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Abstract:

Reformer tubes normally used in the refining, petemical
and fertilizer industries are manufactured by teatgfugal
casting process and heat-resistant austenitic alkaeh as
HK -40, HP-40, and HP —Niobium modified materialhe
cost optimization of industrial plants maintenanty
preventing non-scheduled outages or extending ceiiifie-
time is increasingly important. Life managementidinarily
dominated by the service capability of the radieatalyst
tubes. Their lives are limited by creep, driven hby
combination of internal pressure stress and threugh
thermal stresses generated by operational trassient
Although the service life may be estimated makisg of
theoretical models, due to the degradation process
complexity, still it is necessary to characteribhe materials

of concern by non-destructive testing methods. Non-
destructive testing (NDT) plays an essential rola o
maintenance program to assure operation of inddistri
plants.Proper determination of tube condition artd i
remaining life requires specific insitu examinason

The current condition either can be measured byesom
destructive or nondestructive test method or catedl using

an analytical model or statistical model, such & t
TUBELIFE computer program. TUBELIFE is a probaliitis
tube life assessment software package offered by
Magnetische Pruefanlagen GmbH in Germany, US THerma
Technology Inc, and Hainsco in Saudi Arabia. Thegpam
analyses data gathered from nondestructive tetgigiques

to produce a probabilistic rather than determiaiatialysis in
predicting of reformers remaining life. Custom safte
program TUBELIFE and inspection technologies (eddy
current, laser OD measurement) as well as metalddc
examinations are outlined in the papers discussion.

1. Introduction

Steam reformer units are critical to many processes
refining and chemical plants, being used in thedpotion of
synthesis gas. Despite this wide variety of rallesre is great
similarity in general design, material selection dan
operational conditions, allowing a common approaoh
integrity assessment and life prediction. Reformare
essentially large furnaces packed with banks oésytacked
with catalyst through which the reaction gases ffégsrel).

- 359 -

Figurel: Scheme of fertilizer factories primaryoreher

unit [7]

Heat realized by the burners is transferred tordfermer
tubes. Considerable thermal stress is placed ugwn t
reformer tubes themselves, making them prone tariaty of
problems, and fractures and mechanical failurec@nemon.
Furthermore, as pressure to enhance plant effigienc
increases, so the focus is on critical equipmerhst which
can cause plant shutdowns. Their lives are limitgctreep,
driven by combination of internal pressure stressl a
through-wall thermal stresses generated by opetio
transients. Creep life exhaustion may be accompahbie
progressive grain boundary cavitation-depending tbe
microstructure of the material- and may be exadetbdy
micro-structural degradation processes, such asasigation.
The primary reformer in any steam reforming synthems
complex is the most expensive and energy-intengar¢ of
the plant equipment items which can cause plantidskuns.
Plant productivity can be directly controlled btteliability
of the steam reformer. A design life of 100,000 ragiag
hours has been the normal time-based criteriadnsidering
retirement of tubes. Non-destructive testing (NPIgys an
essential role on maintenance programs to ass@mtign of
industrial plants. Many operators of furnaces ustugh
tubesdesireto change their maintenance philosophyube
retirement to condition-based assessment rather tinge-
based assessment.
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2. Reformer tubes materials
Reformer catalyst tubes are commonly manufactureth f
high strength, creep and corrosion resistant alldy®ey are
of relatively thick wall and are usually produceds b
centrifugal casting.
Their lives are limited by creep, driven by combioa of
internal pressure stress and through-wall therniasses
generated by operational transients. Creep lifeaestion
may be accompanied by progressive grain boundary
cavitation-depending on the microstructure of thateral-
and may be exacerbated by micro-structural degmdat
processes, such as sigmatization.
Tube design is traditionally based on pressuressts
conservative outside wall temperatures and factdoser
bound material rupture lives, according to API-oédtion
formula.
The characteristics of these alloys at temperatunesto
1000° C are mainly:

*  creep resistance;

+ oxidation resistance;

*  ductility at high temperature;

» thermal fatigue resistance;

» weldability after aging.
The range of high temperature alloys needed by the
petrochemical industry for fired heaters often eacenfusion
since the majority are not included in internationa
specifications and design codes such as ASTM andERAS
Furthermore, the alloys are often known by theappietary
name. In fact there is a small family of alloys italale for
selections for fired heater tubes. Originally, e tL960's two
cast alloys became important, designated in ASTM an
ASME as HK-25%Cr20%Ni0,4%C and HP-
25%Cr35%Ni0,4%C. During the 1970's HK was improved
with additional nickel and small additions of niobi. The
obsolete HP grade was reintroduced with varioustiadd of
niobium and tungsten to give the now well known HP
modified range. The latest development is the auldit of
small amounts of titanium and zirconium to the Hedified
alloys. This micro alloys currently offer the higiecreep
strength giving thinner tube walls and greater &g
efficiency [1].

3. The NDT techniques combination analyses
The actual technique used is heavily dependent wpen
following:
* Costs
* Individual plant preferences (limited knowledge of
technologies)
» Historical experiences at the specific location
e Turnaround duration
* Availability of analyzed data from reformer tube
testing
 Knowledge of the different NDT technologies
(strengths and weaknesses)
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e Availability of specialist services.
To reduce the occurrences of furnace tube remowal f
condition-based assessment and to improve ovelability
of tube life, the use of NDT techniques on a reglasis
during reformer furnace turnarounds is beneficihe
condition of a reformer tube is inferred from tlesponse of a
NDT sensor to a change in material properties.uth sthere
are certain limits on detectability, sizing and ratderization
of flaws that are heavily dependent on the ovéesi system
characteristics, comprised of the environment,
instrumentation, sensor, material under test amd;oarse,
the operator.
The combination of techniques provides valuable dait the
prediction of the remaining life of tubes
Separately, in paper will be emphasized using CT
(combination  technique)of  diametrical  growth-laser
profilometry and eddy current techniques due toirthe
advantages of integrated works with automatic dlimgb
device.
3.1. Profilometry-diametrical growth
As creep damage occurs, an apparent decrease in wal
thickness is evident. Due to the difference in O.D.
measurements of the tube segments caused by manirfgc
variations, it is preferable if baseline data cenobtained on
the tubes when initially installed so accurate deemay be
developed.
The principal rationale behind this technique &ttlas creep
damage occurs, the tube bulge (hormally at bupesations).
Each material type has its own nominal value ofraiter
change where creep is considered to have occuilkd.
following rules of thumb have been reported by wasi
operators over the years.
Only through the application of other techniquegpadssible.
Yet, recent findings show that in some cases, fogmt
growth may be apparent, but the tube may show liserece
of internal damage. Using diametrical growth (Gad 1.D.)
may provide a very general indication of tube ctaodi
however, using diametrical growth as a stand aloe¢hod
for measuring creep damage, or lack of damage easdhe
may lead to a significant false call on the act@idition of
the tube. The issue is further complicated by #et that no
tolerance is given by the manufacturer for tube .O.D
measurement; and the tube I.D., while machined, \cag
greatly over the length of the tube segment. I, féoe
machining process may produce a given 1.D. dimendioit
because of the variation in the machining proctss,tube
may see a significant reduction in wall thickneasone side
of the tube while having an abundance of materialtiee
other side. After testing each tube profilometrgule will be
evaluate and assigne a damage grade per tubendetdron
the worst section of tube. These grades are asbigged on
comparison of each tube to the NDT responses aatenom
samples subjected to metallography confirmationnaFi
evaluation tube grading and dimensions are tharsfeared
automatically to a life assessment software (figure
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« Laser ID scan covers 100% of the tube's
axial length and 100% circumference

* Inspection of staggered rows

« Inspection of extensively bowed tubes

« Excellent accuracy and repeatability
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Figure2: Review of laser
performances|8]

scanning

3.2. Eddy- current method

The technique relies on changes in electric circoitditions;
the circuit being the instrumentation, cables, s@nesoil, and
the item under test. As the mechanical propertfethe test
materials change, a change in overall circuit inames
occurs, which is displayed on an oscilloscope. Byitoring
these changes, it can be inferred that creep daisggesent,
based on observation of the signal parametersnimpadson
to similar changes that occurred on known creepagget
materials. The basic principles of the technique lva found
in Reference [1].The depth of penetration of eddsrents is
primarily influenced by frequency, conductivity,darelative
permeability.

Eddy Current coil design is important to obtain ke
sensitivity and signal to noise ratio. Some tukesh as
HP-40 and similar materials that have a high peegn of
nickel, require the use of magnetically shieldedbdased
coils to reduce the effects of material permeabildriations.
This improves the signal to noise ratio so a rédidest result
is obtained, allowing adequate discrimination ofeeqr
damage from general material
characteristics.Referring to varying degrees of aiganwithin
a reformer tube, the eddy current operator evadutitese
changes in signal response.

Other factors that the operator considers are:
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property

e Varying lift-off, influencing the signal response,
scale and welds being typical examples
» Overheating that causes chromium migration, scale
formation, and a significant eddy current respdnse
terms of phase and amplitude changes
» Variations in material permeability
Noticable change in the OD orID dimension (for amsteHK-
40...2-3% andHP-45 5-7 %).
The advantages of eddy current inspection technigiaethe
followings:
e no requirement for cleaning the tubes;
e no need to remove catalyst;
e no variation due to coarse grains;
* no coupling medium (water) is required,;
» no limitation due to defect orientation;
* 120° on each fire side are tested;
» eddy current penetration into tube wall up to 25mm,
» 200-250 inspected tubes per normal work shift (0,3
m/sec);
* high repeatibility of the results.
The inspection is performed with a pneumatic tutsenter
with speed of 0,3m/sec. This translates into aimeséd 250
tubes inspected per normal work shift (figure3trément of
tube diameter is an indicator of creep relaxatioesence.
Then, as the laser scanner is inspecting and moving
vertically,
two perpendicular tube diameters are measured albeg

measurement tube.

Creep crack depth measured by eddy current tecnigu
rated in percentage of sound wall lost to the ci@ek 30%,
40 %, 50% etc.). The crack normally begin approxatya
one third from the wall-thickness inside diametgmwing
first toward the ID and then the OD.Combinationhtbasults
provide optimum information on the tube conditionda
remaining life expectancy.

Figure 3 : MP- climbing device for eddy currentaka
depth and laser outside diameter (OD)measuringhguiin-
sevice inspection of in reformer tubes[8]
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4. Metallographic analysis of damaged tube 7). The microstructure of reformer tubes (ASTM A297
However, the condition of the sample tube may oy mat be HK40) is developed by “Glyceregia “etching (HNO3HECI

a representative of the total number of tubes @nfthinace. + glycerol).

For an operating facility to change from a timedzhgo Macrostructure is developed by etching in Adleagent.
condition-based philosophy requires confidence e t Structure is characteristic for centrifugally casbcess, i.e.
methods and techniques used to determine tube tmmdi The2/3 of outer side of tube thickness consistsadimnar
Extracting tubes at a turnaround close to the ehtheir grains. The following 1/3 of thickness has equiaxgdins
design life and subjecting them to metallurgicaleistigation (Figures).

would appear to be fairly well accepted practicemg
facilities have also embraced the use of certainTND
techniques to trend changes in tubes. Exactly, thiges
structures anisotropy acts a lot of difficulties NiDT. For
reformer tubes ratio between columnar and equiayxaths

in structure of min. 50% / 50% is recommended. Fitbm
metallographic point of view, the state of the mialteis
classified in several stages. Tablel reproducesossile
classification method based on the presence ofidesb
voids and cracks, from level 1 (undamaged matetdal®vel

6 (highly damaged material).

Table 1: Creep damage level classification [8]

Level | Microgrghic obseroat

Only coalesced carbides

Creep voids
Aligned creep voids

Few cracks

Cracks <50% thickness
6 Cracks >50% thickness
On Figure 4; progress of failure of furnace tulbeggarding on
thermal creep degradation and oxidation on high
temperatures is presented. Depending on work hdbes,

presences of different degradations stages (iied gtage
creep damages or fissured material) are noticed.

O A~ W N PF

-

Figure 6; Microstructure of cracked tube-macrofissi00:1;

60,000 hr

r:'il  Material in third - stage creep
(Early creep damage)

Fissured moterial

-

Figure 4: Presentation of progressive failures ftifvfurnace A

tubes [8] G oA 2 s f\i &5 Q "
Metallographic analysis of damages tubes was pegd on :. v =y - T
one example with eddy -current registered cracks.The S B, Vs 5 . e
evaluated damages are metallographic confirmediréig 6, Figure7;c —phase with disperged Cr-carbides, 1000:1

- 362 -



Safety and Reliability of Welded Components in Energy and Processing Industry

5. Tube remaining life prediction
Life assessment based upon
generation probabilistic methodology combined witre
leading inspection capabilities of Magnetische Bmnldgen
provides state-of-the-art tube life assessmentogedational
planning. MP offers the industry an integrated éwtjon-
service package, including tube life assessmerdgcas the
TUBELIFE software, enabling the industry to achieve

« lower risk of unplanned failures and plant outgge

« optimised spares strategy;

e through vyield optimisation features improve raseu
management.

Software for the probabilistic life assessment afliant
catalyst tubes incorporates:
—TubeEntry - data input interface
—TubelLife- probabilistic life assessment software
—TubePost - post processing
Life prediction probabilistic analysis accounts ggal and
temporal variations) for:

* Unit configuration (flux & temperature profiles)

*  Process variability

e Material property variation

e Skin temperature variability

* Axial and circumferential heat flux variation

In this chapter the approach to predicting of remaining life
with example of resultsis shown.

In analysing of life prediction always is the question: what is
the driving force for failure?

Under normal operations conditions:
e creep

» thermal stress redistribution

* local heat flux

e operational transients.

New features of MP software package are:
* revised stress analysis
e revised creep models
e account of transient operation ( loss of steam)

the TUBELIFE second

* Flux and skin temperature profiles for top-fired,

side-fired and Foster Wheeler
configurations (example see figures 8,9)

« Due account taken of inspection findings

e Guidance and software for data collation.
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Normalised Skin Temperature Profiles
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Figure 8; Processing data related on skin tubepdeaure
[10].
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Figure 9; Processing data related on tubes hea[10].

Where, on which tube, is failure going to occurstfh,
including all processing data ,using TUBELFE, pctidg
tubes failure is possible with low level of riskdbre 10,11).
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Figure 11: Final report on TUBELIFE assessment by
probabilistic methodologjA1].

Finally, comparing two present approaches of ptedjc
reformer life, it is necessary show the charadiessf both,
with cumulative failure probability final sample part
(figurel2).

Probabilistic approach:

Considers all failure scenarious

Considers all tubes in the cell/row

Considers variability of :

Material

Operational parameters (flux and
temperatures)

Considers evolution of damage and tube

failure.

O o0Oo0OOo0o

o

Deterministic approach:
» Considers one failure scenario
» Single life estimate for all tubes in cell
» Assumea a niminal confidence level
» ‘“simplified” approach
* ‘“less” input data
* ‘“simple” to implement
e Which tube?
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Cumulative Failure Probability
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Figure 12; Final report on TUBELIFE cumulative ta#
probability predicting by probabilistc methodology
comparing with deterministic approalti].

6. Conclusions

Accurate prediction of remaining reformer tube lifas
become crucial to scheduling maintenance turnareward
tube replacement. The all results of NDT measuring
regarding on eddy current crack depth and lasemetier
growth are implemented into remaining life software
TUBELIFE. Combining both test results (eddy currergep
crack depth and laser diameter growth) providepitanum
information on the tube condition and for reminitife
predicting.
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