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Abstract 
 

hile the principle of magnetic flux leakage (MFL) is relatively simple, its application in in-
line inspection (ILI) of carbon steel pipe is far more complex. MFL system design and 

analysis encompass complex interactions between the magnetic field and flux leakage produced 
by metal loss defects in the pipe wall, making signal identification & interpretation difficult. Thus, 
the need for tool tolerances. 
 
This paper discusses the cause and effect of wide-ranging factors which influence the reported 
depths & dimensions of MFL In-line Inspection (ILI) data. Including,  
 
Magnetic strength 
Magnetic saturation 
Residual magnetism 
Pipe Wall Thickness 
Velocity 
Debris 
Compressive and/or Tensile Residual Stress 
 
Our purpose for writing this paper is to educate Pipeline Operators about the complexities of 
quantifying metal loss defects from MFL ILI tools, and why there are tolerances associated with 
metal loss sizing from MFL ILI tools, and why sometimes the metal loss sizing prediction falls 
outside the specified tool tolerance.    
  

W 
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 Introduction 
 

The Magnetic Flux Leakage (MFL) technique used for nondestructive testing has been around for 
over 150 years.   Cannon barrels were inspected for defects by magnetizing the cannon barrel and 
then sliding a compass over the barrel to look for movements of the compass’s needle [1].  This 
MFL technique was first used to inspect a pipeline in the 1960’s.   These early tools were very 
rudimentary and only had analog sensors and recorder that only covered the bottom quadrant of 
the pipeline.  As the need for assessing the integrity of a pipeline grew, great strides were 
accomplished in MFL In-line Inspection (ILI) tool development to create the ability to inspect an 
entire pipeline for metal loss.    
 
British Gas, as a large operator of pipelines, saw the need to have pipeline ILI tools provide 
information to engineers to perform sentencing calculations.  Since these pipeline ILI tools were 
not available in the market, British Gas set out to develop its own pipeline ILI tools in the 1970’s 
[2], and by the late 1980’s had developed high resolution MFL ILI tools.  They also developed a 
sizing specification for sizing metal loss defects.  The sizing specification stated that the MFL ILI 
tools could size the depth of the metal loss defects to +/- 10% of the wall thickness, 80% of the 
time.   This sizing specification has become an industry standard and is still used today with most 
MFL ILI tools more than 40 years later. While this sizing specification (+/- 10%, 80% of the time) 
has become the industry standard for MFL ILI tool tolerances, it has been difficult at times for 
even modern MFL ILI tools to meet this specification.   
 
The goal of this paper is to educate Pipeline Operators about the complexities of quantifying 
metal loss defects from MFL ILI tools, why there are associated tolerances associated with metal 
loss sizing from MFL ILI tools, and why the metal loss sizing prediction can fall outside the 
specified tool tolerance.     
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How accurate are MFL ILI tools? 
 

ILI vendors with MFL ILI tools will provide pipeline operators a tool specification sheet that will list 

the metal loss sizing accuracy of the MFL ILI tool.  There are typically tolerances associated with 

depth, length, and width of metal loss features.  After an MFL ILI inspection of a pipeline, the 

pipeline operator will typically go out and investigate or repair metal loss features, and in the process 

gather physical dimensions of metal loss defect.  The physical dimensions of a metal loss defect can 

then be compared to the dimensions that were predicted by the MFL ILI vendor.  With a big enough 

sample size, some inference can be made to whether the MFL ILI tool met the sizing specification 

provided by the MFL ILI vendor.  This information should be provided back to the MFL ILI vendor 

so that the MFL ILI tool performance can be evaluated and potentially improved. This information 

about what was predicted by the MFL ILI tool and what was found and measured in the ditch is 

typically not shared outside of the pipeline operator and MFL ILI vendor.  So, there are islands of 

MFL ILI performance data sitting with pipeline operators and ILI vendors, but it is hard to know 

how the sizing performance of MFL ILI tools as an industry are performing.  

 

An interesting study of the sizing performance of ILI tools was conducted by Det Norske Veritas 

(DNV) in 2016 [3].  In this study, DNV contacted 11 pipeline operators and asked them to provide 

data comparing ILI reported dimensions to dimensions measured in the field.  These 11 pipeline 

operators provided data on 68-line segments, and over 3000 individual pipeline metal loss defects.  

The data was collected by the pipeline operators from 2010 to 2015.  It is not known if DNV looked 

at the specified tool tolerance for a particular metal loss defect as the depth tolerance for smaller 

metal loss defects is often greater than +/- 10%, but it appears all MFL defects were evaluated to the 

+/- 10% depth tolerance.  Here are some interesting findings after DNV analyzed the data.  

 

1. For depth accuracy of MFL ILI tools, 68.6% of defects were within +/- 10% and  83.7% 

of defects were within +/- 15% 

2. The depth accuracy increased between 2010 and 2015.  The MFL dataset from 2015 had 

a depth accuracy with 85.0% of defects within +/- 10% 

3. As the predicted depth of the defect increased, so did the error.   For defects between 

60% and 80% depth, the depth accuracy was 61.3% of defects within +/- 10%. 

4. There was a significant dip in accuracy for diameters of pipe 12” and below.  The smaller 

the diameter the more error in the accuracy. For 8” diameter pipe the accuracy was 

approximately 50% of defects within +/- 10%. 

 

This DNV study exposes some of the weaknesses and limitations of MFL sizing accuracy.   With such 

variation in sizing of metal loss defects, what are pipeline operators to do when the sizing accuracies 

don’t match the vendors sizing specification?   Let’s examine several factors that affect the MFL signals 

collected by MFL ILI tools.   By understanding these factors, a pipeline operator can be in a better 

position to have a discussion with the ILI tool provider to ultimately get the most accurate sizing 

possible. 
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MFL principles 
 
An MFL ILI tool uses very strong rare earth magnets to induce a magnetic field into the pipe wall.  

An array of sensors is placed along the inside surface of the pipe wall to measure changes in the 

magnetic field as the MFL ILI tool travels down the pipeline.  Figure 1 shows a cross section of a 

typical MFL ILI tool’s magnet setup against a pipe inner wall with a metal loss defect.   Think of an 

MFL ILI tool’s magnet setup as a big “horseshoe” magnet placed up against the pipe wall with the 

backing bar providing magnetic flow between the magnets.   

 

 

 

Figure 1. 2D FEA model of an MFL ILI tool and the magnetic field 

When there is missing metal from the pipe wall, the magnetic field is displaced, and the magnetic 

field “leaks” into the area outside the pipe wall.  This leakage happens because the pipe wall is 

saturated with the magnetic field and the magnetic field wants to follow the path of least resistance, 

which is now the air or material outside the pipe wall. 

 

The MFL technique is an indirect measurement of a feature response within the pipe wall.  An MFL 

ILI tool measures the reaction of the magnetic field to features in the pipe wall.   It does not measure 

those features directly.   The MFL technique is very good at detecting many features in a pipe wall.  

Figure 2 shows data collected from an MFL ILI tool.  You can see two girth welds, a fitting, wall 

thickness change, and several metal loss defects. 
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Figure 2. Example of data from an MFL ILI tool. 

 

Quantifying physical dimensions of metal loss defects from MFL signals can be very tricky.   The MFL 

signal is not very proportional to a metal loss defect’s depth but is more proportional to the volume 

of metal loss that is perpendicular to the magnetic field.  The shape of the MFL signal generally does 

not take the shape of the defect.   

 

MFL ILI vendors develop sizing algorithms that gather characteristics of the MFL signal from the 

MFL ILI tool data to predict the length, width, and depth of the metal loss defect.   There are many 

challenges that arise when developing the sizing algorithms.   One approach is to figure out how 

changes in the MFL signal relate to metal loss defect dimensions in the same piece of pipe.   This can 

be done by producing many metal loss defects of different dimensions, both on the interior and 

exterior of a joint of pipe, and then perform testing with the MFL ILI tool (e.g. pull tests).  A sizing 

algorithm can then be developed that would be applicable to sizing metal loss defects in that piece of 

pipe, with that tool.   Much more complexity must be considered with this basic sizing algorithm to 

be able to adjust for variations including: 

1. Diameter of the pipe 

2. Different MFL ILI tool designs within a vendor’s tool fleet 

3. Changing wall thicknesses 

4. Pipeline materials 

5. Pipeline pressure 

6. Tool speeds 

7. Pipeline cleanliness 

There are formulas that can calculate the remaining strength of a pipeline with metal loss defects (e.g. 

ASME B31G). These formulas use depth and length along the axis of the pipe, as primary inputs 

into the equations.   So, an accurate prediction of depth, length and width need to be derived from 
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the MFL signal to perform these pressure calculations.   When length, width, and depth are derived 

from the MFL signal there must be tolerances applied to these predictions since the MFL signal is 

not a direct measure of the defect.     
 

 

B-H Curve 
 

A B-H curve is used to describe the nonlinear behavior of magnetization that a ferrous (iron 

containing) material such as steel pipe exhibits in response to an applied magnetic field.   Usually, 

the Y axis of a B-H curve is the B component, or the material’s magnetic flux density, measured in 

Tesla.   The X axis of a B-H curve is the H component, or the external applied magnetizing force, 

measured in Amperes per meter.   So as steel pipe or any ferrous material is moved into proximity of 

a magnetic field being generated by a permanent magnet or a coil with a DC current flowing through 

the coil, a flux density is created inside the steel pipe wall or ferrous material.   The stronger the 

external magnetic field, the stronger the flux density is inside the material.  This is a nonlinear 

relationship.   At first the external magnetic field creates a large change in the flux density inside the 

material.   As the external magnetic field is increased, the additional flux density generated 

diminishes.  Eventually, the addition of more external magnetic field has very little or no additional 

flux density in the material.   When this happens, the material is said to reach magnetic saturation.  

Figure 3 shows a typical B-H curve for steel, iron, and air.   It also shows that the relationship is non-

linear in steel and iron.   

 

 

Figure 3.  B-H Curves [4]  
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Most MFL ILI tools are designed to induce a strong magnetic field into the pipe wall.  The goal of 

the MFL ILI tool designer is to induce a magnetic field into the pipe wall that will create enough flux 

density that is beyond the magnetic saturation level.   This allows the MFL ILI tool to detect the 

smallest possible metal loss defects in the pipe wall and creates a more consistent defect response. 

 
 

Flux density shifting 
 
MFL ILI tools have a constant magnetic force applied to a pipeline.  This is because the permanent 

magnets and magnetic circuit are fixed before the MFL ILI tool enters the pipeline.  This magnetic 

force does not change during the inspection, unless ferrous debris in the pipeline collects on the 

MFL ILI tool and partially shunts (reduces) the magnetic force.   The magnetic flux density (B on the 

B-H curve) changes as the tool travels through the pipeline and reacts to pipe thickness changes and 

pipeline fittings. 

    

When the magnetic flux density increases in the pipe wall, the MFL signal surrounding a metal loss 

defect will increase in amplitude.  When the magnetic flux density in the pipe wall decreases, the 

MFL signal around the same dimension metal loss defect will decrease.   

 

So, what causes the magnetic flux density to shift as an MFL ILI tool travels through the pipeline?   

Let’s look at things that cause the magnetic flux density to shift, and how they can affect the detection 

and sizing of metal loss defects. 
 

 

Pipe wall thickness 
 
Changes in pipe wall thickness shift the magnetic flux density (B component of the B-H curve) in the 

pipe material.   When the thickness of the pipe wall changes, it shifts the magnetic flux density up or 

down on the B-H curve of the pipe material, depending on if the different wall thickness is thicker 

or thinner.  Thinner wall pipe causes the flux density to go up, and thicker wall causes the flux density 

to decrease.   If the wall thickness increases and causes the magnetic flux density in the pipe wall to 

decrease down to near the knee on the B-H curve where the steel is not saturated, then the MFL 

detection and sizing accuracy of metal loss defects will be affected. 

 

Using a Finite Element Analysis (FEA), a model of an MFL ILI tool was created.  Several iterations 

of the model were run, only changing the pipe wall thickness, with everything else staying the same, 

to study the effect of changing the wall thickness and the level of flux density inside the pipe wall of 

a particular thickness.  Each wall thickness from 0.625” wall down to 0.188” were plotted on a B-H 

curve, with the results shown in Figure 4.    Note that the thicker wall pipe is down on the knee of 

the B-H curve.   The detection and sizing of MFL metal loss defects down in this region of the B-H 
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curve will be greatly affected, resulting in more error in the MFL metal loss defect depth sizing and 

decrease in detection of smaller defects by the MFL ILI tool.   
 

 

 

Figure 4.  FEA model of different wall thicknesses(inches) along the B-H curve 

 

Tool speed 
 
The speed of an ILI tool traveling through a pipeline is dependent on the speed of the product going 

through the pipeline.   Unless the ILI tool has active speed control to slow down the ILI tool, the ILI 

tool will react to the dynamics of fluid flow in the pipeline.   In a liquid pipeline, the ILI tool speed 

will be constant to the flow of the liquid in the pipeline.   In a gas pipeline the ILI tool speed can 

dramatically change due to the compressibility of gas.  The differential pressure to propel an ILI tool 

in straight pipe can be much lower than the differential pressure required to propel an ILI tool 

through an elbow or pipeline fitting.  In a liquid line, the fluid is virtually incompressible so the 

increased differential pressure necessary to push the tool through restrictions happens 

instantaneously.   In a gas line the gas is compressible so the increased differential pressure necessary 

to push the tool through restrictions takes time to build behind the tool as the gas compresses.   Once 

there is enough differential pressure, the tool is pushed through the restriction and does not require 

as much differential pressure to propel it through the pipeline, so the gas behind the tool will 

decompress and propel the tool forward.  This surge of gas can propel an ILI tool to very high tool 

speeds until the pressure behind and ahead of the tool reach the currently required differential 

pressure to propel the tool.   So, what effect does MFL ILI tool speed have on the B-H curve inside 

the pipe wall? 
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When an MFL ILI tool is traveling down a pipeline, eddy currents are being created near the MFL 

ILI tool’s magnet poles as well as near metal loss defects in the pipe wall.  Eddy currents are circular 

electric currents near the surface of the pipe wall caused by the MFL ILI tool’s magnets moving over 

the pipe wall.  Eddy currents are stronger near the internal wall of the pipe and diminish toward the 

external wall of the pipe.  If the MFL ILI tool is not moving in the pipe there are no eddy currents 

present.  Eddy currents are only present when a MFL ILI tool’s magnets move in the pipeline.   The 

faster the MFL ILI tool moves in the pipeline, the more eddy currents are created.    

 

The eddy currents created over the MFL ILI tool’s magnet pole pieces will cause the flux density (the 

B component in the B-H curve) in the pipe wall to be reduced.  The faster the MFL ILI tool’s speed 

the more the flux density will diminish [5]. 

 

The eddy currents created over metal loss defects in the pipe wall are also affected by the speed of the 

MFL ILI tool.  These eddy currents can create several effects on MFL signals measured by an MFL 

ILI tool: [6][7] 

1. The signal amplitude will decrease as velocity increases 

2. The signal symmetry is lost 

3. The signal shifts towards the trailing pole piece. 

4. The signal is more affected by internal metal loss defects than external metal loss defects 

  

The MFL ILI tool design can help overcome the effects of eddy current by lengthening the space 

between the magnet poles and by operating at a higher level on the B-H curve. 

 

 

Stress 
 

There has been a lot of research done on the effects of stress on MFL signals [8-13].  Steel pipe is 

subject to varying stress as it goes from plate to pipe and then transported, welded, and buried in the 

ground.  There can be residual stress in the pipe due to the manufacturing process.  After the pipe is 

buried in the ground it can be subject to bending, and line pressure when placed into operation. 

   

Stress affects the B axis of the B-H curve of steel pipe.   This effect is complicated and more prevalent 

around the knee of the B-H curve.   Metal loss defects in pipe, especially caused by mechanical 

damage, can act as stress risers in the pipe wall material, lowering the B component in the B-H curve.   

The MFL signal amplitude can decrease with the increase of stress around a metal loss defect in pipe.  

This can lead to an under call of the defect depth when the defect is subject to high stress. 

 

Most modeling of MFL metal loss defects were developed using defect sets in test pipe that were 

tested by pulling MFL ILI tools through pipe with winches when the pipe is not subjected to internal 

pressures.   This method ignores the effects of stress on the modeled defect and can cause inaccuracies 
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in the MFL ILI tool sizing algorithms when metal loss defects are subject to high stresses such as those 

possible when the pipe is buried and is in service.  

 

 

Remanent magnetization 
 
Once a carbon steel pipe has been exposed to the very strong magnetic field such as the passing of 

an MFL ILI tool, the pipe will retain some level of residual magnetization.  This residual or remanent 

magnetization is visible on a typical hysteresis loop plot [14].  The pipe is not being influenced by an 

external magnetic field (H part of the B-H curve), but the pipe’s residual magnetization level has some 

field value that is not zero (B part of the B-H curve).  When a subsequent MFL ILI tool is passed 

through the same steel pipe, the B-H curve starts at the residual field value on the B axis of the B-H 

curve, and a zero value of the applied field on the H axis of the B-H curve.  This creates a different 

B-H curve than the previous time the MFL ILI tool passed in the steel pipe. This B-H curve will be 

lower than the initial B-H curve. On each subsequent MFL ILI tool passage a different B-H curve will 

be obtained that will be lower than the previous B-H curve, but the degree of the B-H curve shift will 

reduce with each subsequent passage of the MFL ILI tool. Polarity of the magnet configuration of 

the MFL ILI tool will also affect how the BH curve responds.  Figure 5 shows a hysteresis loop.   

Notice that at the top end of the hysteresis loop the curves converge.  At high saturation levels there 

are less flux density (the B component in the B-H curve) effects.  As you come down toward the knee 

of the curve there are dramatic differences of the flux density.   

 

 

Figure 5.  B-H curve showing hysteresis loop 

Remanent magnetization can cause errors in MFL sizing algorithms.  If the pipeline is being inspected 

for the first time, then the MFL signals will be strongest, and algorithms can over call the depth of 

the metal loss defect.   If the MFL ILI tool induces a magnetic field into the pipe wall that is near the 
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knee of the B-H curve, then there will be more variation of the B-H curve and more errors in the 

predicted depth of the metal loss defect.   

 

 

Magnetic Properties of Pipeline Steel 
 
Different pipeline steels have different B-H Curves.  In Figure 6, it shows the B-H curve from 40 

different common pipe materials [14]. Because pipe materials have different B-H curves, the resulting 

flux density in the pipe wall can and will be different and thus could impact the MFL sizing algorithm.  

The effect of the different B-H curves in different pipe materials can be minimized by inducing an 

external magnetic field from the MFL ILI tool that is greater than 130 Oersted (10.3 kA/m).  This 

can normally be obtained by MFL inspection tools > 16” in thinner wall thickness.   In thicker wall 

thickness, and in smaller diameter MFL ILI tools, the effect of the shifting B-H curve can be more 

dramatic and affect the MFL sizing algorithm. 

 
 

 

Figure 6.  B-H curves of 40 pipe materials [15] 

 
 

Other factors affecting MFL sizing 
 
There are other factors other than a shifting B-H curve in the pipe wall that can affect the sizing 

accuracy of MFL ILI tools. 
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Internal vs external metal loss 
 

MFL ILI tools will detect metal loss on both the inside and outside surface of the pipe wall.  Because 

the main MFL sensors don’t distinguish whether the metal loss is on the inside or outside of the pipe 

wall, MFL ILI tools have additional sensors (IDOD or proximity) that detect if metal loss is occurring 

on the inside surface of the pipe wall or not.  The two most prevalent techniques used are low field 

magnetic sensors and eddy current sensors.  These sensors provide a true/false detection if the metal 

loss is on the inside surface of the pipeline.  This is important to the pipeline operator to know which 

surface the metal loss is occurring so that properly chosen preventative measures can be taken to 

minimize additional metal loss.   This is also important to the MFL sizing algorithm because an 

identical defect on the outside of the pipe wall will have a lower signal than the same defect on the 

inside surface of the pipe [16].  

 

If the IDOD sensors on an MFL ILI tool do not properly classify a metal loss defect on the proper 

surface of the pipe wall, then the signal will not be properly sized.  If an external metal loss defect is 

classified as an internal metal loss defect, the metal loss defect will be undersized.  If an internal metal 

loss defect is classified as an external metal loss defect, the metal loss defect will be oversized. 

 
 
Debris in the pipeline 

 

MFL sensors are designed to ride as close as possible to the pipe wall.  When an MFL sensor travels 

over debris on the inside surface of the pipe wall, the distance from the sensor to the pipe wall 

increases (lift off or offset).  This usually causes the magnetic field strength that the sensor detects to 

increase until the sensor is past the debris and the sensor returns to its normal distance from the pipe 

wall.   This momentary increase in magnetic field strength can cause the same MFL signal to look 

similar to a metal loss defect in the pipe wall and will affect the amplitude used for sizing in a vendor’s 

algorithm if a defect exists under the debris.   An MFL data analyst must use some judgement in 

determining if the signal is caused by metal loss or debris or a combination.   

 

If the MFL signal is judged to be metal loss by the MFL data analyst and the signal is caused by or 

affected by debris, then it would be considered a false call and the pipeline operator would not find 

any metal loss on the interior of the pipe wall or it would be mis-sized.      

 

 

Evaluating MFL ILI tool predicted sizing vs actual results 
 

Since the first results of data were obtained from MFL ILI tools, pipeline operators have been 

comparing the MFL predicted results to the actual results found when measuring metal loss.   In the 

early days of MFL inspection, metal loss depths were not explicitly predicted, but were placed into 

depth ranges, based on the amplitude of the MFL signal.   As technology improved and the ILI 
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vendors started predicting the actual metal loss sizes and assigning tolerances, pipeline operators have 

more stringently compared the predicted to actual sizes of metal loss.    

 

In 2005, the American Petroleum Institute (API) published API Standard 1163, “In-Line Inspection 

Systems Qualification” [17].   This new standard laid out new requirements for ILI tool vendors and 

pipeline operators.  For ILI vendors, they had to create performance specifications for their ILI tools, 

and then perform qualification tests to show their tools meet the performance specifications.   For 

pipeline operators, they had to verify the tool and operation parameters were met during the ILI 

inspection as specified and then perform validation of the sizing from the ILI tool compared to the 

actual metal loss defect that was found on the pipeline.  The Standard then gives the pipeline operator 

several choices to take when the discrepancies between the predicted and actual sizing fall outside of 

the vendor’s ILI specification.  One of these options is to have the ILI provider re-evaluate the MFL 

data, taking into account the information the pipeline operator has gathered to determine that the 

ILI tool’s performance falls outside the ILI vendors specification.  It is recommended that pipeline 

operators provide the most accurate feedback they can on the actual size of the metal loss defects to 

ILI vendors.   Even this simple request is problematic though and there are too many measurement 

variables to cover in this paper.  For example, it is easier to get actual dimensions from external metal 

loss defects versus internal since they are visible to the naked eye and can be directly assessed.  

However, gone are the days when metal loss should be measured with a ruler and pit gauge.   There 

are now laser scanning techniques that allow the full 3D measurements of external metal loss defects.  

Internal defects are regularly assessed with automated ultrasonic scanners.  These technologies have 

advanced in recent years and the price of the units have decreased dramatically.  Another option 

when tool results do not match published specifications is to have the ILI provider revise the 

performance specification for that specific inspection.  This choice is more applicable if the MFL ILI 

tool is operating near the knee in the B-H curve (heavy wall, overspeed, debris, etc.) where there can 

be more variability in the MFL signal. 

 

 

Conclusion 
 

MFL ILI tools can sometimes struggle to meet their performance specifications. Several reasons why 

the MFL ILI data could be affected by the pipeline’s characteristics or operational parameters have 

been discussed.  The flux density (B axis of the B-H curve) in pipeline steel will constantly shift as an 

MFL ILI tool travels down a pipeline. The B-H curve in the pipeline steel might be different than 

what was used to develop the MFL tool’s sizing algorithms in more controlled conditions.  When the 

predicted vs actual sizing results fall outside of the stated tool tolerances, most ILI vendors have the 

capability to adjust the sizing algorithms to improve overall performance for a specific pipeline and 

conditions.     Pipeline operators should be prepared to have a discussion with their MFL ILI vendors 

about when it is appropriate to adjust the MFL ILI tool’s sizing algorithm, or tool performance 

specification after an ILI MFL inspection to ensure the most accurate results can be achieved. 
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