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ABSTRACT 

The Remote Field Eddy Current (RFEC) technique is ideal for inspecting unpiggable 

pipelines because all its components can be made much smaller than the diameter of the 

pipe to be inspected. We reviewed the technique, and used demonstrations from prior 

work by others in presentations on the technique and how we plan to develop it. Coils 

were wound; a jig for pulling the coils through the pipe was manufactured; defects were 

machined in one six-inch diameter, ten-foot long pipe; and the equipment was assembled. 

After completing first crude pullout test to show that RFEC inspection would work, we 

repeated the experiment with a proper jig and got excellent results. The test showed the 

expected behavior, with the direct field dominating the signal to about two pipe diameters 

from the drive coil, and the remote field dominating for greater separations between the 

drive coil and the sensing coils. Response of RFEC to a typical defect was measured, as 

was the sensitivity to defect size. Before manufacturing defects in the pipe, we measured 

the effect of defect separation and concluded that defects separated by 18” or 1/3rd of the 

pipe diameter did not interfere with each other. We manufactured a set of 13 defects, and 

measured the RFEC signals. We found a background variation that was eventually 

attributed to permeability variations in the seamless pipe. We scanned all thirteen defects 

and got satisfactory results. The two smallest defects did not show a signal, but these 

were much too small to be reported in a pipeline inspection. We acquired a ten-foot seam 

welded pipe that has much less background variation. We are measuring the sensitivity of 

RFEC signals to mechanical variations between the exciter and sensing coils. 
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EXECUTIVE SUMMARY 

The objectives of this project were to prove the feasibility of inspecting 
unpiggable distribution mains and transmission pipelines using the remote field eddy 
current (RFEC) technique, and to develop a clear research path to prototype tool 
development. Among the known technologies for pipeline inspection, the remote field 
eddy current (RFEC) inspection technique can readily be adapted to inspecting pipe with 
multiple diameters, valve and bore restrictions, and tight bends. RFEC inspection requires 
a transmitter coil that can be made much smaller than the diameter of a transmission main 
and sensor coils that are usually mounted on an independent module. RFEC is available 
commercially for inspecting small diameter piping without restrictions, several hundred 
feet at a time. 

We have proven that the RFEC technique can use components small enough to 
traverse the obstacles found in unpiggable pipe. The sensitivity is high enough and the 
noise levels are low enough to inspect a six inch pipe with sufficient precision to detect 
and measure significant defects accurately enough. The precision is comparable to MFL 
inspection. A detailed research and development plan for prototype development was 
completed, and is provided below. PRCI/GTI and NGA developed lists of unpiggable 
pipe obstacles. A summary of the results is provided. 

We completed the Hazardous Substance Plan, the Project Management Plan, and 
the RFEC Technical Assessment, which completed the first two tasks of the project. We 
presented a review of past work on RFEC technology and at the project Kickoff Meeting 
in Morgantown, WV, on 3 December 2002. 

Two six-inch diameter pipes, each ten-feet long, were put up on a lab bench. A 
one-thousand-turn exciter coil was wound and was driven by a Kepco BOP 36-6D 
bipolar operational amplifier, which amplifies the internal oscillator output of a 
PerkinElmer 7265 DSP Lock-In Amplifier. The Lock-In accepts the output of a 5000 turn 
sensing coil and amplifies it, rejecting all frequencies except that of its internal oscillator. 
A jig was manufactured to hold the coils. The jig allows us to vary coil orientations and 
separations to test sensitivity to non-perfect alignments expected to be encountered in 
unpiggable distribution mains and transmission pipelines. After completing first crude 
pullout test to show that RFEC inspection would work, we repeated the experiment with 
a proper jig and got excellent results. The test showed the expected behavior, with the 
direct field dominating the signal to about two pipe diameters from the drive coil, and the 
remote field dominating for greater separations between the drive coil and the sensing 
coils. 

The response of RFEC inspection to a defect was measured, as was the sensitivity 
to defect size. It was determined that defects need to be separated by 18” along the axis of 
the pipe or by 1/3rd of the pipe circumference to prevent interference between defects. We 
used these results to manufacture thirteen metal loss defects in one of the pipes with a 
range of defect diameters, depths, and two shapes, round bottomed and square. We 
acquired a SRS DS 345 arbitrary waveform generator that will enable us to investigate 
the benefits, if any, of using multiple frequencies or chirping. We measured RFEC 
signals from all defects and got good results, only the two smallest defects did not show 
clearly detectable signals, and these defects were much to small to be reported in a 
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pipeline or distribution main inspection. The voltage plane representation of the signals 
indicated that the background variation was due to small variations in the pipe wall 
thickness. However ultrasonic wall thickness measurements showed no wall thickness 
variations. In a consultation with experts in the technology we learned that the 
background variation was due to magnetic permeability variation in the steel. We have 
acquired a seam-welded pipe that should have a much lower background variation. We 
put in the defects and measured the defect signals at 31.7 Hz. 
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INTRODUCTION 

The overall objectives of this program are to develop, demonstrate, and 

commercialize very accurate and dependable in-line pipeline inspection tool(s) for 

currently unpiggable transmission pipelines and distribution mains, and the required 

supporting technologies. The particular objectives of this project were to prove the 

feasibility of the technology for inspecting distribution mains and transmission pipelines, 

and to develop a clear research and development path to a prototype tool to be developed 

later. 

We achieved our goals. We proved that the RFEC technique can inspect 

transmission pipelines and distribution mains and that RFEC components can be made 

small enough to bypass virtually any obstruction. The RFEC technique is therefore a 

natural technique for inspecting unpiggable pipelines and distribution mains. Kiefner & 

Associates surveyed the transmission pipelines and combined transmission and 

distribution pipelines about what makes their pipelines unpiggable. The Kiefner report 

will be published by GTI as a GRI report in 2004. The Northeast Gas Association has 

completed a similar survey. A brief summary of the results of these two surveys is given 

later in this report. A detailed research and development plan with an operational 

prototype as its primary deliverable was developed. We included the plan, including 

proposed tasks and schedule, in this report in the section entitled “Research and 

Development Plan to an Operating Prototype. 

Current above ground technologies cannot match the precision, speed, and 

accuracy of in-line inspection. Yet, the majority of distribution mains and transmission 

pipe cannot be pigged for a host of reasons, including diameter changes, short-radius 

elbows and miter bends, offsets, changes in pipe diameter, reduced port valves, plug 

valves, and access to the pipeline. In addition, pressure differentials and flow rates in 

distribution mains can be too low to push a pig through the pipe, and many distribution 

mains, as well as some transmission lines, have diameters as small as 4” or less. All of 

these considerations reduce the number of technologies that can detect and accurately 

measure pipe flaws. 
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Among the known technologies for pipeline inspection, the remote field eddy 

current (RFEC) inspection technique can readily be adapted to inspecting pipe with 

multiple diameters, valve, and bore restrictions, and tight bends. RFEC inspection 

requires a transmitter coil that can be made much smaller than the diameter of a 

transmission main and sensor coils that are usually mounted on an independent module. 

RFEC is available commercially for inspecting small diameter piping without restrictions 

for several hundred feet and large bore production wells without restrictions for several 

thousand feet. The technology needs to be modified for it to work on a free swimming 

inspection tool that can travel several miles and pass through the restrictions known to 

exist in unpiggable transmission lines and distribution mains. 
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THE REMOTE FIELD EDDY CURRENT TECHNIQUE 

The remote field eddy current (RFEC) technique was patented by W. R. McLean 

(US Patent 2,573,799, “Apparatus for Magnetically Measuring Thickness of Ferrous 

Pipe”, Nov.6, 1951) and first developed by Tom Schmidt at Shell for down hole 

inspection (Schmidt, T. R., “The Casing Instrument Tool- …”, Corrosion, pp 81-85, July 

1961). The RFEC technology has many advantages including: 

• A simple exciter coil that can be less than 50% the diameter of the pipe. The 

exciter coil does not need to be close to the wall. 

• Simple and small (millimeter to centimeter diameter) sensor coils that do not 

need to contact the wall. Thus, the diameter of the coil array can be easily adjusted to 

match the pipe diameter yet pass through a small opening.  

• Sensor coils close to the pipe wall provide sensitivity and accuracy 

comparable to standard MFL inspection tools. General pipe corrosion of 10% of the wall 

thickness or less is detected and measured with commercial units. 

• Sensor lift-off, up to 0.75 inch can be automatically compensated for, though 

sensitivity and resolution will be compromised. 

The technique is commercially viable for inspecting boiler tubes and pipe 

diameters up to 8 inches for several hundred feet. Recently, Russell Technologies 

developed an 18 inch device that can inspect production wells for several thousand feet. 

However, none of the current versions are collapsible to 50% of the pipe diameter or less, 

nor can any handle short-radius elbows and other obstacles. To adapt the technique for 

this application will require investigating variations such as transmitter coil angle and 

methods for either reducing the variations or sensitivity to them. Larger diameters should 

not be a problem since specialized tools can inspect the steel reinforcing of 12 foot 

diameter concrete water mains (Atherton, D. L., US patent 6,127,823, “Electromagnetic 

Method for Non-Destructive Testing of Prestressed Concrete Pipes for Broken 

Prestressed Wires”, Oct. 3, 2000). 
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Figure 1. Variation of the amplitude of the near and remote eddy current fields 
with distance along a pipe. The sum includes the effect of the phase difference between 
the direct and remote field vectors. In the presence of metal loss, the signal amplitude 
increases while the phase change decreases. Measurements far from the exciter coil are 
very sensitive to corrosion and insensitive to the direct field. 

Figure 1 shows the basics of the remote field eddy current (RFEC) method. The 

exciter coils sends 20 Hz to 200 Hz electromagnetic waves propagating down the pipe 

and through the pipe wall. The electromagnetic waves traveling inside the pipe (direct 

field) are highly attenuated because they are well below the cutoff frequency for 

propagation in a wave-guide. As far as the electromagnetic waves are concerned, a 

pipeline is nothing more than a wave-guide. Approximately two pipe diameters from the 

source coil, these waves all but vanish. Meanwhile, the waves that have penetrated the 

wall (remote field) can penetrate back into the pipe as well. At about two pipe diameters 

from the exciter coil and beyond, these waves swamp the direct field waves attempting to 

propagate down the bore of the pipe and, therefore, can be detected and measured. This is 
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the reason for the term “remote field eddy currents” (as opposed to the near or direct field 

currents from waves propagating down the bore of the pipe). This is exactly what is 

needed. Any pipeline flaws such as metal loss from corrosion or other causes that affect 

the propagation of these RFECs back into the pipe alter the detected signal so that the 

flaws may be detected and measured by the sensing coils. 

 

 

 

 

 

 

 

 

The RFEC frequencies need to be low since higher frequencies will not penetrate 

ferromagnetic conductors such as pipeline steel. Methods to increase penetration by 

lowering the magnetic permeability by magnetizing the pipe may not work well under the 

pipeline conditions specified for the some of the same reasons that MFL inspection will 

not work. The one disadvantage of the technique will therefore be slow inspection 

speeds. Other than that, the RFEC technique is the ideal in-line inspection technology for 

inspecting “unpiggable” pipelines. The transmitter and sensors can be designed to fit 

through anything that robots or any design of pig driving cups can pass through. Figure 2 

shows a conceptual design for the proposed inspection device using robots to propel the 

tool through a distribution main. The transmission coil can be much smaller than the 

pipeline diameter and mounted on a short module. Power and electronic modules, 

including possibly a recharging module, can be mounted ahead and between the 

transmitter and the sensors with additional modules, if needed, following behind these. 

Robots at each end of the RFEC in-line inspection tool can move the tool in either 

direction. 

additional modules as 
necessary 

transmitter coil 
robot 

battery & electronics 
units 

charger 

sensing coils & sensing 
electronics robot 

Figure 2.  RFEC Inspection Vehicle 
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NON EXPERIMENTAL 

We prepared a Hazardous Materials Plan and submitted it. We finished the 

Research Management Plan and the RFEC Technology Assessment Report and submitted 

them, which completed the first two tasks of the project. We reviewed prior work on the 

RFEC technology, mostly that done by the Queen’s University Applied Magnetics Group 

and Russell Technologies. We presented the results of the review at the Kickoff Meeting 

in Morgantown, WV, on 3 December 2002. We also presented our Project Management 

Plan there. 

Task 3: Product Definition, required development of a list of obstacles to 

inspection found in gas transmission lines and distribution mains. The GTI/PRCI 

Corrosion and Inspection Committee contracted Kiefner and Associates to develop such a 

list of obstacles for transmission pipelines. The survey was completed, and the results 

were presented at the meeting of the committee in February 2003. The Northeast Gas 

Association produced a similar report for distribution mains. A summary of the results of 

these two surveys is included in this report. 

EXPERIMENTAL 
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Figure 3. The photo shows the current setup. Two 6” diameter, 10’ long pipes are used to 
check the response of exciter and detector coils. The Kepco BOP 36-6D bipolar 
operational amplifier, shown on the right, drives the exciter coil. The PerkinElmer 7265 
DSP Lock-In Amplifier, shown on the left, filters and amplifies the signal received by the 
sensing coil. 

To facilitate work in the laboratory, a 20’ long 6” diameter pipe was cut in half. 

Both 10’ sections were put up on the lab bench where they can be used to investigate the 

RFEC technique and various sensing and exciter coil configurations. If a longer pipe 

becomes necessary the two sections can be joined. 

The exciter coil, which generates the electromagnetic waves for the remote field, 

was made from 1000 turns of #29 copper wire wound 2” wide on a 1 1/2 “ diameter 

spool. A Kepco BOP 36-6D operational amplifier supplied power to the coil at 8.6 V rms 

and 0.2 A rms. 

The sensing coil consisted of 5000 turns of #46 copper wire wound on a 3/8” 

wide, ¾” diameter bobbin. The output of the sensing coil is filtered and amplified by a 

7265 DSP Lock-In Amplifier. The lock-in amplifier rejects all frequencies except that of 

its internal oscillator. The internal oscillator of the lock-in amplifier provides the signal 

that is amplified by the bipolar operational amplifier to drive the exciter coil. Twenty 

more sensing coils of the same size but having 20,000 turns were manufactured. 

Figure 3 shows the experimental setup, including the two six inch pipes, the lock-

in amplifier, and the bipolar operational amplifier.  

Crude pull out tests were performed by measuring the output of the sensing coil as 

the separation between the sensing coil and the exciter coil was increased from 3” to 

14.5”. A baseline of the signal in open air was measured and the results of the 

measurements in the pipe were compared to the baseline. 

We manufactured a jig to hold the drive and sensing coils. It is shown in figure 4 

with the coils mounted. We used the jig to repeat the pull out tests under much better 

controlled conditions and got results that were much better than the first pull out test. The 

pull out tests were performed at 31.7 Hz and 63.4 Hz. 
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Figure 4. RFEC test jig shown the drive coil and one sensing coil mounted. The distance 
between the drive and sensing coils can be varied for pull out tests or kept fixed for 
RFEC inspection simulation 

Since the pullout tests went very well we decided to look at the signal one might 

get from a typical defect. To simplify the experiment, we put the Test Jig shown in Figure 

4 in the 6” pipe with the sensor coil 20” from the end of the pipe. The sensor to drive coil 

separation was set at 12” on the jig, putting the drive coil at 32” from the pipe end. 12” is 

two pipe diameters separation and puts the sensor well beyond the transition zone, which 

occurs around 7” separation, as shown in the pullout tests. We greatly simplified the 

experiment by using a ¾” hexagonal nut as the defect. The “defect” signal, representing a 

wall thickness excess would, obviously, be the inverse of that expected from a wall loss 

defect. We could thus move the “defect” instead of the entire Test Jig. We prepared a grid 

marked off at ¼” intervals along the axial and circumferential axes and taped it to the 

pipe with its center located approximately directly above the sensor location. We moved 

the hexagonal nut first along the pipe axis at 0.5” intervals and a second scan at 0.25” 

separation near the center coils and then along the circumferential pipe direction at 0.5” 

intervals. 

The results were excellent but uncalibrated. We therefore manufactured “defects” 

of known weights steel and used these to measure the sensitivity of the RFEC equipment 

Nine squares 5/8” x 5/8” were cut from a steel sheet, marked and weighed. The wall 

thickness of the 6” pipe is 0.250”. The weight of steel missing ¾” defect, .025” deep 

(10% of the wall thickness) metal loss defect weighs 1.473 g. Dividing the weight of the 

squares by this weight therefore converts their weights to an equivalent percent wall 

thickness loss. Each square weighed about 0.9 gm, equivalent to a 6% wall thickness 
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excess. We stacked the squares one at a time on top of the 6” pipe directly over the 

sensing coil and measured the change in RFEC amplitude and phase as the mass of the 

stack increased from an equivalent of 6% to 50% wall thickness excess. The squares were 

then removed one at a time and the amplitude and phase were remeasured. We shuffled 

the squares and repeated the measurements. 

Prior to machining defects in one of the 6-inch pipes, it was useful to know what 

the separation between defects needs to be so that one defect does not affect the other. 

We therefore measured the effect of two defects on each other as the separation between 

them was increased until we could not measure any further change. We allowed the 

equipment to settle for an hour but still observed linear changes in both the amplitude and 

phase over the course of the measurements. The data were not corrected for this variation 

because the correction was not needed to interpret the results. 

As defects, we used two ¾-inch hexagonal nuts. We measured amplitude and 

phase as a function of separation from the sensing coil in the drive coil direction 

(negative direction) and then in the opposite direction along the axis of the pipe. We then 

measured the effects in the circumferential direction but needed results only in one 

direction because of the symmetry of the setup. 

The measurements showed that defects needed to be separated by at least 18” 

along the axis of the pipe or be separated by at least 1/3 the circumference of the pipe for 

there to be no interference between the signals from two defects. We therefore had 

thirteen defects machined in one of the two ten-foot pipes, ranging in depths from 5% to 

70% of the wall thickness and either round or square bottomed. The defects were 

arranged in three rows separated by 1/3 of the pipe diameter. The rows were offset by 6” 

and all defects were 2’ or more from the ends of the pipe to minimize end effects. 

We acquired a SRS DS 345 arbitrary waveform generator that will enable us to 

investigate the benefits, if any, of using multiple frequencies or chirping to help 

categorize and size defects. 

We measured the RFEC signals at defects 12 and 9 on defect line 3. The 

measurements were made by pushing the RFEC jig to the required location, rotating the 

jig, if necessary, to keep the sensing coil exactly below defect line 3, and then reading the 
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RFEC amplitude and phase from lock-in amplifier. The test jig was then moved and the 

procedure repeated. For at least nine points in the vicinity of each defect, measurements 

were made at 0.25” intervals. For two inches on either side the measurements were at 

0.5” intervals and beyond that at 1” intervals. In the course of the measurements, we 

noticed that the background varied significantly. We therefore rotated the sensing coil 3” 

from the defect line and measure the background there. We then corrected the measured 

defect signals for the background variation. 

Since the results were noisier than we would like, we improved the experimental 

setup. Among other improvements, we enhanced the isolation of the excitation 

electronics from the sensing electronics. The signals from the coil (10s of nanovolts) are 

too small to overcome contact resistance, which was a problem with BNC connectors. 

Replacing them with clips reduced the noise. We increased the lock-in amplifier time 

constant to improve signal averaging. Initial data collection was also slow. We therefore 

developed a Labview program that automatically entered the data onto an Excel 

spreadsheet and also controlled the lock-in amplifier. We plan to automate the entire 

system so that it can run autonomously overnight. These modification increased 

precision. Data collection speed increased from a couple of hours for a single defect to 

fifteen minutes for an entire defect line. 

With the new setup we quickly measured all the defects. We made some 

additional changes and remeasured the defects. In addition to the seamless pipe, we 

acquired a seam welded 6” pipe and put an identical defect set in it. The seam welded 

pipe has a greatly reduced background variation. 

RESULTS AND DISCUSSION 

Figure 5 shows the change in log of the amplitude between the exciter coil and the 

sensing coil as a function of separation while figure 6 sows the change in the phase as a 

function of separation. The log of the sensing coil output voltage is used because it varies 

linearly with defect depth as predicted by the standard eddy current equation. 
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Figure 5. Pull out test, amplitude as a function of drive coil and sensor coil separation. 
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Figure 6. Phase as a function of coil separation. The transition between the direct and 
remote field zones appears to occur at about 7.5” 

Figure 5 shows classic examples of what pullout results should look like. The 

amplitudes attenuate very rapidly in the direct field region and gradually in the remote 

field eddy current region. The values in the transition region have been lowered below 

those based on straight-line extrapolation of those from the remote field region due to 

interference between the direct and remote signals. Another way of looking at it is that 
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the sum of the direct field vector and the remote field vector is less than the remote field 

vector. 
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Figure 7. The RFEC signal generated by a hexagonal nut as it is move along the axis of 
the pipe. The sensing coil is at the zero of the axial distance and the drive coil is at –12 
inches. 
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Figure 8. Comparison of the RFEC signals generated along the axis and the 
circumference. Note that the signal in the circumferential direction is twice as wide as 
that in the axial direction. 

 

Figure 7 shows the variation in signal strength in microvolts as the nut moved 

over the sensor. Figure 8 compares the axial signal to the circumferential signal. Both 

figures show excellent signal to noise ratios indicating that much smaller defects can be 

detected and measured. The full width at half maximum for the axial signal is about 1.5” 

while for the circumferential signal it is about 3”. We expected a wider circumferential 

signal then axial signal since, in terms of resolution, these signals should be very similar 

to magnetic flux leakage signals, where circumferential flux spreading is well known. 

As was the case for the pullout tests, these results are very encouraging. We see 

no reason at this time why the Remote Field Eddy Current technique should not work in 

unpiggable distribution mains and transmission pipe. 

Figure 9 plots the log of the amplitude and the phase as a function of defect size. 

For wall thinning of the entire pipe, the amplitude changes exponentially while the phase 

changes linearly. To compare the two, the log of the amplitude is used. 
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Log of the Amplitude as a Function of Defect Size
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Figure 9. Phase shift and the log of the amplitude as a function of defect size. 

Note that we have gotten an excellent response, even to small defects. The 

variation of both phase and amplitude as the defect gets larger is different from what one 

expects for loss of wall thickness. In that case, one expects an increasingly large response 

as the defect gets larger, whereas here we see a response that becomes less sensitive as 

the defect size gets larger. The results below confirm that for metal loss confirm that 

larger defects increase defect signal amplitude more rapidly than small defects. 

This is another excellent result. We show here that we can detect and measure 

defects as small as 5% of the wall thickness in a 6-inch diameter, ¼-inch wall thickness 
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pipe. Since this result was obtained with the first pair of coils that we wound, it may be 

fortuitous. 

Figure 10 shows the results for the effects of defect separation on the amplitude 

and phase for the negative axial direction. The drive coil is at –12.0 inches while the 

sensing coil is at zero. 
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Figure 10. The effects of separation along the axis of the pipe on the drive coil side of the 

sensing coil. 

The results for defect separation along the axis of the pipe from the sensing coil in 

the direction away from the drive coil are shown in Figure 11. 
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Figure 11. The effects of defect separation along the axis of the pipe on the side away 

from the drive coil. 

We show the results for the circumferential direction in Figure 12. 
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Figure 12. The effects of defect separation in the circumferential direction. 

Note the very different effects of defect separation on the drive coil side of the 

sensor and on the side away from the drive coil. In the first case, the effect is a sharp 

decrease, while in the second case there is an increase in amplitude and phase. On the coil 

side of the sensor, the effect last to about 12 inches, the drive coil to sensor separation. 

Away from the drive coil defect interaction stops at about 5 inches. Axial separation, 

therefore, needs to be about 17 inches which is longer than we had expected. In the 

circumferential direction, interaction appears to stop at about 6 inches. In this direction, 

we can therefore place defects separated by 1/3 of the circumference. 
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We combined the axial and circumferential separation in a spiral pattern with 

defects located with a combined 18-inch axial separation and a 1/3 circumferential 

separation. Table 1 lists the defects machined in the 6” diameter pipe and gives their 

location, depth, and shape. The location is distance in inches from on end of the pipe. 

Depth is in percent of wall thickness. 

Table 1. 

Defect # Row Location Depth Diameter Shape 

1 1 24” 30% 1” Round 

2 2 30” 30% ¾” Square 

3 3 36” 30% ¼” Round 

4 1 42” 5% ½” Round 

5 2 48” 10% ½” Round 

6 3 54” 20% ½” Round 

7 1 60” 30% ½” Round 

8 2 66” 40% ½” Round 

9 3 72” 50% ½” Round 

10 1 78” 70% ½” Round 

11 2 84” 30% ¼” Square 

12 3 90” 30% ¾’ Round 

13 1 96” 30% 1” Square 

 

Figure 13 is a photograph that shows defects 1, 4 and 7. 
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Figure 13. From left to right, defect 7, defect 4, and defect 1. 

Figure 14 shows the results of measuring the RFEC signals at defects 12 and 9 in 

defect line 3. The top figure shows the defect signals plus background for the phase 

angle. There are four curves on the left of the figure because a detailed scan across the 

defect and its background were made separately. The bottom figure shows the results 

with the background variation subtracted. A similar result was obtained from the 

amplitudes of the defect signal. 
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Pull Tests: Defect Line 3
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Figure 14. Defect signals from defects 12 and 9. Top: defects plus 

background; bottom: defect signals with background subtracted 

Another method of analyzing RFEC signals is to combine the amplitude and 

phase signals in a single diagram called the voltage plane. In this plot the full wall 

thickness signal is normalized to 1.0 and the full wall thickness phase angle is set to zero. 

Defect signals then deviate from these values. The advantage of that are clearer signals 

and indications of what type of defect caused the signal. Figure 15 shows voltage plane 

plots of the signals from defects 12 and 9 for the signals plus background, the background 

and signals with the background subtracted. Since the angles of the background variation 

and the metal loss defects were the same the background variation was most likely caused 

by small variations in the wall thickness of the pipe. 
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defect minus background
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Figure 15: Voltage plane plots of the defect signals. Top: defects plus background; 

middle: backgrounds; bottom: signals minus backgrounds. 

Note how much easier it is to tell that a defect signal is present in these figures 

than in plotting the amplitudes and phases separately. 

Initial modifications of the equipment increased sensitivity and reduced noise. In 

addition to reducing the noise, the new setup also makes taking measurements much 

easier. We are also took steps towards automating data collection and storage. At this 

point the development of a LabView program that collects data from the lock-in amplifier 

and stores it in an excel file was begun. 

We have completed scans across the center of each of the defects. The results are 

shown in figure 16. Figure 16a shows the amplitude results and figure 16b the phase 

results. 
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All Defects: Phase
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Figure 16. Results of scans of all thirteen defects. Defects 3 and 4 did not appear to give 

any signal, but these defects are small. They will be rescanned. 

We got good results for most of the defects, but missed signals from defects 3 and 

4. These will be remeasured. Note that these defects are very small. Defect 4 was less 

than 5% of the wall thickness and if found in a pipeline would not be reported. Defects 5 

and 6 had barely detectable signals, but the voltage plane plots shown in figure 17 show 

that the signals are there. 
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ge plane plots of defects 5 and 6. Defect 5 is 10% of the wall thickness. 
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We completed the modifications that increased sensitivity and reduced noise, 

including increasing the isolation of the sensing electronics from the excitation 

electronics, replacing the BNC connector with clips, increasing the time constant of the 

lock-in, and other minor modifications. We completed the Labview program that 

transfers the data directly from the lock-in amplifier into the computer and stores it in and 

Excel sheet. The use of this program plus the earlier modification increased data 

acquisition speed from hours for a single defect to 15 minutes for a single defect line with 

up to five defects, and increase of a factor of 40.  

The results obtained with the new set up for defect line 1 are shown in Figure 18. 

This figure shows the large background variation due to permeability changes in the 

seamless pipe. Only the 5% defect at location 78 did not give a detectable signal. The 

background variation is very smooth due to the low noise level. 
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Figure 18. Scan of defect line 1. The defects are located at positions 24, 42, 60, 78, and 

96. Note the large background variation due to permeability variations in the seamless 
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pipe. The smoothness of the background variation shows the noise levels are low. Only 

the 5% defect at position 78 does not show a signal. 

Figure 19 shows the sensitivity as a function of defect size. The red squares are 

the measured signal values; the mauve line is a fit to the data. The small differences 

between the fitted curve and the data points (except at 30%) again show excellent 

sensitivity and low noise. Note that the 10% defect is well within the sensitivity of the 

measurement in spite of the large background variation in the seamless pipe. 
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Figure 19. Sensitivity as a function of defect size. 

UNPIGGABLE PIPELINES AND DISTRIBUTION MAIN OBSTACLES 

We briefly summarize the results of two surveys of transmission companies, 

distribution companies and combined distribution and transmission companies that asked 

companies what obstructions made their pipe unpiggable and which are the most 

important in terms of miles or number of companies affected. 

Less than 50% of US gas transmission pipelines and distributions main mileage is 

piggable. For transmission lines, diameter reductions greater than two inches and 

undersized and plug valves were the most common obstructions. Low flow of pressure in 

lateral lines was also a common problem. Small bend radii (1 ½ D or less) and back-to-
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back bends obstructed many lines. Some transmission companies reported miter bends, 

but this is a much more significant problem in distribution mains which also have 

problem with needing to inspect both branches of a tee. Unbarred tees were reported as a 

problem. Of less concern were short runs and problems with fittings. 

Less of the distribution main mileage is piggable than that of transmission piping 

(<<50% versus ~50%). Access to mains is a much greater problem. 

RESEARCH AND DEVELOPENT PLAN TO AN OPERATING PROTOTYPE 

Related Work 

A major effort to develop technologies for unpiggable pipelines was begun by the 

Northeast Gas Association (NGA, operating as NYGAS at the time) to develop 

technologies for unpiggable pipelines a couple of years ago. Based on their view of 

distribution company needs, NGA decided that the top priority was the development of 

platforms for moving sensing technologies through distribution mains and started projects 

with Foster-Miller and Automatika to develop robots. DOE subsequently also started a 

program to develop unpiggable pipeline technologies and sponsored platform 

development at Foster-Miller and the RFEC development at GTI. The GTI/PRCI 

Corrosion and Inspection Committee is concentrating its efforts on developing Direct 

Assessment (DA), but is sponsoring the RFEC development at GTI and SwRI. OTD, a 

distribution company research and development funding organization, has provided 

financial support for the GTI RFEC project for three years. 

Obstacles and Mitigation 

GTI anticipates no major obstacles in developing a laboratory inspection device. 

An inherent limitation of the technique is the slow inspection speed. At 20 Hz to 200Hz 

frequencies, the speed can be as slow as half a mile per hour compared to up to 6 miles 

per hour for an MFL pig. However, faster inspection speeds are possible if resolution and 

sensitivity are sacrificed and it should be possible to reduce the permeability of the pipe 

material somewhat using light permanent magnets or magnetizing coils. Both will be 

investigated with the laboratory RFEC device and incorporated in the prototype design if 

suitable. 
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If slow inspection speeds remain necessary, power consumption becomes a 

challenge. Both product bypass and in-line recharging of the RFEC pig are planned 

auxiliary technologies that will need to be developed for inspecting long transmission 

lines. Short term solutions are to inspect only sections of pipeline in High Consequence 

Areas which would meet an immediate need or to inspect pipelines in segments by 

turning on power and slowing the pig only for the segment to be inspected. 

Intellectual Property 

The technique was invented in 1951, hence the fundamentals are all in the public 

domain. We are aware of additional patents, and we will do a patent search. We are also 

aware of know how related to inspection and analysis of inspection results that is 

intellectual property held by others, but is not governed by patents. 

Current Status 

This report is the most up to date report on the current status of the Remote Field 

Eddy Current project for inspection unpiggable pipelines. 

Value of the Technology 

Pigging an “unpiggable” main or pipeline with a technology such as Remote Field 

Eddy Current inspection will give detailed information on defect severity, including 

defect depth and defect extent, with a precision comparable to that of the familiar MFL 

in-line inspection. Remote Field Eddy Current in-line inspection therefore provides the 

same benefits as that technology, but it can be easily designed to go through any obstacle. 

The price to pay for this ease of use is much slower inspection speed and the power 

required to drive the transmission coil. With technologies currently under development in 

other investigations, neither will be a problem. 

The alternatives to pigging “unpiggable” distribution mains and transmission 

pipelines are Direct Assessment and hydrostatic testing. Both of these are very expensive 

but provide limited information. In the case of hydrostatic testing, the only thing it proves 

is that the line is safe now, but it tells the operator nothing about the flaws that remain in 

the system, and it may make some flaws such as cracks worse without immediate failure. 

Direct Assessment does better. It identifies most, but not all, locations in a main 

or pipeline where there are problems and provides a qualitative estimate of how severe 
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the problems are. However, it provides no accurate quantitative information on the 

severity of individual defects. 

There are no existing technologies that can inspect unpiggable pipelines and 

distribution mains. A technology that can do that would be a major advancement in 

improving the safety and reliability of unpiggable pipelines, just as the introduction of in-

line magnetic flux leakage inspection in 1965 by Tuboscope led to a major improvement 

in safety and reliability for piggable pipelines. 

In 1997 Palladian Analysis Consultants estimated potential economic benefits for 

all non-destructive evaluation (NDE) at more than $300 million per year assuming 

complete implementation on all pipelines. This was the net estimated benefit after 

accounting for all costs. The proposed research would benefit only unpiggable pipelines 

and would not address all concerns. We estimate net potential benefits after costs of at 

least $5 million to $10 million per year once this technology becomes available 

commercially. Sensor development research cost up to and including prototype 

development should be less than $5 million and thus these research costs would be 

recouped in one year of unpiggable pipeline inspection. 

Research Tasks 

1. Research Management Plan 

GTI developed a Research Management Plan that included a work breakdown 

structure and supporting narrative that concisely addresses the overall project.  

2. Technology Status Assessment 

GTI prepared a report describing the current state-of-the-art of the technology 

being developed, including a description of existing technologies and positive and 

negative aspects of using our technology.  

3. Prove Feasibility 

Done. 

4. Product Definition 
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GTI will obtain detailed information from transmission and distribution 

companies about typical unpiggable transmission lines and distribution mains and their 

operating parameters. 

This work was completed by PRCI/GTI for transmission and combined systems 

and by the Northeast Gas Association. The PRCI/GTI report prepared by Kiefner & 

Associates will be published as a GRI report by GTI in 2004. The NGA report is 

available to its members. 

5. Technology Development, Manufacturing, and Implementation 

GTI will be the developer of the technology with advice from Russell 

Technologies and the Applied Magnetics Group of Queen’s University. Beyond advice 

neither was involved in the feasibility stage of this project. Current plans call for Russell 

Technologies to be the manufacturer and for one or more inspection vendors to 

implement the technology. Russell Technologies is interested in manufacturing the 

inspection technology and we have a verbal agreement with the company to that effect. 

Discussions with Tuboscope Pipeline Services showed that Tuboscope is very interested 

in using the technology if it can be shown to be feasible for inspecting unpiggable 

pipeline. Direct involvement of both organizations is expected at the later stages of the 

program. 

Our current concept is to have Russell Technologies as the manufacturer of the 

RFEC components while Tuboscope does the inspection. We have discussed this with 

Dave Russell and he is amenable to the concept. We have discussed this and using Gas 

Coupled Ultrasonics for MFL calibration with Tuboscope. A formal agreement among 

the three parties is still needed. 

6. Laboratory Prototype Development  

After having proven feasibility, GTI will construct a prototype for the laboratory 

that will have the features required for an in-line inspection device for operational mains 

and transmission lines. GTI will construct a more complex test and demonstration facility 

that includes obstructions such as tees, miter bends, bore restrictions, etc. GTI will prove 
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that this laboratory prototype can bypass all obstructions while inspecting the pipe in this 

test facility. 

GTI will use these tests to further optimize coil design, improve the mechanical 

design of the laboratory prototype, and design a prototype suitable for use in an operating 

distribution main or transmission pipeline. 

7. Electronics Development 

GTI expects to develop most of the electronics in this phase. For the RFEC 

technology GTI will either adopt some existing technology for getting phase-amplitude 

or quadrature information or develop our own. In either case, electronic design should be 

straightforward. Typically, lock-in amplifiers are used to measure phase and amplitude or 

the real and imaginary components but proprietary electronics packages exist. 

Miniaturization will be a key issue. 

8. Operational Prototype 

GTI plans to manufacture an operational prototype and test it in a one or more 

distribution mains and/or transmission pipelines. GTI expects this to be a cooperative 

effort among itself, the manufacturer, and one or more pipeline inspection companies. 

These tests would prove that the RFEC prototype can inspect “unpiggable” distribution 

mains and transmission pipelines. 

9. Auxiliary Technologies and Other Issues 

This project is limited to the design and manufacture of a prototype RFEC in-line 

RFEC inspection that can operate in an unpiggable pipeline. The development of a 

number of auxiliary technologies is underway or being planned. Platforms for moving the 

device through the pipe include robots, tethered systems, and flexible drive cups. 

Launchers and receivers can be made with diameters much smaller than the line to be 

inspected making them much cheaper than those for piggable pipelines. For short 

inspections, power from batteries will suffice, but for longer inspections, either 

recharging stations or on board power generation will be required. Add in-line 

communications, and the device could stay in a pipeline indefinitely while inspecting any 

length of pipeline. 
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Timeframe 

The time frame of the plan is 36 months. The schedule breakdown by task is 

shown below. 

Year 2004 2005 2006 2007 

Qtr. 3 4 1 2 3 4 1 2 3 4 1 2 
Task 

1 
            

Task 
2 

            

Task 
3 

            

Task 
4 

            

Task 
5 

            

Task 
6 

            

Task 
7 

            

Task 
8 

            

Task 
9 

            

 
Deliverables 

Deliverables for the project include: 

� Written Quarterly, Annual, and Final Reports describing the progress in 

the work, including sensor development, electronics development, and laboratory and in-

line results. 

� Presentation of this material at various gas industry forms, including the 

appropriate GTI/PRCI Technical Committees, and GTI and NETL conferences. 

� Proof of the feasibility of the RFEC technique and a laboratory prototype: 

done. 

� Proof that the RFEC technology can inspect operating unpiggable 

distribution mains and transmission pipelines and an in-line prototype 

� A list of obstacles that inhibit inspection of distribution mains and 

transmission pipelines: work completed by others but the results cannot yet be completely 

disclosed pending reviews. 
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� Electronics for driving the transmission coil and detecting signals from 

pipeline defects 

List of Milestones 

The following is the list of milestones.  

Milestone #1:  Construction of the basic laboratory test facility. 

Milestone #2:  Proof of feasibility that the RFEC technology can inspect 

pipelines: done 

Milestone #3:  A list of obstacles that inhibit pipeline inspection: information 

temporarily unavailable. 

Milestone #4:  Completion of the laboratory test facility with various unpiggable 

pipeline obstructions.  

Milestone #5:  A laboratory prototype RFEC inspection tool that inspects 

unpiggable piping. 

Milestone #6:  Electronics for driving the transmitter coil and measuring signals 

generated by the sensing coils 

Milestone #7:  A prototype for inspecting operating unpiggable distribution mains 

and transmission pipelines 

Other Related Proposals 

GTI will pursue multiple funding sources, both government and private industry, 

including but not limited DOE NETL, OTD, and the PRCI/GTI Technical Committees, 

and has internal funds beyond those committed in the proposal for developing the 

technologies described. The scope of the complete project up to and including prototype 

development and the development of auxiliary technologies is such that funding from 

multiple sources will shorten the time to commercialization. We expect to subcontract 

Russell Technologies and Queen’s University through these funds. Any additional 

funding obtained through other sources will be used to expand the scope of work by 

addressing some of the auxiliary technologies needed and expanding the experimental 

work and the prototype design. 
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CONCLUSION 

We completed the equipment setup and performed pullout tests that showed a 

classic example of what pull out results should look like. The transition zone occurs at 

7.5” or about 1.5 pipe diameters as expected and sensing coils can safely be placed at 2 

pipe diameters where tricky transition region effects can be avoided. We used excess 

metal “defects” to measure the response the axial and circumferential response of our 

system to defects and to measure its sensitivity. The results showed the anticipated shapes 

and excellent sensitivity, more than enough needed to inspect unpiggable pipe. 

We measured the separation between defects required to prevent interference 

between them and used the information to manufacture a set of thirteen defects in one of 

our two pipes. We measured signals from two defects in the pipe and analyzed the 

results. The voltage plane plots indicate that the background variation observed is due to 

slight variations in pipe wall thickness, not unexpected for seamless pipe. However 

measurements indicated no wall thickness variations. We have since learned that the 

background is due to permeability variations. 

We have greatly improved the sensitivity and reduced the noise, and increased the 

data collection speed by a factor of 40. The latest results showed a noise level and 

sensitivity more than good enough to inspect any pipeline. We have also ordered a 

complete set of coils so that all defect lines plus multiple backgrounds can be obtained in 

a single scan. We have obtained a seam-welded pipe with a lower background variation 

that should make future measurements easier to interpret. 

As a result of the work done, we have proved the feasibility of Remote Filed Eddy 

Current Inspection of Unpiggable pipelines. Surveys of transmission pipelines and 

distribution mains were completed by others and the results were summarized. A detailed 

research and development plan resulting in an operational prototype that could inspect at 

least a portion of an unpiggable pipeline was completed. The operational prototype is not 

expected to be robust enough for commercial use, but is expected to be the last prototype 

before a commercial version is built. 
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LIST OF ACRONYMS AND ABREVIATIONS 

GTI Gas Technology Institute 

MFL magnetic flux leakage 

PRCI Pipeline Research Council International 

RFEC remote field eddy current 

rms root mean square 

V volt 
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