1/ASME FFS-1, “Fitness For Service” (FFS) document has been utilized 

by many professionals in the chemical and petroleum industry to mitigate the risk of operating 

process equipment with possible anomalies.  A FFS assessment is an engineering analysis of 

equipment to determine whether it is fit for continued service.  The equipment may contain 

flaws, may not meet current design standards, or may be subject to more severe operating 

conditions than the design conditions.  The product of an FFS assessment is a decision to safely 

operate the equipment as is, or to alter, repair, monitor, or replace the equipment. 
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1. Introduction 

 

In 1990’s petrochemical plants in the United State of America and especially in Texas 

experienced a few catastrophic failures.  These failures caused plant personnel’s lives and 

damaged and destroyed process equipment.  These failures initiated several investigations by the 

Occupational Safety and Health Administration (OSHA).  OSHA officials were looking for 

processes to prevent occurrences of such accidents in the future.  The results of these 

investigations caused OSHA to mandate the OSHA 1910.119, “Process Safety Management of 

Highly Hazardous Chemicals”.  Paragraph “j” of this Code of Federal Regulations required that 

each facility under the regulations to have a formal mechanical integrity program for safe 

guarding against occurrence of such accidents. 

 

Many petrochemical companies had difficulties in writing the mechanical integrity program for 

their facilities because a document that provided rules for the evaluation of in service equipment 

did not exist.  In 1994, American Petroleum Institute (API) formally established the Fitness For 

Service (FFS) committee with API 579 designation.  Members from owner-user groups and 

technical professionals from chemical and petroleum industries and international groups from 

Europe, Japan, and China participated in the meetings and discussions.  API released 

Recommended Practice RP 579 for determining FFS of pressure vessels and piping in early 

2000.  Later a joint committee of the American Society of Mechanical Engineers (ASME) and 

API worked together to release API 579-1/ASME FFS-1 in 2004. 

 

FFS assessments are quantitative engineering evaluations that are performed to demonstrate the 

structural integrity of an in-service component that may contain a flaw or damage.  This Standard 

provides guidance for conducting FFS assessments using methodologies specifically prepared for 

pressurized equipment. These guidelines provides Standard that can be used to make run-repair-

replace decisions to help determine if pressurized equipment containing flaws that have been 
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identified by inspection can continue to operate safely for some period of time.  These FFS 

assessments are currently recognized and referenced by the API Codes and Standards (510, 570, 

& 653), and by National Board-23 as suitable means for evaluating the structural integrity of 

pressure vessels, piping systems and storage tanks where inspection has revealed degradation 

and flaws in the equipment. 

 

2. Required Data for the Assessment 
 

The required data for the assessment of the vessel shell in this study was as follows: 

 
Equipment 

Type 

Material of 

Construction 

Nominal 

Thickness 

Corrosion 

Allowance 

Diameter Joint 

Efficiency 

Design 

Pressure 

Design 

Temperature 

Pressure 

Vessel 
SA 240-304 0.500 in. 0.062 in. 102 in. 85% 25 psi 500 °F 

 

The vessel was externally insulated.  The chilled water utilized in the jacket side was about 50/50 

mixture of De-Ionized Water and Ethylene until 9-12 months before the assessment and about 

50/50 mixture of De-Ionized Water and Glycol Propylene Glycol since then.  The vessel is 

heated up to 300 °F for de-riming every two weeks.  Other operating conditions consisted of: 

 
Item Process In Temperature Process Out Temperature* Operating Pressure 

Internal Vessel 165º F- 175º F 140º F - 145º F 5 psig – 10 psig 

Vessel Jacket 70º F Chilled Water 110º F - 120º F 100 psig – 110 psig 

* Internal vessel process out temperature is about 270º F during de-rime 

 

The vessel was fabricated in 1994 and placed in service upon construction.  During a period 

between 1997 and 2002 cooling water was injected in the jacket.  Cooling water contained 

chloride and the possibility of chloride stress corrosion of the jacket and shell were realized.  In 

2001, after removal of insulations, an inspector performed a visual examination and found 

through wall cracks on the jacket side of the vessel.  These cracks were thought to be chloride 

Stress Corrosion Cracking (SCC) from the chilled cooling water.  An ultrasonic shear wave 

examination was performed in the inner vessel wall at eight elevations.  The result of this 

examination noted no significant indication at the time of the examination.  Further internal 

visual examination and an API 510 internal inspection was performed on this vessel and no sign 

of cracking was detected.  However, in 2011 a Phased Array Scan on the inside diameter wall of 

this vessel was performed.  The intent of the Phased Array Scan was to locate any SCC type 

indications that may be propagating into the vessel walls from spot welds connecting the outer 

jacket to the vessel.  Each vessel was assigned four quadrants at 0, 90, 180, and 270 degrees.  A 

manual raster scan was performed on areas 6” W x 2’ L in each quadrant at multiple levels of 

scaffolding in the vessel.  Scans in this vessel were performed at the bottom two levels and the 

top level of scaffolding at all four quadrants.  A scan was also performed at the 0º quadrant on 

the sixth level.  Numerous SCC type indications were found in these areas and each indication 

was assigned a number and the depth of penetration into the vessel was recorded.  Depths of 

SCC type indications range from a low of 0.082” to a high of 0.244” with an average of 

approximately 0.165”. 

 

Furthermore, on fourth quarter of 2011 a follow up examination was performed to provide more 

detailed information about the nature of the flaws.  The scans were performed at elevations 0’-2’, 
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19’-22’, and 22’-26’ at the 0, 90, 180, and 270 degree quadrants; also at elevations 29’-32’ at the 

0 and 90 degree quadrants.  The readings in these areas were found to be consistent to those of 

the previous scans performed.  Depths of the SCC type indications range from 0.085” to 0.292” 

from the outside wall of the pressure envelope.  Indications were found to have a length ranging 

from 0.350” to 0.800”.  Indications were found only in areas where spot welds have been 

deposited and appeared to be separated by approximately 2” vertically and horizontally. 
 

 
 

In an effort to provide as much detail as possible, it was also requested to perform a Computed 

Radiography inspection in an area where the insulation had been removed at the 300 to 0 degree 

quadrant at elevation 26’.  One radiographic exposure was taken covering the entire exposed area 

of the vessel.  The radiograph provided a visual reference of the linear indications.  It was found 

that the majority of the spot welds in the exposed areas contain indications and numerous spot 

welds contain multiple indications.  Linear indications in exposed areas were found to be 

approximately 0.250” to 0.450” in length. 

 

Furthermore, a liquid penetrant examination was performed on the internal surfaces of the vessel.  

The result of the examination indicated that no internal surface cracks are present at the time of 

examination. 

 

3. FFS Engineering Assessment 

 

A FFS assessment based on the criteria in API 579-1/ASME FFS-1 Part 9, “Assessment of 

Crack-Like Flaws” was conducted.  The entire vessel shell plates were assessed.  No openings, 

nozzles, appurtenances, or structural supports were included in the assessment.  No supplemental 

loads were considered. 

 

The assessment requires grouping of the crack-like flaws together in this case per figure below: 
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The evaluation has been performed for a number of different scenarios for each vessel shell 

course.  The effect of the depth and the length of the crack-like flaw on this vessel is 

documented.  It is assumed that fatigue is not a factor and no active crack growth exists in the 

vessels. 

 

To perform FFS assessment two Finite Element Analysis (FEA) models were created.  One 

model is a slice of the entire vessel and the other is a small section of a representative part of the 

vessel with a size of about 21” x 21”.  Both models use studs attached with roller/sliding fixtures 

to represent where the end of the studs are welded to the jacket.  For both models the internal 

vessel pressure used was 25 psig and the external vessel pressure used was 175 psig. 
 

          
Vessel FEA Models and slice stresses 

 

A mesh around a central stud is created and a 0.050” radius where this central stud is attached to 

the shell for both models were allowed.  The models and hand calculations indicate that the 

highest stressed part is where each stud is welded to the vessel. 

 

The procedure outlined in API 579 Annex D Paragraph D.2.2.3 was utilized to determine the 

equivalent membrane and bending stress distribution across the wall thickness of the vessel.  

These values were used in the crack analysis to determine the risk of failure per following: 
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Plot of Stress Distribution 

The FEA results were utilized to calculate the Failure Assessment Diagram (FAD) detail.  The 

FAD is used for the evaluation of crack-like flaws in components.  The FAD approach was 

adopted because it provides a convenient, technically based method to provide a measure for the 

acceptability of a component with a crack-like flaw when the failure mechanism is measured by 

two distinct criteria: unstable fracture and limit load.  Unstable fracture usually controls failure 

for small flaws in components fabricated from a brittle material and plastic collapse typically 

controls failure for large flaws if the component is fabricated from a material with high 

toughness.  In a FFS analysis of crack-like flaws, the results from a stress analysis, stress 

intensity factor and limit load solutions, the material strength, and fracture toughness are 

combined to calculate a toughness ratio, Kr and load ratio, Lr.  These two quantities represent the 

coordinates of a point that is plotted on a two dimensional FAD to determine acceptability.  If the 

assessment point is on or below the FAD curve, the component is suitable for continued 

operation. 

 

The load ratio based on primary stress, L
P

r, is calculated using the reference stress for primary 

stress, σ
P

ref, and the yield strength of the material, σys: 

 

L
P

r = σ
P

ref  / σys 

 

The reference stress based on primary stress, σ
P

ref , is based on the modified primary stress 

distribution and modified flaw size, and utilizes reference stress solutions based on crack-like 

flaw geometries.  Yield strength values, σys, utilize either actual material test values, or nominal 

values based on the material specification.  They are chosen at the assessment temperature. 

 

The toughness ratio, Kr, is calculated using the applied stress intensity due to the primary stress 

distribution, K
P

I, the applied stress intensity due to the secondary and residual stress 

y = 257472x4 - 547499x3 + 382556x2 - 101073x + 10043 
R² = 0.9494 

y = -6902.1x + 6463.8 
R² = 0.4505 
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distributions, K
SR

I , the plasticity correction factor, Ф, and the modified material toughness value, 

Kmat: 

 

Kr = ( K
P

I + ФK
SR

I ) / Kmat 

 

The applied stress intensity due to the primary stress distribution, K
P

I, is calculated utilizing 

modified primary stress distributions and modified flaw sizes, and stress intensity factor 

solutions.  The applied stress intensity due to the secondary and residual stress distributions, 

K
SR

I, is calculated using secondary and residual stress distributions, the modified flaw size, and 

stress intensity factor solutions.  The plasticity correction factor, Ф is calculated using the stress 

intensity attributed to secondary and residual stresses, or load ratios.  The modified material 

toughness value, Kmat, is the mean value of the material fracture toughness modified with the 

partial safety factor for fracture toughness. 

 

  
 

4. Conclusion 

 

The results of the assessment indicated that this vessel was fit for service at the time of 

evaluation.  However, when considering the extend of the cracking around all the stud welds it 

becomes apparent that any further sharp temperature and pressure cycle should be avoided.  The 

maximum crack length recorded is 0.800” at this time which means that there could be areas in 

the vessel where the defect free distance between the adjacent stud welds is only about 0.150”.  

Furthermore, the maximum depth of crack recorded is 0.292” at this time. 

 

It is emphasized that controlling the rate of growth of these cracks is the most important factor in 

continuous utilization of the vessel.  Therefore, it is strongly recommended to perform online 

monitoring of the growth of these cracks by Acoustic Emission or other instrumentation. 
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