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DEVELOPMENT OF NONDESTRUCTIVE TESTING METHOD FOR TUBE INSPECTION IN
FIN-FAN COOLERS IN KAZAKHSTAN’S OIL/GAS, CHEMICAL AND POWER INDUSTRIES

KA3AKCTAHHbIH M¥HAN-IA3, XUMUSA XXOHE SHEPITETUKA OHEPKSCIBIHOETI
KABbIPFA-XKENAETKIW CANKbIHAATKbILWTAPAbIH KYBbIPJIAPbIH BAKBINAY YLUIH
B¥3B5AUTbIH BAKbIJTAY 9[ICIH 93IPJNIEY

PA3PABOTKA METOAA HEPA3PYLLUAIOLWEIO KOHTPOJIA ANA KOHTPONA TPYB
PEBEPHO-BEHTUNATOPHbLIX OXINAOUTENEN B HE®TEFA30BOU, XUMUYECKOU U
OHEPFETUYECKOW NPOMBILLNTIEHHOCTU KA3AXCTAHA

Abstract. This paper describes the development of a non-destructive testing (NDT) method that
improves the reliability of air-cooled heat exchangers by reducing down-time related to corrosive and erosive
failure of finfan tubes. The project goal was to maximize the output of oil and gas plants, refineries, chemical
plants, power generation, and similar industrial establishments while simultaneously reducing the plant
operating cost. The work first identified those NDT requirements for air-cooled heat exchangers damage
assessment that would provide the greatest economic benefit for Kazakhstan industry.

Keywords: nondestructive testing, electromagnetism, heat exchangers, tube, oil/gas, permanent
magnets.

AHOamna. byn makanada 6y36alimbiH 6akbinay (bb) odiciHiH damMybl cunnammarsFraH ayaMeH CasiKbiH-
OambiniFaH Xblily anmMacmelpfbiuimapObiH CeHimOiniaiH apmmblpy, KOPPO3USIIbIK XoHe 3pOo3ussbiK by3blir-
FaH Kybbiprapra balinaHbicmbl mMOKmMan Kasny yakbimbl apKbiibl Kbickapmy. XymbicmbiH Makcambl —
natidanaHy wabiFbiHOapbIH a3alima omblpbir, MyHal-2as, MyHal eHOey, XUMUS 3aybimmapbiHbIH, 371EKMpP
CcmaHyusinapbIHbIH XX@He OCbIFaH yYKcac eHepKacinmik kacinopbiHOapdbiH eHiMOiniziH bapbiHWa apmmebipy.
XKymbicma anFaw pem KasakcmaHOblK ©HepPKaCin YWiH eH YIIKeH 3KOHOMUKarbiK natdaHbl KamMmamachi3
ememiH ayameH casnKkbIHOambliFaH XblIy anMacmbiprbiumapObid 3akbiMOaHybiH baranay  ywiH
by36alimbiH 6akbinayra KolblnambslH mananmap atkbiHOanobl.

TytiH ce30ep: by36alimbiH 6akbinay, 31eKmpoMazHemMuU3M, Xblly anMacmsiprsiumap, Kybbipiap, mad
/ 2a3, mypakmb! MagHUmmenp.

AHHOmMauyus. B smol cmambe onucbkieaemcs pa3pabomka memoda Hepa3spywatouje2o koHmporns (HK)
nosblwarowuli  HadexHocms pabombl Meno0bMeHHUKO8 C 8030yWHbIM OXnaxoeHueM 3a c4yem
COKpalWeHUs1 8pEMEHU MPOCMOos M0 MPUYUHE KOPPO3UOHHO20 U 3PO3UOHHOZ0 PaspyuleHuUs opebpeHHbIX
mpy6. LUenb pabombl — MakcumarnbHOe yeenu4yeHue [pou3sodumenbHOCMuU  Heghmea2as308bix,
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Hegbmenepepabambigarolyux, XUMUYECKUX 3280008, 3/1eKmMpocmaHyuli U aHano2u4HbIX MPOMbIUIEHHbIX
npednpusmud npu 00HOBPEMEHHOM CHUXEHUU 3KCITyamayuoHHbIX pacxodos. B pabome enepsbie 6binu
onpedeneHbl mpebogaHusi K HepaspyuwaroueMy KOHmMpPOosto Oris OUEHKU rospex0eHull mernroobMeHHUKO8
€ 8030yWHbIM oxnaxdeHuem obecriequsaroujue HaubonbWyto IKOHOMUYECKYH 8b1200y 011 Ka3zaxcmaHCcKoU
POMbILIIEHHOCMU.

Knroyeenle cnoea: Hepaspywarouuli KOHmMPOb, 31eKmpoMazHemusM, mernioobMeHHUKU, mpyo6sbi,
macrio/2as, noCMOsIHHbIE MagHUMbI.

Introduction. Basic engineering principles dictate that the heat exchangers tube condition plays
a key role in determining the remaining safe operating life. Current methods for performing these
measurements, based on ultrasonics, eddy current and magnetic methods provide only a sparse
data and take a long time to complete due to both extensive cleaning requirements and testing
time. The objective of this project was to develop a new testing method that 1) will be especially
suited to local conditions experienced in Kazakhstan, i.e. will address specific damage
mechanisms experienced in Kazakhstan oil/gas and other industrial plants, and 2) will be a major
technical improvement to presently used methods in the world. It needs to emphasize that the tube
inspection must be conducted from tube internal surface, which dictates a miniaturization of test
sensors and application of newest materials and technologies to acquire the data and further to
process and analyze it. The first stated goal was met by visits to selected industrial plants,
discussions with engineering personnel and obtaining tube samples with various degree of
deterioration. The technical approach has included designing the magnetic flux leakage modern
sensors using new generation of permanent magnets and coil configurations to make it more
sensitive to any kind of sharp damage, such as pits, cracks, grooving. Additionally, the Hall-effect
sensors were incorporated into the internal sensors in order to measure the magnetic flux flowing
through the tube wall and indirectly determine the wall thickness and its gradual variations along
the tube. This allows for fast detection of all type of damage mechanisms active in tube with a
minimum need for tube cleaning and preparation..

Mamepuanvt u memooul ucciedoganus (Mamepuanoap scane sepmmey adicmepi) (Materials
and methods of research). Technical requirements for finfan tube testing. The project goal is the
development of innovation technology for tube testing in fin-fan coolers (Figure 1) for oil/gas
plants, chemical, steel, and other industries. Tube inspection is an important tool to determine
their conditions and detect damage at initiation stage [1].

PERFRERERINYEIRIND

Figure 1. Typical design of fin-fan cooler (left) and view of a single tube (right) re-printed with
permission from Magnetic Development, Inc.
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Description of the new ndt method for fin fan tube inspection.

The objective of this project was to develop a much-improved approach to evaluating the
condition of tubes in fin-fan coolers by determining their overall wall thickness and detecting any
defects in form of pits, cracks, grooves, etc. The failures of air-cooled heat exchangers are
responsible for a significant number of outages. Operating experience around the world has
demonstrated that both downtime and maintenance costs are reduced significantly when tube
condition is evaluated regularly by NDT methods [8,9,17]. It allows to predict the possibility of
failure and estimate the remaining safe life for the heat exchanger. Plants managers are able to
schedule maintenance and plant shutdown instead of being forced to shut down by tube leak.

The main requirements was to develop a state-of-an-art nondestructive test method for air-
cooled heat exchanger tubes, capable to: a) detect any damage mechanism while testing from tube
internal diameter, b) accurately determine the damage in terms of wall loss, c¢) perform inspection
quickly and expediently, d) requires minimum tube cleaning.

Our approach was based on developing a magnetic test method with multi-sensor including
coils and semiconductor sensors. This offers a significant improvements to present methods and
procedures, which are commonly employed in the routine nondestructive testing (NDT).
Specifically, the test system based on a combination of a Magnetic Flux Leakage (MFL) together
with measurement of the entire magnetic flux induced in a tube wall was developed and adapted
to typical industrial conditions. This work was made possible by recent advances in magnetic
materials, electronics, computer modelling and robotics.

In order to undertake this project, our team has conducted a thorough state-of-an-art study,
reviewing more than 200 publications, patents, websites and reports issued throughout the world.
In addition, numerous discussions were conducted with plant engineers and test practitioners.
Conclusions of our state-of-the-art study were following:

A majority of defects are due to internal pitting corrosion, general corrosion causing gradual
wall thinning, external erosion/corrosion, internal inlet-end erosion and external grooving under
and close to tubesheets [6,14,22,23,24,25]. Many NDT methods have been used in the past to
assess tube condition with various degree of accuracy and internet search brings hundreds of such
websites [26,27,28]. Table I at the end of this paper shows the advantages and disadvantages of
each method and can be treated as a state-of-an-art study and answers the question how the newly
developed MFL technology differs from the others. The typical equipment cost and level of
inspectors' qualifications are also shown. The most common procedure involves conventional
tube cleaning and then fast internal inspection (with ID sensor) of 100% tubes with one of
electromagnetic methods (RFET, MFL, NFEC or biased EC) and then re-testing of a small sample
with ultrasonic rotating probe — commonly known as IRIS. IRIS, although capable of detecting
and evaluating most of damage conditions, requires extremely clean tubes, usually achieved only
by chemical cleaning, which is inconvenient and sometimes even impractical for plant operators.
This approach usually provides highly reliable results but, for reasons of measurement time (cost),
the data set is sparse. It has to be noted that there is only a limited literature in scientific journals
regarding the problem of air-cooled heat exchanger inspection and most of it is written by
practitioners working for companies that either produce or test such heat exchangers and/or
manufacture testing instrumentation. For that reason, the data available is rather biased because
each author is trying to promote his own company or test method.

Summarizing, if any new testing method is developed it needs to be better, cheaper and easier
to use than other methods. For that purpose, our work had concentrated to combine a known
magnetic flux leakage (MFL) method [4], with other innovative technologies in order to achieve
the capability to test relatively un-cleaned tubes at the high rate (300 tubes per shift and more).
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Further, the required specifications has included: 1) possibility of testing thicker tubes, with the
goal to detect 20% deep defect in tube 17x.130”, 2) possibility of detection of either internal or
external gradual wall thinning and accurately measuring the remaining wall thickness, 3)
possibility to distinguish the defect origination point, whether ID or OD, and 4) improving the
accuracy of quantitative data analysis in terms of percentage wall loss for each detected defect
with desired accuracy +/-10%. The final objective of this project is a development of a new NDT
method capable of fast evaluation of 100% tubes without necessity of expensive cleaning and
partial re-testing with ultrasonic IRIS. Further, the testing had to conform to existing standards
such as AP1661/GOST ISO13706-2011 (Air cooled heat exchangers for general refinery service),
ASME Section VIII, Shell DEP 31.21.70.31. Most tubes are 1 inch outside diameter (25.4mm)
and wall thickness from 0.083 to .130 inch (2.1 to 3.3mm). Rarely, tubes are 1.25 or 1.5 inch
diameter. Tube material is either Carbon steel A-179, A-243 or ferritic low-alloy steel with max
9% of Chromium.

Based on the results obtained in both laboratory and field condition, the developed technology
differs substantially from previous work. Novel features involved in our approach are:

1) New method for testing air-cooled heat exchanger tubes, based on combined principles of
flux leakage with measurement of magnetic flux inside the tube wall. This permits to detect both
sharp and gradual defects, thus eliminating a major limitation of MFL method.

2) Study on various arrangements of MFL sensors to allow for determining point of damage
origin: internal vs. external. This has a potential to greatly improve the accuracy of data analysis
and can even permit in the future to develop magnetic imaging of tube condition.

3) Innovative research on: a) practical measurements of magnetic fields around defects for
new magnetic materials (Neodymium-Iron-Boron) and their effect on the signal waveform
generated in sensors, b) study of new configurations of electromagnetic coils and high-energy
permanent magnets.

Scientific methods used in the development process. Major scientific questions.

Both technical and practical issues were considered for maximum commercial usefulness of
the new technology. Technically, the method has to be superior to presently used tests as shown
in Table I. This means that it has to be capable of testing even thickest tubes encountered, to detect
both sharp and gradual defects, to determine the damage point of origin, to be fast, accurate and
field-hardened. Many practical restrictions were considered right at the point of research, so
developed technology fits the real world. An important problem to overcome was the access to
fin-fan coolers — they are located on the top of refining units in full sun and heat where it is not
easy to carry heavy instrumentation and then make it work. Heavy deposits inside of tubes, most
often of ferromagnetic nature, limits many test techniques, such as IRIS ultrasonics and RFET
eddy current. Further, Aluminum fins over carbon steel tubes produce excessive noise that mask
defect indications for majority of NDT methods used.

Description of experiments.

The following methods and approaches were used to achieve the best performance

1. The possibility of testing thicker tubes was evaluated. When MFL was originally developed
in late 1980’s, it used strongest permanent magnets at that time, which were either Samarium
Cobalt with 28-30 MGsOe power or Neodymium magnets with 32-36 MGsOe. Now, Neodymium
magnets have been produced commercially with power of 56 and experimentally up to 64 [5].
The new magnetizing circuits were therefore designed and produced to magnetize the tube from
its internal diameter with various strength of Neodymium magnets and with different design of a
circuit itself. While the great number of scientific papers describing modelling of leakage field
around defects has been published [13,15,16,20], our approach concentrated on physical
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measurement of flux field and designing appropriate sensors to be able to detect such fields.
Previously, the tubes could be tested with MFL when the ratio of tube ID-to-wall thickness was
greater than 7. Our research with new magnetic materials has brought the possibility to achieve
appropriate magnetization for the ratio of 5, which permits testing of thickest tubes in fin-fan
coolers, i.e. 1” x .130” for carbon steels, ferritic low-alloy steels and Cr-Mo steels.

2. Gradual wall thinning and measurement of wall thickness was achieved by installing an
additional sensor into the internal probe that continuously measures the magnetic flux through the
circuit that includes a magnetizing circuit and a tube wall. This is a major novelty that was fully
proven during numerous field inspections.

3. Recognizing the point of defect origin, ID vs. OD. This always represented a greatest
challenge since all previous literature stated that this is not possible with MFL method [18]. These
authors however, had developed the theoretical background for such analysis that might include
various approaches. One possibility involves two pick-up coils with radial offset that react in
different way to the same defect. Another option will be to add additional coil in the passive
magnetic field that reacts only to internal defects and is “blind” to external ones. Eventually, we
have settled on this latter approach.

4. Various approaches were investigated for improvement of the accuracy of data analysis
with the goal to stay within +/- 10% of the tube wall [19,21]. They included: a) speed
compensation either electronically or by adding speed sensor detecting the speed of a plastic
sheath as it enters/leaves the tested tube, 2) designing a software that automatically measures
amplitudes of each channel (coils and Hall-effect) and selects appropriate data correlation for a
specific type of damage. The work is continuing under the second approach and it will be reported
shortly.

5. Wear resistance — probe body was Chrome plated. This was proven during the field
inspection in one of German nuclear plants. The feedwater heater was tested with 3/4x0.083”
Carbon Steel tubes, 8m long, which had heavy and abrasive Fe304 deposits inside. The original
probes with stainless steel sheath were wearing out after only 20-30 tubes, which was
unacceptable due to high cost of each probe (around $1,000 each). Different coatings were then
tried, such as Nickel plating, ceramic coating and Chrome plating. Eventually, Chrome plating
was proven most effective with one probe lasting over 5,000 tubes. The photo of a final probe
design is shown in Figure 2.

Figure 2. Internal MFL probe for finfan tube inspection
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6. Following the extensive laboratory experiments, field inspections were performed in UK
and USA oil refineries. The major difficulty appear to be the double tubesheet in most of finfan
heat exchangers with tubes starting at the second one. The distance between two tubesheets was
approximately 10 cm and that caused the magnetic probe to “stick” to the the first tubesheet and
being unable to enter the tube. The problem was solved by using the conduit, made of
nonmagnetic piece of tubing that penetrated both tubesheet and allowing the probe to easily enter
the tube. Probe was pushed and then pulled from the tube over its entire length (typically 18-12m)
by hand as the most expedient way to test without the necessity to carry any heavy mechainical
pusher-puller device. It needs to note that in order to access the tubes, one needs to climb a ladder,
so the equipment should be as small and light as possible. The photo of the inspector is operating
the probe is shown in Figure 3 below.

Figure 3. Field data acquisition for finfan MFL inspection. Note the conduit inserted into the outside
tubesheet that allows for the probe to enter the tube, starting at the second (internal) tubesheet

7. Data were acquired for each tube tested and stored on the computer. They were in the form
of signals for three (3) independent channels:

— Channel 1: signals from active coil (Coil A in Fig.4), installed in the center of the
magnetizing circuit. This coil records all sharp defects on the tube, originated both from internal
and external surface

— Channel 2: signals from passive coil (CoilB in Fig. 4), installed in the front of the probe.
This coil senses the area on the tube in passive magnetic field, thus only sharp defects originated
from internal surface and very deep defects originated from external surface are detected. By
comparing the amplitude and shape of signals from both coils, it was possible to first, determine
the defect point of origin and second, approximate the percentage wall loss associated with the
defect.

— Channel 3: signals from the sensor that constantly measures the magnetic flux flowing
through the probe-tube circuit. In our case, Hall effect sensors are used for this purpose, however
other type of sensors could be also applied, such as megantoresistors, etc. The correlation exists
between the amount of magnetic flux and the wall thickness of tube, thus, the wall thickness and
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its gradual variations can be detected and quantified.
— The details of probe design as well as indications obtained for various depth of defects and
their point of origin is explained in Figure 4 below:

QIUBE WALL
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Figure 4. Details of MFL probe design showing three sensors installed: Coil A in active magnetic field,
Coil B in passive magnetic field and Hall effect sensor for detection of gradual wall thinning (assuming
probe travels from left-to-right). Lower pictures show the response of Coils A and B to various defect depth
and origin, and the principle of data analysis, which is done by measuring signal amplitudes and their ratios
from both coils

In order to assess the accuracy of the newly develop test m(3) ethod, the results from several
inspections were compared to the results obtained with IRIS (Internal Rotating Inspection
System) results. This is an ultrasonic imaging method, that provides fairly accurate results, usually
within 10% of wall thickness, however it requires extremely clean tubes (such degree of
cleanliness can be usually achieved only with chemical cleaningand is very slow, only maximum
of about 50 tubes can be tested during one 8 hrs shift. Figure 5 below shows the correlation
between those two methods, which is relatively high with calculated coefficient of correlation
reaching 89% . This confirms that the accuracy of this new MFL methods is similar to this,
achieved by IRIS, i.e. +/- 10%. Indeed, numerous analysis performed on tubes removed from heat
exchangers have proven that conclusion.
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Figure 5. Data correlation in terms of percentage wall thickness determined from the results
of MFL vs. IRIS inspection methods

Results and discussion. In conclusion, the newly developed MFL combination method was
compared with all other methods, which are currently used in industrial testing of finfan
coolers/heat exchangers. Table 1 shows such comparison, which was based on publication search,
discussion with plant engineering personel and authors’ personal experience. The data on Table
1 demonstrates that most of design assumptions were met with the new method and with proper

use, it can be superior to all test methods used to-date.

Table 1. Comparison of NDT different methods for detecting specific finfan cooler defects
(per published and unpublished data plus our Consultant's personal experience)

Near Field . Magnetic New
U tgl{slosnics RFET | Eddy Cl\lzgsﬁc Biased Eddy | MEFL
Current Current Method
Requirement for somewhat somewhat
very clean |clean clean clean
clean tubes clean clean
Interference
from Aluminum |No Yes Only ID No Yes No
screened
fins
Near Field . Magnetic New
U tgl{slosnics RFET | Eddy Cl\lzgsﬁc Biased Eddy | MEFL
Current Current Method
Detection of ID
sharp defects Yes Yes Yes Yes Yes Yes
(pits)
Detection of OD Yes Yes No Yes No Yes
sharp defects
Detection of OD
defects close to Yes No No Yes No Yes
tubesheets or
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supports
Detection of
grgdqal wall Yes Yes No No No Yes
thinning —
erosion/corrosion
Accuracy of Good or
quantitative data | Very Good | Good Satisfactory | Satisfactory |Satisfactory
. Very good
analysis
Recognize ID vs. -
OD defects Yes No No No Limited Yes
Inspection speed .
Very slow |Medium Very fast
glxlfﬁ tubes per 50 150-200 Fast 300 Fast 300 Fast 300 3002500
. ) . .. |Only ID Ratio of Ratio of
{ﬁ;:ﬁtfu%);stesnng No limit 20(1;23 defects ID-to-wall |Unknown ID-to-wall
P detected >7 >5
Zoygcal equipment |e100K  |$50K  [$50K $20K $50K $20K
Level of Inspector
Qualifications High High Medium Medium Medium Medium
Required

Notes: IRIS — Internal Rotating Inspection System; RFET — Remote Field Eddy Current; MFL
— Magnetic Flux Lekage
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