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This report was prepared as an account of work sponsored by an agency of the United States 
Government.  Neither the United States Government nor any agency thereof, nor any of their 
employees, makes any warranty, express or implied, or assumes any legal liability or 
responsibility for the accuracy, completeness, or usefulness of any information, apparatus, 
product, or process disclosed, or represents that its use would not infringe privately owned rights.  
Reference herein to any specific commercial product, process, or service by trade name, 
trademark, manufacturer, or otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any agency thereof.  The 
views and opinions of authors expressed herein do not necessarily state or reflect those of the 
United States Government or any agency thereof. 
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Abstract 

Internal inspection of pipelines is an important tool for ensuring safe and reliable delivery of 
fossil energy products.  However, not all pipelines can be inspected with current systems that 
move inside the pipeline propelled by the product flow.  Inspection platforms that crawl slowly 
inside a pipeline are being developed to maneuver past the physical barriers that limit inspection.  
Battelle is building innovative electromagnetic sensors for pipeline crawlers.  The various sensor 
types will assess a wide range of pipeline anomalies including corrosion, mechanical damage, 
cracking, and seam weld defects. 

An implementation of two electromagnetic sensors were designed and tested.  A pulsed eddy 
current system that uses  sensors to measure the decay of induced eddy currents to establish the 
wall thickness has excellent potential.  The results of experiments are comparable with magnetic 
flux leakage detecting 10 percent metal loss steps following a monotonic increase in signal 
strength.  A rotating permanent remote field eddy current exciter was designed and built to 
produce strong signal levels at the receiver and reduce power consumption.  Midway though the 
development of each technology, both sensor systems have produced results that warrant further 
development. 
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Executive Summary 
Sensor systems for pipeline crawlers require small physical size and weight as well as low 
electrical power consumption.  The most common technology used to inspect pipelines, magnetic 
flux leakage (MFL), is large, heavy and difficult to implement on autonomous crawler systems.  
In addition, the slow moving MFL sensors require significant power to measure the flux leaking 
from defects and not all defect types are detectable.  Therefore, a different approach is needed.  
Many small, light sensor technologies have shown potential, but implementation attempts were 
thwarted by high speed and long distance requirements that are not as restrictive for crawler 
based inspection systems. 

The objective of this project is to develop electromagnetic sensors for mounting on a crawling 
inspection platform that moves slowly inside a pipeline.  Combinations of sensor types will be 
used to assess a wide range of pipeline conditions including corrosion (pitting, patches, and 
general), mechanical damage, cracking, and seam weld defects.  The sensors will be light weight 
and low drag to minimize propulsion requirements of the crawler platform.  They will require 
minimal power for excitation of interrogating energy and sensor current for anomaly detection. 

The first year of this project is prototype development.  In the first half year of this project, 
Battelle has developed two sensors that efficiently induce strong electromagnetic signals in the 
pipe.  These are: 

• Pulsed Eddy Current Technique.  Battelle built a pulsed eddy current system that uses 
Hall Effect sensors to measure the decay of induced eddy currents to measure wall 
thickness.  In ½ inch steel plate, a 10 percent steps wall loss can be detected. 

• Permanent Magnet Remote Field Technique.  Battelle has built a rotating permanent 
remote field eddy current (RFEC) exciter to increase signal levels at the receiver and 
reduces power consumption.  Strong signals have been recorded. 

Work will continue in the second half of this project to evaluate and assess each of these sensors.  
A demonstration in early September is planned. 

Experimental 

The objective is to develop electromagnetic sensors for mounting on a crawling inspection 
platform that moves slowly inside a pipeline.  Two sensor types will be used to assess a wide 
range of pipeline conditions including corrosion (pitting, patches, and general), mechanical 
damage, cracking, and seam weld defects.  Small physical size and weight as well as low 
electrical power consumption are the primary design constraints for crawler systems.  These 
electromagnetic technologies have shown potential, but implementation attempts were thwarted 
by high speed and long distance requirements that are not as restrictive for crawler based 
inspection systems. 

The main objective of this feasibility demonstration phase is to establish the capability of two 
techniques  

• Permanent Magnet Excitor Remote Field Technique 

• Pulsed Eddy Current  
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The progress on the development of these techniques is presented next. 

Remote Field Technique 

Background 

The remote field technique (RFT) has been used successfully to detect a variety of defect and 
material conditions in both magnetic and nonmagnetic conductive tubes and pipes [1,2,3].  The 
remote field eddy current technique uses a sinusoidal current flowing in an exciter coil to induce 
currents in the pipe and a remote receiver coil over two pipe diameters away to detect defects 
such as metal loss and stress corrosion cracks.  Since the remote field eddy current technique 
detects signals of known frequencies, sharp filters can be used to detect defect signals while 
eliminating other sources of electromagnetic noise.  Along with detecting stress corrosion cracks, 
the potential exists for remote field eddy current techniques to detect cracks associated with 
mechanical damage and to provide additional information for characterizing the severity of the 
damaged region.  

Constraints have been identified that limit the implementation of this inspection technique.  
Traditional remote field eddy current techniques use low-frequency exciters, which limits the 
maximum speed at which inspection equipment can travel.  Typically, these speeds have been 
less than one mile per hour, severely limiting potential uses on in-line inspection equipment [2].  
Detecting pipeline defects depends on the strength of the eddy currents, which depends on the 
excitation frequency and magnetic permeability of the pipe material.  The magnetic permeability 
can be decreased by a strong static magnetic field, similar to the field applied by MFL 
magnetizers.  With the permeability reduced, the signal levels at the sensor will be increased.  
Alternatively, excitation frequency can be increased for improved inspection speed while 
keeping signal level constant [4]. 

 

A schematic of the remote field eddy current technique is illustrated in Figure 1.  An exciter, 
which is sized to nearly the same diameter as the inside diameter of the pipe, is driven with a 
low-frequency sinusoidal current. A small magnetic field sensor is positioned some distance 
away.  One portion of the magnetic field generated by the exciter travels down the inside of the 
pipe, with the field directly coupled to the sensor.  A second portion of the alternating magnetic 
field propagates through the material of the pipe, inducing eddy currents as it goes.  Once the 
magnetic field penetrates the outside wall of the pipe, it spreads along the surface of the pipe and 
re-enters the pipe, again inducing eddy currents to flow in the pipe material.  This second path is 
referred to as the remote path.  The total magnetic field and eddy current flow at any point is the 
combination of directly coupled and remotely coupled fields.  
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Figure 1.  Remote field eddy current exciter and sensor configuration. 

 

The key to remote field eddy current testing is to choose a sensor position where the remotely 
coupled field is large compared with a directly coupled field.  This is possible since the directly 
coupled field decays at a faster rate, as shown in Figure 2.  This semi-logarithmic plot shows that 
the decays of both the remote and direct field are exponential and the decay constant for the 
direct field is nearly four times as fast as the remote field.  Also, the combined magnetic field is 
less than the direct field in the near field, and it is less than the remote field in the far field.  This 
phenomenon is due to the fact that phase difference for the two paths is always greater than 
90 degrees for distances greater than a coil diameter.  
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Figure 2.  Calculated magnitude of the remote field eddy current effect. 
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Rotating Permanent Magnet Remote Field Technique 

Battelle is building a rotating permanent exciter to increase signal levels at the receiver and 
reduces power consumption.  This innovative approach is illustrated in Figure 3.  This approach 
use alternating N and S poles rotating around a shaft to rather than the commonly used coil 
driven by a sinusoidal current. 

 

 
Figure 3.  Rotating permanent magnet exciter for remote field eddy currents. 

 

This approach has many advantages.  First, the segmented permanent magnet array can be closer 
to the pipe producing stronger currents in the pipe wall than the commonly used concentric 
exciter coil.  This will lead to stronger signals at the receiver.  Each permanent magnet pole can 
be hinged to pass pipeline obstructions.  For traditional concentric coil systems, the diameter of 
the exciter coil must be small enough to pass the largest obstruction.  Although the RFEC 
technique works for exciter coils that have significant separation from the pipe, the induced 
currents in the pipe are locally weaker and more dispersed, causing a weaker signal at the 
receiver.  Another way to boost signals at the receiver is to apply more current to the exciter coil, 
which is not practical on autonomous vehicles.  For the rotating permanent magnet exciter, the 
electrical power consumption should be dramatically less.  Instead of continuously providing 
amps of power to energize the exciter coil, an efficient motor can be used to rotate the assembly.  
The motor will need a strong starting torque to overcome the static attraction force of the 
permanent magnets, but once the assembly is rotating, the power consumption should be 
reasonable. 

A prototype implementation of the rotating RFEC system is shown in Figure 4.  The test 
specimen is a 6.35mm (¼ inch) thick 150mm (6-inch) diameter steel pipe sample.  Six 
neodymium-iron-boron (NdFeB) magnets with an energy product of 28 MGOe (megagauss 
Oersted) were used to generate eddy currents in the pipe.  A variable speed direct current motor 
is used to rotate the magnetizing assembly. 



 

 5

 
Figure 4.  Prototype implementation of the rotating RFEC system. 

 

Pulsed Eddy Current  

Eddy currents are established in a conductive material when the magnetic field changes.  These 
eddy currents decay at a rate that is proportional to the conductivity, permeability, and wall 
thickness of the material.  Assuming that conductivity and permeability is constant (which is 
reasonably true for a joint of pipe), the wall thickness can be ascertained by measuring the decay.  
A crack appears as an abrupt change in wall thickness, since it blocks the flow of currents.  After 
studying this technique for pipeline in-line inspection, Battelle dismissed this technology because 
the pulsed eddy current probe had to be briefly stationary, an unfeasible requirement for high-
speed inspections.  In addition, because of signal to noise problems, this technique worked only 
for wall thicknesses less than 8mm (0.3 inches), the lower end of common wall thickness. 

Battelle has tested a unique pulsed eddy current system that uses a permanent magnet to induce 
currents in the pipe as governed by Faraday’s Law.  A high strength NdFeB permanent magnet is 
allowed to naturally move towards the pipe, being stopped just prior to contact.  The decaying 
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eddy currents are measured using a coil configuration.  The magnet is mechanically released and 
retracted using a rotating cam for repeat measurements.  It is anticipated that inspection rates of a 
few measurements per second can be attained.  Implementations of this method were assembled.  
The first implementation was a hollow tube with a coil at the end.  The tube was held on top of a 
steel plate.  Magnets were held at the top of the tube and released.  The magnet moved down the 
tube until they reached a mechanical stop.  Signals were recorded using a digital oscilloscope.  A 
second implementation used a rotating cam to push and pull the magnets in the same tune as the 
drop experiments.  The experimental system is shown in Figure 5.  A drill motor was used to 
spin the cam.  In this implementation, the magnet speed towards and away from the pipe was 
held constant. 

 
Figure 5.  Cam based permanent magnet pulsed eddy current implementation. 

A third pulsed eddy current implementation was designed and tested.  This system, shown in 
Figure 6, uses a more traditional coil as the exciter and a Hall Effect sensor as a receiver.  The 
low frequency response of the Hall Effect sensor, which directly measures the magnetic field, is 
superior to a coil sensor, which measures the time rate of change of the magnetic field.  The eddy 
currents are strong, the rate of decay of the eddy currents is slow and thus the coil output is 
small.  Therefore, for these pulsed eddy current signals, the Hall Effect sensor is better, though at 
higher frequencies, the coil response is better than the Hall Effect sensor. 

 
Figure 6.  A 50mm (2-inch) diameter coil based pulsed eddy current system with  

detector is shown on the left.  The pulsing circuit is also shown on the right.   
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Results and Discussion 

Rotating Permanent Magnet Remote Field Technique 

Some typical signals of the rotating permanent magnet rotating are shown in Figure 7.  With the 
assembly rotating at 120 revolutions per minute (rpm), the magnetizer produces a 6 hertz signal.  
At 200 rpm, the 10 hertz signal is slightly smaller, which is consistent with theory.  At 400 rpm, 
signal is significantly attenuated.  While a coil exciter would produce a purely sinusoidal signal, 
the discrete magnets produce signals that are more peaked.  This slightly nonsinusoidal signal is 
not considered a problem and may be a benefit since it contains higher harmonics that may react 
differently to defects in the pipe wall. 
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Figure 7.  Signals from permanent magnet remote field eddy current exciter. 

 

The magnets produced a good field to the outside of the pipe under static conditions; however 
the sinusoidal energy propagating through the pipe was less than optimal.  Enhancements to this 
configuration are being implemented.  This design uses large, stronger permanent magnets and a 
steel inner return path. 
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Pulsed Eddy Current  

The coil based pulsed eddy current system with Hall Effect sensor produced more repeatable and 
useful results than the permanent magnet pulsing system.  For now, only the coil based approach 
will be pursued.  A typical result is shown in Figure 8 for a thick and thin steel plate and a thick 
aluminum plate.  The two steel plates could be differentiated.  Also the decay of the eddy 
currents in steel is much faster than the aluminum.  This result was expected since attenuation is 
proportional to resistivity and permeability.  As compared to aluminum, the resistance of steel is 
nominally twice as large and the relative permability of steel is greater by two orders of 
magnitudes. 

1

10

100

1000

0 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.01

Time (seconds)

M
ag

ne
tic

 F
ie

ld
 (G

au
ss

)

Aluminum
Thick Steel
Steel
Galvanized

 
Figure 8.  Results from coil based pulsed eddy current system on various materials. 

A second experiment was performed on a 12.7mm (1/2 inch) steel specimen, with removed metal 
of 10, 20, 30, 40 and 60 percent.  The results in Figure 9 show results comparable with magnetic 
flux leakage with a 10 percent metal loss nearly detectable, and the other metal loss defects 
following a monotonic increase in signal strength.  Note that the display is in a time corrected 
gain format that amplifies the signals at an inverse of the nominal decay rate beginning at 3 
milliseconds. 
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Figure 9.  Pulsed eddy current results from a (1/2 inch) steel specimen, with removed metal of 10(red), 

20(green), 30(light blue) and 40 (yellow) and 60 percent (purple). 

Conclusions 

An implementation of both the remote field and pulsed eddy current techniques were designed 
and tested.  Midway though the development of each technology, Battelle has developed sensors 
that efficiently induce strong electromagnetic signals in the pipe.  Specific conclusions include: 

• Pulsed Eddy Current Technique.  The pulsed eddy current system that uses Hall Effect 
sensors to measure the decay of induced eddy currents to measure wall thickness has 
excellent potential.  The results comparable with magnetic flux leakage with a 10 percent 
metal loss nearly detectable, and the other metal loss defects following a monotonic 
increase in signal strength. 

• Permanent Magnet Remote Field Technique.  Battelle has built a rotating permanent 
remote field eddy current (RFEC) exciter to increase signal levels at the receiver and 
reduces power consumption.  Strong signals have been recorded. 

Work will continue in the second half of this project to evaluate and assess each of these sensors.  
A demonstration in early September is planned. 
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