
 

Real-time full signature corrosion detection of underground
casing pipes
Citation for published version (APA):
Yin, J., Pineda de Gyvez, J., & Lu, M. (1996). Real-time full signature corrosion detection of underground casing
pipes. In Proceedings of the Instrumentation and Measurement Technology Conference, 1996. IMTC-96:
'Quality Measurements: The Indispensable Bridge between Theory and Reality', 4-6 June 1996, Gent, Belgium
(Vol. 1, pp. 138-143). Institute of Electrical and Electronics Engineers.
https://doi.org/10.1109/IMTC.1996.507364

DOI:
10.1109/IMTC.1996.507364

Document status and date:
Published: 01/01/1996

Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 27. May. 2023

https://doi.org/10.1109/IMTC.1996.507364
https://doi.org/10.1109/IMTC.1996.507364
https://research.tue.nl/en/publications/a814350e-1f60-4fa1-8e46-5378ca572d7a


IEEE Inskumentation and Measurement 
Technology Conference 
Brussels, Belgium, June 4-6, 1996 

eal-Time Full Signature Corrosion Detection of ~ ~ ~ e ~ g ~ o ~ ~ d  
Casing Pipes * 

Jiming Yin 
J. Pineda de Gyvez 

Mi Lu 
Department of Electrical Engineering 

Texas A&M University 
College Station, TX 77843, USA 

Phone (409) 845-7440 E-Mail: jiminyin eeesun1 .tamu.edu 

Abstract - Steel casing pipes used in undergroundgas storage or in 
oil f i l d s  are subjected to corrosion. Corrosion frequently causes 
some pitting or wall thinning to the internal or external of casing 
pipes. More serious corrosion would form holes on the casing 
pipes and induce serwus operational problems. Hence, corrosion 
monitoring and early detection of fi ld oil pipe is considerably 
important to the gas and petroleum industry. 

We will introduce in this paper a new version of the Direct 
Current (DC) electromagnetic induction system which is capable 
of detecting small: isolated corrosion pits and holes on the casing 
wa1L A sensor system based on the DC electromagnetic induction 
instrument is coupled to an updated data acquisition system. Unlike 
the c ~ n v e n ~ ~ n a l  DC induction instrument, this system transmits 
all the  measured^^ leakage {FL) signals and eaZy current (EC) 
signals to the computer logging system (CLS) on surface. 

To transmit the information represented by enormous data ac- 
quired by the downhole instruments to the CLS on surface. a wavebt 
data compression Pechnique is incorporated. A VLSI integrated cir- 
cuit (IC) realizing wavelet transform has been designed so that the 
real time mode can be achieved during the logging operation. The 
circuit has been designed using a CMOS n-well2pm technology 
and has been fabricated by MOSIS. 

I. THE CIRCUIT OF DG INDUCTION INSTRUMENT 

In the DC electromagnetic induction system, a magnetic coil 
carrying the DC current is used to generate a stable magnetic 
field within and surrounding the casing wall. The sensors will 
detect the field irregularity (or flux leakage) caused by the cor- 
rosion pits inside or outside the casing wall. The sensor coils 
are located in housings (usually calledpads or shoes), which are 
held against the casing wall as the instrument traverses the cas- 
ing. The instrument requires a constant logging speed to main- 
lain the accuracy of measurement [l]. The electromagnet and 
sensor assembly are housed in the sonde section. The sensor 
coils are housed in pads (or shoes) - two rows of  pads, 48 in to- 
tal, are staggered around the sonde section such that 360” com- 
plete survey can be made. The controller electronics module is 
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mounted on the top of the sonde section by a mechanical joint 
and controlled by the CLS on surface. 

A. Flux Leakage (FL)  

The electromagnetic field is produced by the electromagnet 
housed in the mandrel. ADC current, generated at the surface, 
is injected into the coil of the electromagnet. This produces a 
static magnetic field in the core, which is coupled to the casing 
pipe across an air gap at the poles of the electromagnet. In a sec- 
tion of casing pipe without defects, the filed is uniform. Around 
defects, the field is disturbed and flux lines leak out of the cas- 
ing pipe wall. When the sensor coils are passing the defected 
area, the signals of the flux leakage can be detected. 

According to Maxwell’s equations and Faraday’s Law, the 
electromotive force (EMF), which is also referenced as the in- 
duced voltage across the FL sensor coils to the flux leakage, can 
be expressed as 

The numerical solutions to this equation can only be approx- 
imated by the magnetic analysis program using the finite el- 
ement approach. It has been empirically determined that an 
equation of the form 

(2) 

can be used to generate interpretation charts. Constants C1 and 
C2 are determined by the data obtained from actual casing pipe 
samples to guarantee the accuracy of measurement. 

B. Eddy Current (EC) 

Penetrut ion dep th (%)  = Cl ln ( [  (V x E) 1 C2 + 1) 

An eddy current system can be used to detect the internal 
wall of casing pipes being surveyed. The high frequency alter- 
nating current is injected into a coil, which generates an alter- 
nating magnetic flux field. The coil is then placed in parallel to 
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a conducting material (casing pipes). The eddy current, or Fou- 
cault current, is induced in a direction resisting the change: in the 
injected flux field. The circulating currents generate their own 
magnetic fields of opposite polarity to the original field. These 
opposing fields can be considered as a load on the coil, affecting 
the amplitude of the current passing through the coil. Measur- 
ing the change in the current injected into the coil will give an 
indication of changes in the internal wall of casing pipes. As 
an EC coil passing an internal defect, the casing wall moves 
away from the coil and the amplitude of the injected curr’ent in- 
creases. As the coil passes the defect, the wall moves toward 
the coil and the current amplitude returns to normal. By keep- 
ing the frequency of the injected current high, a skin effect can 
be generated where the eddy current set up in the casing, pipes 
will be presented at the inner surface only. Since the EC sig- 
nal will not respond to any external corrosion pits, it is mainly 
used to discriminate the internal and external corrosion pits. 
See Fig. 1 for illustration. 

C. The Circuit 

Fig. 2 shows a block diagram of the electronic circuit of DC 
induction instrument. The diagram is broken into three blocks: 
two analog cartridges (upper/lower) and a controller electron- 
ics module. These two cartridges house the analog circuits and 
A/D circuits. The circuits of two cartridges are identical and 
each cartridge processes one array of pads with both F;L and 
EC coils. The controller electronics module contains the micro- 
processors and control circuits. Each analog cartridge con- 
tains 12 individual FL and EC circuits. To suppress the “road 
noise” which is generated when the sonde section traversing 
through casing pipes during logging, a low-noise pre-amplifier 
is adopted to amplify the received FL signal. Each FE signal 
is conditioned and filtered separately. Also, the EC signal is 
demodulated by a high frequency. The high frequency current 
through the EC coil will generate a “skin effect” on the inter- 
nal wall of casing pipes SO that the modulated EC signal will 
respond to the internal corrosion only. Each received EC sig- 
nal is then conditioned and amplified separately. All amplified 
Fd, and EC signals are fed into multiplexer circuits. The rnul- 
tiplexer circuits and the analog-to-digital converters (AD) are 
controlled by the microprocessor and each FL. or EC signal can 
be accessed individually. The digitized signals (data) are stored 
in RAM and transmitted to the CLS on surface for recording. 

When the logging survey is performed, the CLS on surface 
issues data acquisition commands and data transmission com- 
mands continuously. The instrument responds to the CLS by 
performing the acquisition of the data set (both FL. and EC) and 
transmitting the data set to the CLS on surface. These com- 
mands are repeated 32 times for every feet of casing pipes be- 
ing surveyed, that is, for every feet of casing pipe, 32 data sets 
(both FE and EC) are sampled, transmitted to the CLS ion sur- 
face and recorded. Such sample rate is very high, and only by 
this high sample rate (32 sampledfoot), can the acceptable res- 
olution of logging survey be guaranteed. Recall that the goal of 
DC induction instrument is to detect small corrosion pits on the 
wall of casing pipes. Besides, the logging speed of DC induc- 
tion instrument must be high enough to obtain a certain level 
of signals from the FL or EC sensor coils so that a satisfying 
signal-to-noise ratio (SNR) can be assured. The logging survey 
by the DC induction instrument can be performed onliy when 
the instrument is being pulled up in casing pipes since the con- 
stant logging speed must be maintained in order to keep the ac- 
curacy of measurement. At present, the logging speed is set to 

100 feet per minute. 
Due to the amount of data acquired and the high logging 

speed of DC induction instrument, two micro-processors are in- 
corporated in the controller to reduce the overhead. One micro- 
processor performs the data acquisition while the other per- 
forms the communication, including the telemetry operation 
and data transmission. Still, since the data transmission rate is 
limited by the characteristics of the wireline, it is not possible to 
have all of the EC signals transmitted. At present, all of 24 FL 
signals and the two largest EC signals can be transmitted, other 
EC signals are discarded. In order to avoid the major change of 
telemetry system and to transmit all FX and EC signals at the 
current transmission rate, an new approach must be introduced 
to obtain complete information about underground pipes. 

11. DATA TRANSMISSION TECHNIQUE 

A. Whvelet Transform 

The Wavelet Transform is adopted in our system to transmit 
compressed data (FL and EC signals) to the CLS on surface. It 
has been shown that the Wavelet Transform is more effective 
in analyzing the non-stationary signals than the Fourier Trans- 
forms [2,3]. The Wavelet Transform can be used for multi- 
resolution signal analysis because it allows us to “zoom in” spe- 
cific areas of the signal with various scales. 

Uinlike the Short-Time Fourier Transform (STFT) [4], the 
Wavielet Transform uses short windows at high frequencies and 
long windows at low frequencies. The change of window sizes 
is relferred to as the scale. Thus the Wavelet Transform i s  so- 
called time scale representation of the time series 151. However, 
the resolution in time and frequency cannot be arbitrarily small, 
because their product is lower bounded by 

1. 
4n A e A f Z - .  ( 3 )  

This is referred to as the uncertainty principle 661. It means 
that one can only trade time resolution for frequency resolution, 
or vice versa. Gaussian windows are therefore often used since 
they meet the bound with equality. 

I )  C(ontinuous Wavelet Transform (CWT)  and Discrete Wavelet 
Transform (DWT). Suppose x ( t )  is a continuous time signal, 
then the normalized contiiiuous Wavelet Transform of the sig- 
nal with respect to \u(t) is defined as [7]: 

00 

(4) 
1 x(t)’€’* (-)dt t - - t  

C W T . p ( a , t ) =  - 
a 

--oo 
m 

where function \I, is the basic wavelet. The variable a deter- 
mines the dilation or compression of the basic wavelet while t 
is the time displacement. 

The original time signal x ( t ) ,  can be reconstructed from \u (1) 

by 

where C is a constant that depends only on \u ( t ) .  Several 
wavelets have been found suitable for the signal reconstruction 
in the CWT” 
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For the discrete wavelet transform, let T be the sampling 
time, then we have a = a i  and b = ka iT  where j and k are 
integers. The corresponding discrete time wavelets are: 

. t  
a J  

q j , k ( t )  = a-”2q( -  - k T )  ( 6 )  

The Wavelet coefficients can be obtained from [8] 

cj,k = f(t>qT,k(t>dt. (7)  s 
The original time series can be reconstructed from the 

Wavelets and their coefficients as 

where C is a constant which does not depend on the signal. 

2)  Multi-Resolution Analysis (MRA). The Wavelet Transform 
can be applied to multi-resolution analysis. A time series x ( n )  
can be scaled down to a given level. At each level, the scaled 
time series contains the low frequency portion of the signal. 
The difference between the original time series and the scaled 
time series is then called the Wavelet series [9]. The above scal- 
ing procedure can be carried on repeatedly. 

Let Po be the discrete approximation of the original time se- 
ries x ( n ) .  Let PI be the first level scaled time series where the 
scaling factor is 2. Thus, the first level wavelet series & I ,  is the 
difference of the original time series and the scaled time series, 

Ql = Po - P I .  (9) 

At the nth scale level, P, is the scaled version of Pn-l, and 

(10) 

The original approximation of the time series can be written 

we have the nth level wavelet series 

Qn = P,-1 - P,. 

as 

Po = Pi + Qi 
= 
= 

= Pn 4 Qn + Qn-I  + .  . + Qi.  (11) 

P2 4 Qz + Q I  

P3 + Q3 + Q 2  + Q I  
- - .. .  

Here, P,, is the information left after the time series has been 
scaled down by 2“. Q ,  is the residual information at the j tb  
level of scaling. 

With P,, and Q,, where j is from 1 to n,  different signal pro- 
cessing techniques, such as Differential Pulse Coded Modula- 
tion (DPCM) or vector quantization can be applied at different 
levels to achieve the best results. 

3) Application of Wavelet Transform to Lossy Data Compres- 
sion. Since the discrete Wavelet Transforms are essentially 
sub-band coding systems which have been successful in speech 
and image compression [ 101, the Wavelet Transform can be im- 
mediately applied to data compression [ 1 I]. 

The data in our system are acquired by the micro-processor 
controlled circuit. Each F l  or EC signal previously mentioned 

is individually digitized. In the past, very limited data could be 
transmitted, just F L I ,  FL2, . . ., FL24, and the two largest EC 
data. Other EC data were unwillingly discarded due to the lim- 
ited transmission rate of logging cable. In order to obtain the 
complete information on the corrosion of underground casing 
pipes, the wavelet transform is introduced to transmit all ac- 
quired data to the surface, without changing the current trans- 
mission rate and decreasing the logging sample rate, so that a 
complete circumferential survey of corrosion extent of casing 
pipes can be provided. 

The digitized FL and EC signals (or data) in DC induction 
instrument are converted into Wavelet Transform coefficients. 
The signals are decomposed into the spline and wavelet compo- 
nents. The spline component contains the “blur” portion of the 
original signal while the wavelet component contains the “de- 
tail” portion of the original signal. Small wavelet coefficients 
are ignored so that data compression can be gained. A threshold 
is set to manipulate the coefficients to achieve the best trade- 
off between the compression ratio and the Mean Square Root 
Error (MSRE). Instead of transmitting the FL and EC data di- 
rectly to the CLS on surface, the wavelet coefficients, of which 
the number of bytes are reduced substantially, are transmitted to 
the CLS on surface. These coefficients are then reconstructed 
back to the original FL and EC signals. Fig. 3 shows the orig- 
inal data and reconstructed data. It can be seen that the recon- 
structed signal almost makes no difference in comparison to the 
original signal. 

During the operation of casing inspection, each pad collects 
continuous FL and EC signals as the depth of the logging in- 
strument in the well changes. However, the data must be com- 
pressed along the circumferential direction of casing pipes due 
to the following reason. In order to reflect the detailed corro- 
sion situation of underground pipes, 48 F’L signals and EC sig- 
nals are collected along the circumferential direction of the cas- 
ing pipe, each two by a pad staggered around the sonde. To 
achieve the real time mode, all 48 FL and EC data must be 
transmitted immediately after they are acquired. In addition, 
due to the high logging speed and high sampling logging rate, 
the 48 set of data must be compressed first before the transmis- 
sion. 

Fig. 4 shows the comparison of the reconstructed data with 
the original data after it is compressed along the circumferential 
direction. It can be seen that the reconstructed data is almost 
identical to the original data. The loss can be ignored and the 
interpretation will not be affected. 

4) Error Analysis of the Lossy Data Compression. The data 
compression we conducted is a lossy compression. To under- 
stand the possible errors which might be caused through such 
compression, the following analysis has been performed. We 
tested a few sets of real data obtained from the field. Three sets, 
referred to as set 1, set 2 and set 3, are from a 55 feet logging of 
different regular casing pipes. Another set, referred to as the set 
of collar, is from the loggingof a casing collar where t h e m  and 
EC signal varies most. For each data set, different thresholds 
were selected for different compression ratios. The data com- 
pressed under each threshold were reconstructed subsequently. 
The errors between the reconstructed data and the original data 
were collected, and the root mean square error (RMSE) over 
the set of data was calculated correspondingly. Fig. 5 shows 
the RMSEs versus compression ratios for set 1, set 2 and set 3 
data. 

The compression ratio we selected in the system design is 
2.4. This ratio is sufficient in the sense that the compressed 
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Table 1 : Worst case delay time of devices 
111. CONCLUSION 

n Device I Delay in worst case U 

/ I  11 Output Gate Array 4.45 ns 

data fit into our transmission channel capacity. The RbdSE’s 
obtained under this ratio are 0.3223,0.3320 and 0.3659 for set 
1, set 2 and set 3 respectively, and 5.848 for the case of collar. 
We believe that in this way a good trade-off between the distor- 
tion of the data and the compression ratio has been achieved. 

B. VLSI Chip Integrating Wavelet Technique 

A wavelet integrated circuit (IC) chip has been designed, 
which can perform the calculation of the wavelet coefficients 
in a parallel fashion. The wavelet chip converts the FL and EC 
data to the corresponding wavelet coefficients. These wavelet 
coefficients are manipulated according to the threshold, trans- 
mitted to the CLS on surface and then reconstructed back to the 
original FL and EC signals. 

The wavelet chip is designed with a standard cell approach 
and implemented with CMOS 2pm technology. The chip is 
composed of two parts: I )  inputfoutputdata latches and control 
circuits, 2) an arithmetic logic unit (ALU), as shown in IFig. 6 .  

Fig. 7 shows the photomicrograph of the chip we designed 
with the VLSI technology. CAD tools (OCTTOOLS and 
MAGIC) were employed to help the chip design and layout. 
The results from the OCTTOOLS simulation are plol.ted in 
Fig. 8 and in Fig. 9. From Fig. 8, it can be seen that the dif- 
ference between the original and reconstructed signals is very 
small and can be ignored. In Fig. 9, the difference between the 
original and reconstructed EC signals is noticeable; however, 
as described previously, the E@ signals are used to discrilminate 
the internal or external corrosion only, so such kind of differ- 
ence will not affect the logging interpretation. In Table 1 the 
worst case delay times for different devices such as DEMUX, 
Register and ALU are listed. By adding them together, the up- 
per bound delay for the wavelet chip can be obtained. 

The size of the chip area for the latches is 1240 x 151 5 pm2. 
The size of the chip area for the ALU is 2414 x 3875 p”. 
There are in total 9354 transistors on the chip. The total chip 
area of the combination of latches and ALW is approximately 
2600 x 4000 pm2. A standard pad frame (4600 x 4800 pm2,  
40 pin) is used to frame the chip layout. 

A new version of the DC electromagnetic induction system 
has been presented which is capable of detecting small, isolated 
corrosion pits and holes on the casing wall, and transmitting the 
information represented by the enormous amount of data ac- 
quireid by the downhole instruments to the CLS (computer log- 
ging !system) on surface. 

A sensor system based on the DC electromagnetic induction 
instrument is coupled to an updated data acquisition system. 
Because of the high logging speed and high sampling logging 
rate, ithe acquired data muse be compressed before transmitted 
to the: surface. A wavelet data compression technique has been 
incorporated which allows us to “zoom in” a specific area of the 
signal with various scales based on the multi-resolution analy- 
sis. By this way, all the measured flux leakage (FL) signals and 
eddy current (EC) signals can be transmitted to the CLS on sur- 
face, without major change of the existing telemetry system and 
the current transmission rate. 

Unlike the conventional DC induction instrument, this sys- 
tem records ful l  signature logging response and accurately dif- 
ferentiates the casing pipe hardware from corrosion. The com- 
plete FL and EC signals increase the information available to 
log analyses, and allow the interpretation of corrosion on cas- 
ing pipes much easier. 
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Comparison of FL signals: from OCTTOOLS simulation 

Figure 7: The layout of wavelet VLSH chip 
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Figure 9: Simulation results by OCTTOOLS: EC signals 
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