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Four years have been passed since the first International
Conference on Boilers and Heat Exchangers, HEB 93, was first
held. This is the 3rd conference which comes into being while the
status had been largely changed since that time. The number of
boilers and heat exchangers has greatly increased in the Egyptian
industrial enterprises, specially in the new cities; 10th of
Ramadan, 6th October, Borg El- Arab ... etc. Much of interest is
now given to the technologies that have to be applied in
manipulating boilers, heat exchangers and pressure vessels. Also
a growing cooperation between the scientific centers and industrial
firms could be sensed on the practical ground. Efforts for
developing the Egyptian code for boilers has already been begun,
but the task needs a lot of time to be achieved.

In the HEB 97 more than 30 papers and keynote lectures have
been discussed along the different sessions of the Conference .
New subjects in boilers, heat exchangers and pressure vessels
maintenance, failure control, and environmental impact was
presented by authors participating from different countries each
with his special experience in the field . This enriches the
discussions throughout the conference as also the experiences
inter-transfer between the attendees which we consider as the
atmost goal of the Conference .

In the present Conference a subsidiary Workshop pertaining the
subject of insurance on boilers and pressure vessels was held as a
separated session, covering a vital item that was not dealt with in
the preceding Conferences. The majority of insurance companies
are participates in the Workshop covering all aspect that could
render the use of boilers, heat exchangers and pressure vessels
as a well insured practice.

The continuation of helding this Conference every two years is the
result of the cooperation between sharing authors, the organizing
and scientific committees as also the sponsoring agencies .So ,
many thanks are due to all who contributed in HEB 97.
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Assurance for safety and reliability of boilers and pressure
vessels is a systematic approach involving various stages right
from material identification to final stages of testing, transportation
and storage before commissioning. This paper brings out various
Quality Assurance aspects to be implemented by the
manufacturers of boilers and pressure vessels.
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ABSTRACT
Quality Assurance -for safety and reliability of boilers

and pressure vessels is a systematic approach involving various
stages right from material identification to final stages of
testing, transportation and storage before commissioning. This
paper brings out various Quality Assurance aspects to be
implemented by the manufacturers of boilers and pressure vessels.

INTRODUCTION

The concept of Quality Assurance has emerged since
nineteen fifties. In 1950 when Americans had the the task of
ensuring safety and reliability of Aerospace and Nuclear
components, they started a new concept of training and qualifying
the inspectors of manufacturers to meticulously inspect the
sophisticated components. This is one of the steps towards the
Quality Assurance by the manufacturers. The Aerospace and Nuclear
Programmes in U.S.A. have imposed certain conditions on the
manufacturers to satisfy with regard to organisation, working
methods and procedures, training and qualification of men,quality
control and documentation. All these conditions are aimed towards
assurance by manufacturer to meet the quality standards.

Thus quality assurance is a term related to the efforts of the
manufacturer to give confidence to the client about the products.

QUALITY ASSURANCE (Q.A.)

Quality Assurance is the well planned and systematic
actions taken by the manufacturer to provide adequate confidence
in the minds of the buying organisation that the manufactured
product would perform the intended service satisfactorily over
the period of design life. Quality Assurance comprises of two
aspects namely Quality Control and Quality Administration.

QUALITY CONTROL

The term quality control can be defined as the process
of inspection to ensure that the material or finished product
meets the specifications and drawings.

QUALITY ADMINISTRATION

Quality Administration is the systematic organisation to
effectively implement the quality standards through written
procedures by trained and qualified personnel and establish
documentation as proof of quality achieved.



SUBJECT

In the light o-f the concepts explained above, the quality
assurance in fabrication of boilers and pressure vessels
comprises of certain activities to be carried out by the
manufacturer to assure the quality of design and construction -for
the safety and reliability of the boilers and pressure vessels
in the plant they are intended to serve.

The activities which form the quality assurance programme for
boilers and pressure vessels hereinafter expressed as
"pressure vessels" are given below and explained.

1. Approval of detailed designs by the client.
2. Approval of raw materials and consumables by the client.
3. Calibration of testing equipment and inspection tools.
4. Qualification of welding procedures and welder performance.
5. Qualification of welding inspectors and Non-Destructive

Testing (NDT) personnel.
6. Quality control during forming and shaping of components.
7. Quality control during assembly of parts.
8. Quality control during production welding.
9. Non-Destructive testing of welds.
10. Quality control during post weld heat treatment(PWHT)
11. Non-destructive testing after PWHT.
12. Hydraulic testing or load testing of pressure vessels.
13. Leak testing of pressure vessels.
14. Documentation.
15. Pre-planning for quality assurance in pressure vessels.

Approval o-f detailed designs by the clienti

After receiving a firm purchase order from the client, the
manufacturer has to perform detailed design calculations for the
pressure vessel based on the design input and specifications
provided by the client and prepare detailed design drawings. In
detailed design, the design of individual parts from the point of
view of primary stresses, temperature and thermal stresses,
fatigue, creep, etc. are considered and the thickness of
materials and welds are calculated. As a measure of Quality
Assurance in design, the detailed designs are to be scrutinised
by a separate design group of the manufacturer's organisation or
by an independent design organisation. After verification and
scrutiny of the detailed design, the detailed drawings are
submitted along with design calculations to the client for
approval. The client will check the detailed designs and verify
the design adequacy for the intended service and approve the
detailed drawings.

Approval of raw materials and welding consumables!

Material selection for a pressure vessel is one of the
design criteria. The material is selected on the basis of its



physical properties such as strength, ductility, fatigue
resistance, service temperature, creep resistance etc. and its
compatibility and corrosion resistance to the fluids handled.

After specifying a particular material for a particular
service, inadvertent use of a different material or a different
welding consumable in the fabrication can lead to premature-
failure of the pressure vessel in service. This is to be
avoided. Hence the materials and consumables conforming to the
specification are to be identified by the manufacturer before
fabrication. This is done by identifying the materials and
consumables with linkable mill test certificates. In the absence
of linkable mill test certificate the material or welding
consumable is tested for chemical composition and mechanical
properties, and then accepted if the test results conform to the
specification.

Calibration of the testing machines and inspection toolsi

The manufacturer has to prove certain minimum physical and
mechanical properties which form the design basis, on the
material and welds by way of tensile testing, bend testing,
impact testing, drop weight testing etc. If the testing machine
has an error on positive side in reporting the properties of the
material, an unacceptable material may be accepted. This is not
desirable. Hence the testing machines are verified by using
calibration devices. During calibration, the error for loads
within the range of the testing machine shall not exceed certain
percent of the load applied. After calibration, over a period of
time, errors exceeding the limit may develop due to usage of the
testing machine. Hence the testing machines are to be calibrated
periodically once in one or two years and certified for accuracy.
Similarly the inspection tools used in the shop should also be
calibrated periodically for accuracy. This is one of the
activities of quality assurance programme.

Qualification of welding procedure and welders performances

The manufacturer has to prepare a welding procedure
specification in writing envisaging the materials to be joined,
the consumables to be used, welding process to be used, welding
parameters to be used and the precautions and treatments to be
given to the weld. The intent of the welding procedure
qualification is to demonstrate that welds made by a specific
procedure under fabricating conditions can meet prescribed
physical characteristics. In procedure qualification tensile
property, ductility and impact strength of the weld is checked.
Fig. 1A and IB show the procedure test pad of plate welding and
pipe welding respectively and how to locate the test pieces for
the mechanical tests as specified by American Society for
Mechanical Engineers <ASME) code sec. IX for welding and brazing
qualifications. In order to qualify the welding procedure, the
procedure test weld is subjected to 2 Nos. transverse tensile
tests, 4 No*. 180 deg. bend tests (2 root bends and 2 face bends)
and one set of impact test, if the base material is of impact
tested quality. The tensile strength of weld should not be less



than minimum strength of base metals joined. The 180 deg. bend
test should not show cracks or openings on tension side o-f bend
specimen. The impact strength o-f the weld when speci-fied should
con-form to welding consumable specification.

The manufacturer has to use, in procedure qualification and
in production welding, electrodes and welding consumables which
arB conforming to relevant standards. The electrodes and
consumables shall be qualified by the respective manufacturers
and supplied with conformance certificate. After procuring the
electrodes/consumables with test certificate, the fabricator
shall ensure before use, proper storage and baking conditions
recommended by the supplier.

The welder who performed the procedure qualification test pad is
qualified along with the procedure. The other welders to be
engaged on the job are qualified separately by a performance
qualifications test. The intent of the performance qualification
test is to verify that the welder can produce sound welds by
following the qualified welding procedure. The performance
qualification test pad is subjected to either radiography or 2
Nos. 180- deg. bend tests < 1 root bend, 1 face bend) to check
the soundness.

The welding procedure and welder performance qualifications are
the most important stages of the quality assurance in the
fabrication of pressure vessels and thus form good base for
achieving the required weld quality in production.

After the welding qualifications are successfully completed, the
fabricator shall make welding qualification records as a proof of
the welding qualification attained. The fabricator need not
repeat a welding procedure qualification unless welding
parameters for a new pressure vessel vary beyond the limits
specified in the welding codes. There ars nine parameters in
welding which influence the quality of the weld produced.They are

1. Joint design
2. Base materials
3. Welding consumables
4. Melding Process
5. Gas
6. Polarity
7. Pre-heating
8. Post-heating and
9. Electrical characteristics of power source used.

In each of the above parameters there are different
variables. The variables which call for requalification of
welding procedure are called essential variables. The
supplementary essential variables call for requalification of the
welding procedure only when the materials to be joined are of
impact tested quality. The non-essential variables do not call
for requalification of welding procedure.



Qualification of welding inspectors and NOT Personnel!

In the introduction o-f the subject "Quality Assurance" it
mentioned that training and qualification of inspectors of the
manufacturer is one of the steps towards the quality assurance by
the manufacture.

The personnel employed by the manufacturer for inspection and
non-destructive examination of pressure vessels should be
knowledgeable and competent to characterize the defects in welds
and to assess their acceptability Dr otherwise. They should be
able to interpret the intent of the specification and strive to
achieve the desired quality of the welds. They should have
thorough knowledge of pressure vessel codes and criteria for
design of pressure vessels. It is seen in practice that
inspectors who do not have such knowledge and those who are fresh
from college and work in the area of quality control of pressure
vessels make much fuss about unimportant aspects ignoring the
important ones. Hence the welding inspectors of the manufacturer
should be trained in the areas of welding metallurgy of various
materials, welding procedure and performance qualifications,
causes and control of various defects in welds, interpretation of
NDT results and assessment of weld quality, and testing of
pressure vessels. Similarly the NDT supervisors and engineers
should be trained in the theory and practice of respective NDT
techniques, manufacturing processes, causes and control of
defects in welds, interpretation of NDT signals with respect to
non-relevant and relevant indications and defects in welds and
assessment of weld soundness. Trained and qualified inspectors
and NDT personnel of the manufacturer contribute to a great
extent to the quality in fabrication of pressure vessels.

Quality control during -forming and shaping o-f componentsi

A pressure vessel is built-up by joining shells, dished ends,
nozzles, flanges etc. The shells and dished ends are formed by
either cold forming or by hot forming, provided the forming
process will not unduly impair the physical properties of the
material. If the plates are to be rolled, the adjoining edges of
longitudinal joints of cylindrical vessels shall first be shaped
to the proper curvature by preliminary rolling or forming in
order to avoid having objectionable flat spots along the
completed joints.

The foregoing norms are applied for forming of coded vessel parts
in order to preserve the physical properties of the material
during and after forming.

1. Carbon and low-alloy steel plates shall not be formed cold by
blows.

2, Carbon and low alloy steel plates may be formed by blows at a
forging temperature provided the blows do not unduly deform
the plate and it is subsequently post weld heat treated.



3. Vessel shell sections, heads and other pressure boundary
parts of all carbon and low alloy steels fabricated by cold
forming, shall be stress relieved subsequently when the
resulting extreme fiber elongation is more than 57. from the
as rolled condition and any of the following conditions exist

i) The vessel will contain lethal substances

ii) The material requires impact testing.

iii) The thickness of the part before cold forming exceeds
15mm.

iv) The reduction by cold forming from the as rolled
thickness is more that 107.

v) The temperature of the material during the forming is
in the range of 250 Deg.F to 900 Deg.F.

The extreme fiber elongation is to be calculated using
the following formula:

7. extreme fiber elongation for cylindrical shell
= 50t/Rf x (1 - Rf/Ro)

V. extreme fiber elongation for dished ends

= 75t/Rf x (1-Rf/Ro)

Where t = Plate thickness in inches
Rf = Final center line radius in inches
Ro ~ Original center line radius in inches

(equals infinity for flat plate)

The code give some exceptions for stress relief heat
treatment for certain materials with cold work up to maximum 407.
extreme fibre elongation.

In the case of pressure vessels fabricated from high alloy
steels such as stainless steels, the shells and dished ends' can
be formed by either cold forming or hot forming. Many times,
differential strain caused due to these operations will lead to
residual stresses. Many failures of these parts laden with
residual stresses, due to hostile shop floor environment or
storage environment, or service environment are reported as
stress corrosion cracking (SCO of the material or intergranular
stress corrosion cracking (IGSCC) on Heat Affected Zone (HAZ) of
welds of such materials. For materials which are prone to SCC or
IGSCC due to forming, it is better to prescribe stress relieving
or annealing treatment with due cars to avoid sensitization
during the heat treatment.

After forming the shells and dished ends, and other pressure
retaining parts the manufacturer shall examine to ensure they
conform to the prescribed shape and meet the thickness



requirements after forming. The codes specify the tolerance on
the shape of the cylindrical shells, and the shape of crown
radius, knuckle radius and flange of the dished ends.

Quality Control during assembly of parts:

During assembly of shells, dished ends, nozzles, manhole
frames, nozzle reinforcement pads and supports etc., the
manufacturer has to take certain precautions and exercise
controls to ensure that the assembly of parts should not result
in unacceptable mismatch in weld fit-ups, improper orientation of
parts in assembly, unacceptable dimensions of the pressure vessel
and its appurtenances and should ensure that all nozzles, manhole
frames, nozzle reinforcement and other appurtenances to the
inside and outside of the vessel properly fit the vessel
curvature. The codes specify the tolerance on weld joint
configurations finished weld shape and various dimensions of the
vessel.

Many a time, the shells of the vessels are rolled and welded
before the dished ends are received from the sub-contractor. The
shells would have been made with negative tolerance on diameter
and dished ends with positive tolerance on diameter resulting in
mismatch in the joint between dished end to shell leading to
undesirable stress concentration at the joint and difficulty in
welding. Before sizing and forming of the shells, the
manufacturer should first get the dished ends formed, inorder to
get the circumference data of the dished ends. Using these
values the manufacturer should decide the sizes of the shell
course in order to keep the mismatch between shells and dished
ends within the tolerances.

The manufacturer should generate records of the dimensions
of each shell, dished end, nozzles and the appurtenances as a
proof of achieving the dimensions and shape within the limits.

quality Control during production weldingt

The following welding precautions and controls are to be
exercised by the manufacturer to achieve the desired quality.

I. Weldments fit-up configuration control.

II. Cleanliness of the Weldments and welding consumables to be
free from rust, oil, moisture etc.

III. Proper storage and baking of electrodes.

IV. Purging and shielding gas quality and gas flow control in
the Gas Tungsten' Arc Welding (GTAW) process.

V. Pre-heating and interpass temperature control.

VI. Welding parameters control such as welding current, arc
voltage and heat input rate.
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VII. Weld pro-file control.

VIII. Weld spatter control.

All the above mentioned controls during production welding will
greatly help achieving the desired quality of the welds in a
pressure vessel.

Non-Destructive Examination (NDE)i «.

After production welding is completed, the welds are to be
subjected to non-destructive examination such as radiography or
ultrasonic examination for volumetric evaluation and dye
penetrant or magnetic particle testing for surface examination.
The welds are evaluated as per the standards specified by the
customer and repairs carried out, if required. The NDE reports
on all the welds from part of documentation as a proof of quality
achieved on welds.

Quality Control during post weld heat treatment (PWHT)i

The post weld heat treatment is aimed at bringing down the
residual stresses generated in the pressure vessel material due
to weld metal contraction during solidification and cooling.
This post weld heat treatment is done by lowering the yield
stress of the material by raising the temperature to a point
where the residual stress exceed the yield stress, thereby the
material will yield and the residual stresses come down
considerably.

The heating, soaking and cooling of the material in PWHT is
done as per a regulated thermal cycle to avoid any damage to the
material by undue thermal shocks. During the PWHT, the
manufacturer should take care that the welded structure is heated
uniformly from all sides. The furnace should have an uniform
distribution of heat. The thermocouples used to monitor the
temperature o-f the pressure vessel must be calibrated ones and
the thermocouples are attached to the pressure vessel in such a
way that they represent the temperature of the pressure vessel
globally. The -fabrication codes recommend the rules and
precautions to be taken by the manufacturer during the post weld
heat treatment. The strip chart recorder records the various
temperatures the pressure vessel sees verses time duration during
heat treatment. From the strip chart one can perceive the
thermal cycle given to the vessel during PWHT and judge whether
the PWHT operation was carried our satis-factorily.

Non-D*structiv» Examination after PWHT operation!

Certain materials like high strength alloy steels are prone
to cracking during PWHT operation in the coarse grained heat
affected zone which is called as stress relief cracking or reheat
cracking. Precipitation of carbides during stress relaxation at
elevated temperature causes this intergranular cracking. Heat



affected zones of welds of such materials are to be subjected to
non-destructive testing after post weld heat treatment. This NDT
after PWHT is required for pressure vessels made of only certain
high strength low alloy steels which are prone to reheat cracking.

hydraulic testing or load testing of pressure vesselsi

In the design of the pressure vessel the thickness of the
material and welds are worked out with a factor of safety
incorporated. The ides is that even if the working pressure
exceed the envisaged value by 507. , accidentally or otherwise, the
pressure vessel offers resistance within the yield stress and do
not deform plastically and fail. The factor o,f safety
incorporated in design of pressure vessel is verified by
hydraulic pressure test.

The pressure vessel is subjected to hydraulic pressure of 1.5
times design pressure. Under test conditions, it can deform
elastically and come back to original size after pressure is
released. In hydraulic pressure test, the vessel should not
deform plastically or should not fail by a fast fracture. In the
hydraulic pressure test of the vessels, the welds ars looked for

-3 3
any possible gross leaks of the order of 10 pascal M/sec. If
water cannot be introduced into the pressure vessel due to
intended service, the vessel can be tested with air at a reduced
test pressure of 1.25 times the design pressure with due
precautions taken at the time of test, as failure of vessel under
pneumatic test is dangerous.

Leak Testing of welds:

In certain applications like process systems for chemical,
fertilizer and nuclear plants, leakage of contents of the system
can be hazardous or the contents may be costly to be lost by
leakage. In such cases, the pressure vessels arB tested for leak
tightness to a micro leak level. The choice of leak test method
depends on the sensitivity of leak detection method and the
permissible leak rate from the vessel. Among various methods of
leak testing, three methods are generally used in the industry.
They ares

a. Pneumatic leak test with soap solution applied on the welds
-5 3

with a leaktightness of 10 pascal M /sec.

b. Halogen diode detector method with a leaktightness of the
-6 3

order of 10 pascal M/sec.
-7

c. Helium leak detection methods with leaktightness from 10 to
-11 3
10 pascal M/sec.
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Documentationi

Documentation of the quality control activities is the most
important aspect of the quality assurance programme. The
documentation serves as a proof of the activities carried out and
the quality achieved by the manufacturer. The documentation for
the fabrication of pressure vessels should cover activities such
as

1. materials and welding consumables identification
2. welding qualifications.
3. quality control personnel qualification.
4. forming of parts.
5. assembly of parts
6. production welding quality control
7. non—destru^ t.ive testing.
8. post weid heat treatment.
7. pressure testing and
10. leak testing.

Documentation of quality control functions guides the shop
floor people to act and ensure the quality checks at appropriate
stages.

The documents of each activity cf quality control and
testing are to be &ndcrbed by the manufacturer's, quality control
personnel and the customers quality surveyor. These endorsements
make the manufacturer and the inspecting agency responsible for
the quality achieved. The documentation gives the user good
confidence that ths> prsjssure vessel will give optimum service
with safety during the design life of the plant in which it is
installed. A few typical documents which Bre generated in a
fabrication shop as part of quality assurance documentation are
appended to this article.

Pre-planning for quality assurance on pressure vessels!

In quality assurance of pressure vessels, inspite of the best of
efforts by the engineers of the manufacturer, surprises do crop
up. This is because of long production cycle involving many
components, machines, operations, processes and testing in the
fabrication and certification of pressure vessels.

It was observed that even with a good quality assurance system,
many a time unforeseen problems in manufacture and testing of
pressure vessels baa ised to deviations resulting in costly
repairs and loss of time in production schedule or occasionally
even in total rejection of the vessel leading to shift in project
schedules costing a lot more money.

In order to prevent these unforeseen problems in the fabrication
of pressure vessels, a sound pre-planning to foresee the problems
is to be undertaken much before the fabrication starts. This is
possible by quality assurance engineers who have considerable
knowledge and experience in the fabrication and inspection of

II



pressure vessels and who have seen a number of deviations and
rejections. In the -fabrication o-f pressure vessels, unforeseen
situations may be arising out o-f the -following areas:

1. Selection of materials and consumables.
2. Drawings and specifications.
3. Manufacturing processes such as,

i) Dished end to shell fit-up
ii) welding distortion and shrinkage
iii) Exotic metals welding
iv) Cold working, hot working, and residual stresses.

4. Heat treatment after forming and welding.
5. Hydrostatic pressure testing.
6. Leak testing.
7. Surface treatments.
8. Transportation.
9. Storage conditions at site and
10. Suitability to site conditions.

In each of these areas the quality assurance engineers before
starting the fabrication should identify the possible problems
and document procedures and methods to prevent these problems
during fabrication and testing.

The quality assurance system established in a company will not be
complete and effective without this pre-planning for quality
assurance of pressure vessels. By a systematic approach of pre-
planning for quality assurance of pressure vessels, the quality
assurance engineers can ensure that the pressure vessels are
fabricated expeditious meeting the quality standards. The
integrity and reliability of the pressure vessel is high if it is
built in a shop with a quality assurance system.
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PRIVATE LIMITED

ME AS U REM E NT B ECORJD SHEET

W. O. No.
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DESCRIPTION

Developed length

Marked width

Length oi Bhell

Circumference before welding

Ovallty . Near end

Ovallty . Far end

Vee groove size

Root gap

Overlap

Circumference after welding

Template profile near and

Template profile far end

Ovallty . Near end

Ovallty . Far end

Weld reinforcement

Radiography

Spot 100%

Joint Identification
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U S.SAKTHI CONSTRUCTIONS

BRAVING NO: 1-810-1037 RST.04 REPORT NO: 035H

DESCRIPTION: CD 1004 DATS: 30-04-1991

FITUP REPORT

SL. NO. PART NO.
LENGTH

API) ACT.
CLEANING
REPORT
NO,

01. P01 to P06 2450 2450 to 2452 025H dt,

18.4.91.

02. P06 to 029 803 803 025H dt,

T8.4.9L

FITUP CLEARED FOR WELDING.

O

I • G • C. A • R.
r

SAKTHI CONSTRUCTIONS
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PRIVATE LIMITED
RADIOGRAPHIC REPORT

Report No. O*D' I H

Date:

f

3

Maker No.:

Work Order No. :
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Trends in Quality Management and Fresh Insight into
Technology of Heat Exchangers Through Failure

Investigation

Baldev Raj, K. V, Kasiviswanathan and I. Jayakumar
Metallurgy and Materials Group,

Indira Gandhi Center i<<<: Atomic Research, Kalppakkam, India

Meat Exchangers are considered to be the "Workhorses" of the
industry and indeed .they are the systems which dictate the plant
availability. Heat exchangers normally operate at high
temperatures and pressures in aggressive chemical environment.
For optimum performance by way of effective heat transfer, the
material which separates the two media should be of low wall
thickness, making it a w«ak link in the structure. Many a time, the
compatibility between the two media exchanging heat is poor and
hence, any mix up of the two media consequent to a failure could
lead to unsafe and undesirable consequences. Therefore, stringent
quality control during fabrication and performance assessment
during service are necessary for safe, economical and reliable
operation. Various NDT techniques are employed for ensuring
required quality of as fabricated and in service performance of the
heat exchangers. Depending on the type of design and geometry,
materials of construction and access, judicious choice of
techniques is necessary for detection and location of defects.
Inspite of care taken during fabrication and in service, failure are
inevitable due to deficiency in design, wrong choice of materials,
inadequate inspection and unanticipated operating conditions.
Systematic failure analysis helps in identifying root cause for the
failure and recommending remedial measures to prevent
reoccurrence of such failure. In this paper, an overview on the use
of various NDT techniques for inspection of heat exchangers
including the developmental efforts made at the authors laboratory
are discussed. We also highlight in this paper our experience on
two case studies related to failure analysis of two heat exchangers.
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TRENDS IN QUALITY MANAGEMENT AND FRESH INSIGHT
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FAILURE INVESTIGATIONS

Baldev Raj, K.V. Kasiviswanathan and T. Jayakumar
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Abstract

Heat Exchangers are considered to be tftc "Workhorses" of the industry and indeed they are the systems
which dictate the plant availability. Heat exchangers normally operate at high temperatures and pressures
in aggressive chemical environment. For optimum performance by way of effective heat transfer, the
material which separates the two media should be of low wall thickness, making it a weak link in the
structure. Many a time, the compatibility between the two media exchanging heat is poor and hence, any
mix up of the two media consequent to a failure could lead to unsafe and undesirable consequences.
Therefore, stringent quality control during fabrication and performance assessment during service are
necessary for safe, economical and reliable operation. Various NDT techniques are employed for ensuring
required quality of as fabricated and inservice performance of the heat exchangers. Depending on the type
of design and geometry, materials of construction and access, judicious choice of techniques is necessary for
detection and location of defects. Inspite of care taken during iabrication and inservice, failures are inevitable
due to deficiency in design, wrong choice of materials, inadequate inspection and unanticipated operating
conditions. Systematic failure analysis helps in identifying root cause for the failure and recommending
remedial measures to prevent recurrence of such failure In this paper, an overview on the use of various
NDT techniques for inspection of heat exchangers including the developmental efforts made at the authors'
laboratory are discussed. We also highlight in this paper out experience on two case studies related to failure
analysis of two heat exchangers.

Keywords: Heat exchangers, Quality assurance, non destructive testing, failure analysis, defects, streams,
microstructure.

Introduction

Heat Exchangers are considered to be the "Workhorses" of the industry and indeed they are the systems
which dictate the plant availability. Heat exchangers normally operate at high temperatures and pressures
in aggressive chemical environment. For optimum performance by way of effective heat transfer, the
material which separates the two media should be of low wall thickness, making it a weak link in the
structure. Many a time, the compatibility between the two media exchanging heat is poor and hence, any
mix up of the two media consequent to a failure could lead to unsafe and undesirable consequences.
Therefore, stringent quality control during fabrication and performance assessment during service are
necessary for safe, economical and reliable operation. Various Non-destructive Testing (NDT) techniques
are employed for assuring quality during fabrication and detection of degradation in service, thus enabling
prevention of failures and forced outages. These include techniques like helium leak testing, eddy current
testing, acoustic emission testing, ultrasonic testing, etc. in addition to simple techniques like visual
examination using fibroscopes, pressure drop testing, candle (flame) testing, soap bubble testing, halogen
torch testing, etc. Depending on the type of design and geometry, materials of construction and access,
judicious choice of techniques is necessary for detection and location of defects[l,2]. While the simple
techniques detect complete breach, other techniques are employed for detection of wall thinning, crack
initiation and propagation. Stringent applications demand exploitation of techniques like micro focal
radiography, Barkhausen noise analysis etc. for detection of microcracks/ porosity in weldments, evaluation
of residual stresses and assessment of adequacy of post weld heat treatment as part of a quality assurance
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programme during fabrication stages. For assessing the in service microstructural degradation including
creep damage in the case of heat exchangers operating at high temperatures, techniques like in-situ
metallography, ultrasonic and magnetic methods are useful. For high sensitive defect detection, accurate
sizing and unambiguous characterisation of defects, and for high speed testing (to isipimise the time of
forced outages) robotic systems, automatic inspection devices and software for data acquisition, analysis and
management are employed. The type of heat exchanger, the operating conditions, access, materials of
construction etc. decide on the applicability of various NDT techniques for quality assurance during
fabrication and condition monitoring in service [1,2].

The basic requirements for better performance of a component without failure are design, material selection,
fabrication and optimum operating conditions The failure of a component in general is mainly due to the
deficiency in one or more of the above requirements. In view of the aggressive operating conditions
(temperature, pressure and environment) many material degradation processes occur in service. Therefore,
choice of selection of material having resistance to various degradation processes is a difficult task. Inspite
of complete care from design stage to operating stage, failures do occur and it should be our endeavor to
minimise the failures. The failure analysis will help to pin poir.t ihc root cau.se for the failure and clearly
highlight the deficiency in the component.

In this paper, an overview on the use of various NDT techniques for inspection of heat exchangers including
the developmental efforts made at the authors' laboratory are discussed. We also highlight in this paper two
case studies on failures of two heat exchangers and the recommendations made to avoid recurrence of such
type of failure. These failures relate to deficiency in fabrication and improper operating conditions.

CONVENTIONAL NDT METHODS OF INSPECTION

Visual inspection is the simplest method of detecting gross defects exposed to surface and also for detecting
gross leaks from the liquid filled vessels. Optical aids to vision such as mirrors, lenses, microscopes,
horoscopes, periscopes and telescopes enhance capability of visual testing for inspection of inaccessible areas
and magnifying small discontinuities for viewing. For instance, horoscope permits direct visual inspection
of hollow tubes, chambers and oilier internal surfaces. Modern methods like automated boroscopic scanning
and image grabbing at suspected locations using charge coupled devices (CCD) cameras permit enhancement
of boroscopic images with improved contrast and resolution enabling sizing and characterisation of defects.
Use of such devices enhances the capability for detection of corrosion and defects in service. By combining
visual testing and surface wetting methods, leaks may be revealed on a lime wash or similar coating applied
on the surface after a hydrotest. Large discontinuities such as centre -line cracks or pinholes are revealed by
this method. Fine cracks may not be revealed by this method. For detection of surface defects such as cracks,
pinholes, laminations etc., either liquid penetrant test method using a dye and developer or a fluorescent
liquid penetrant test having higher sensitivity can be applied.

Use of fluorescent leak detection fluids is gaining importance for leak detection in air conditioning and
refrigeration systems. The fluorescent leak detection fluid once injected into the air conditioning and
refrigeration system, remains for years as an alert guard and assuring immediate indication of any leak, as
and when it is developed, before the entire quantity of refrigerants escapes into the atmosphere. Addition of
fluorescent fluid into heat transfer medium makes it also possible to examine glosely the exterior of the heat
exchangers, welded joints, pipe fittings, and valve gland regions etc., with the aid of ultraviolet light to
determine if there is any leakage. Use of water soluble paper with aluminium foil is one of the methods of
detecting leaks from vessels filled with water. If a leak exists, the water soluble strip would dissolve, and the
aluminium foil which is in electrical contact, gives a change in the resistance indicating presence of a leak
at the location. Out of the various simple methods used for leak testing of heat exchangers, flame testing
(candle) and smoke bomb testing are more commonly used for location of leaky tubes. In flame testing, the
shell side is pressurised with air and a candle flame is taken near the mouth of the tube opening on the tube
side. By noticing the flicker of the flame, a leaky tube can be identified. For smoke bomb testing, smoke is
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generated by a chemical reaction using chemicals containing no explosive or toxic materials. For effective
testing, a volume of smoke five to six times the volume of the component to be tested is required. Medium
size volumes such as that of boilers heat exchanger etc. are tested by keeping the ignited smoke generator
inside the vessel and closing all vents/openings. Escaping smoke will pin point any leakage path. Pressure
hold up tests on either the tube side or shell sides are used to detect presence of leaks. A helium leak testing
using mass spectrometer (HLT) either under pressure or vacuum has better sensitivity for leak detection in
addition, it has the capability to locate leak sites when (he surface is fully accessible. While conventional
soap bubble test permits detection of leaks of the order of 104 std. cc/sec HLT ensures detection of even
minute leaks of the order of 10"* to 10" sld. cc/sec.

ADVANCED NDT TECHNIQUES

Eddy Current Testing

Eddy current testing (ECT) is the most popular technique becatise of its ease of operation, versatility and
reliability. ECT methodology uses the principles of electromagnetic induction to inspect electrically
conducting components for detection, characterisation and classification of abnormalities. In ECT, an
alternating current (frequency range kHz-MHz) is made to flow in a coil (also called probes) which, in turn,
produces an alternating magnetic field around i(. This coil when brought close to the electrically conducting
surface of the material to be inspected, induces an eddy current flow in it due to electromagnetic induction.
These eddy currents are generally parallel to the direction of coil winding. The presence of any defect or
discontinuity in the material disturbs the eddy current flow. These eddy currents, in turn, generate an
alternating magnetic field (in (he opposite direction) which may be detected either as a voltage across a
second coil or by the perturbation of the impedance of the original coil. The impedance change in the probe
coil is mainly affected by electrical conductivity, magnetic permeability, geometry of the material, test
frequency, spacing between the coil and the material (also called a lift-off or fill factor), and by the presence
of any defect or discontinuity in the material. The impedance change can be measured and can be correlated
with changes in the above parameters [I]. When an eddy current probe is scanned over a component
consisting of a defect, the amplitude of the eddy current signal (impedance change trajectories) provides
information about the severity of the defect, and the phase angle provides information about its depth and
its location (inside or outside wall). Bobbin type eddy current probes are used for inspection of tubes with
wall thickness upto 6 mm thus enabling inspection of shell and lube type heat exchangers. Conventional
single frequency ECT is inadequate when interferences arise from such sources as support plates, crud
deposits and other structural interferences. Many a time, it is under the support plates where corrosion
damage takes place. Multi frequency techniques which eliminate signals from unwanted parameters like
support plate, probe wobble etc. are widely used [1,2]. This technique involves simultaneous excitation of
more than one frequency in ECT probe and processing the corresponding analog signals to eliminate signals
due to unwanted parameters. Authors' laboratory has standardised procedures for inspection of heat
exchangers of steam generators and condensers using two frequency ECT and successfully carried out
inspection of such components in power and petrochemical industries. At the authors' laboratory, procedures
have also been developed to eliminate three parameters (support plates, probe wobble and sodium deposits)
that would be present during ECT of heat exchangers of fast breeder reactors [2].

EGT of ferromagnetic heat exchanger tubes is difficult due to their high and continuously varying magnetic
permeability. These variations produce high amplitude ECT signals that mask the signals from defects. The
use of magnetic saturation can overcome these difficulties to a large extent. The ferromagnetic tubes can be
satisfactorily inspected by ECT, if they are magnetically saturated. Magnetic saturation essentially indicates
a condition where all magnetic dipoles are aligned in the same direction parallel to each other and the eddy
current signals are independent of variations in magnetic permeability. Magnetic saturation is easily achieved
during tube manufacture using an external D.C. saturation coil and eddy current testing is carried out using
an encircling eddy current probe. However, the same cannot be implemented during in-service inspection
(ISI) of heat exchangers or steam generators due to limited space from the boreside of the tube. This makes
the in-service inspection of ferromagnetic tubes by ECT a major challenge [2]. In this area, authors'
laboratory has successfully designed high strength SmCo5 permanent magnet based eddy current probe and
results have been evaluated using a calibration tube with artificial defects. For pre-service and in-service
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inspection of ferromagnetic tubes, a new technique that is showing great promise is Remote Field Eddy
Current Testing (RFECT). The primary advantages of this technique ;;.'£ :.';: J.fy io inspect tubular products
with equal sensitivity to both iikiernai and external metal loss or olive* aa^«.i<:'.hi'A, Ihioas relationship between
wall thickness and the measured phase lag and absence of lift-off piohlerns. The technique has the ability
to inspect both ferro and non- ferromagnetic materials with equal sensitivity. Pioneering work has been
carried out at the authors' laboratory with respect to the development of RFGCT instrument and the computer
simulation of the technique. Wall loss down to 15 % was detected using an indigenously developed RFECT
instrument [3]. One recent technique that has shown tremendous potential in detecting defects in expansion
transition zones and rolled joints of heat exchangers with equal sensitiviiy to both longitudinal and transverse
defects is Phased Array ECT (PAECT). This system uses a substantially different bridge circuit and probes
that produce a constant magnitude rotating magnetic field which is iftwsaski ve to expansion transition zone,
tube sheet or support piaic. At the authors* laboratory, a iatsJein PAHCT pi-olas nm bem designed and
developed. This minimises the insensitive zones, in turn, leads to eiinaiKed sensitivity for inspection of
lubes[4].

The demand for automated inspection systems is ever inaeasing mainly because of a) iaige number of lubes
to be inspected, b) necessity for early availabili- y ;>f insjw.-th t\ resells Mid c) need fur high sensitive defect
detection, accurate sizing and unambiguous c!u:;s' tcrssaftof! of tkfetls. ECT hss benefited with the
availability of relatively low cost Personal Computers (PC) aoJ tire accompauying revolution in digital
technology [5]. In this direction, at the authors' laboratory, an automated Eddy Current Data Acquisition and
Management (ECDAM) system has been developed Such a system would enable comparison of inspection
results obtained at periodic intervals thus facilitating condition monitoring and trend analyses. The ECDAM
system is, essentially, built around a personal computer (PC). It uses an analogue to digital converter (ADC)
card for establishing link between PC and ECT equipment. I he data acquired during inspection is analyzed
by an efficient algorithm to give the inspection results immediately. Some of (he important features of this
algorithm include; automatic- uYiection of tube ends to affect end of data acquisition; efficient data
compression methods tn reduce memory requirements for storage of inspection data; implementation of
accept/reject criteria based on (he signals from ASMB calibration iube; trend analysis and graphical
representation of heat exchanger layout, detailing plugged tubes and tubes recommended for plugging; and
documentation, preparation/printing of inspection results. This ECDAM system has been successfully tested
during inspection of heat exchangers and the algorithm has been upgraded to suit actual inspection
conditions. It is found that use of this system enhances reliability of ECT, eliminates operator errors and
brings down the inspection lime significantly, thus reducing the down-time of heal exchangers. This ECDAM
system will be used in conjunction with a robotic inspection unit being developed, indigenously for the
inspection of heat exchangers. This unit essentially consists of a walking robot, probe cable winches, probe
interface and a computer based robotic controller. The robot is deployed through the man-hole of the heat
exchanger and user selected tube is subjected to ISI. The tubes are selected from a Graphic User Interface
(GUI) provided on a PC based control system. The robotic inspection unit automatically positions eddy
current probes. Provision has also been made for deployment of ultrasonic transducers, miniature camera
etc. required for ISI of heat exchangers to obtain complimentary information. This unit is intended to reduce
the overall inspection time by 50 times compared to manual inspection in the care of large heat exchangers.

Ultrasonic Testing

There is an increasing awareness of a heat e.x>' -'*£< * r !nrv vivAc <""wni •«•!v icf&red to as tube-to-tubesheet
worming. This fault is characterised by leakage ueiw<,<,it the tuoe •><<! ,.«, &.leshee» brought on by small
'channels' of tube wall loss, similar in appearance lo woin« n^ic ih^ typo of ' • m is suspected to be
taking place due to (a) erosion from the liquid swirling aiound in Ut« na^cj bo* at the tubesheet, and/or (b)
micro-biologically induced corrosion. In either case, there is a requirement to inspect the tube condition
inside the tubesheet. To meet this requirement, a new system called Quantitative Ultrasonic Analysis System
and Recorder (QUASAR) or Internal Rotary Inspection System (IRIS) has been developed. In IRIS, an
ultrasonic transducer lies axially along the tube and the pulse emitted impinges upon a mirror angled at 45
degrees to the axis of the tube. The ultrasonic pulse is deflected to penetrate the wall of the tube in a radial
direction. An echo of the signal is returned from both the inside and the outside wall surface. The signal is
displayed on a computer screen. The mirror rotates 360 degrees and successive indications from each pulse
are displayed sequentially on the screen. All the data from one circumferential sample is displayed on the



screen at a time. As the probe is withdrawn at a controlled rate from the tube, the overlapping footprint of
the ultrasonic scan covers every 25 mm square of the tube circumferentially and longitudinally, giving a
complete recording of the tube's condilion. Using the lime of arrival of front surface echo and back surface
echo, it is possible to evaluate the extent of wall thinning and also pin point OD or ID side wall thinning.
Accurate profiling of the tube to tube sheet weld beads is also possible by using this method.

Microfocal Radiography

Microfocal radiography in contrast to conventional radiography, has the capability of projective
magnification due to extremely small focal spot size of the X-ray source (approximately 50 microns) thus
enabling detection of very small size defects in thin walled tubes [2]. A typical example where microfocal
radiography has been effectively applied is the steam generators for Fast Breeder Reactors (FBR). The tube
materials of steam generators of FBRs are mainly Cr - Mo steels. The importance of high integrity welds in
steam generators is due to risks arising out of sodium water reaction. Tube to tube weld joints are the regions
of a tube where the possibility of a leakage path is highest. Thus, extreme care is taken in the quality
assurance of the joints. The main defects in the weld joints are porosities. The configuration of the weld joint
is such that conventional radiography is not possible as the desired position for the X-ray source to carry out
single wall high sensitivity radiography is not accessible. Gamma radiography using Thulium 170 has been
attempted. However, resolutions are poor due to finite size of the radiation source. Microfocal radiography
technique with rod anode configuration has been standardized in the authors' laboratory for the evaluation
of the weld joints [6]. More than 100 trial weld joints were radiographed to establish the procedure for quality
assurance. The weld joint specimens were prepared by butt welding of tubes of 17.2 mm OD and 2.3 mm
wall thickness. Autogenous TIG welding process was used from the bore side. Radiography of the weld
from the tube sheet side using a probe diameter of 10 mm was carried out at a projective magnification of
3X. A special radiographic cassette was designed and developed for this purpose. Results on the trial welds
of these tubes have shown that it is possible to resolve a 40 micron diameter steel wire placed on the inside
of the tube. This corresponds to 1.3% - 1.6% of the wall thickness of the tube. The feedback information
from microfocal radiography studies were helpful to arrive at the correct weld parameters for an optimum
weld joint. This work has shown as to how the microfocal radiography technique can be effectively used to
optimize the welding process and ensuring quality of heat exchanger assembly.

Magnetic Barkhausen Noise (MBN) Analysis

Apart from the requirement in (he quality control procedure that the weld joints should be free from
unacceptable defects that may lead to leakage paths, it is also considered essential that post weld heat
treatment (PWHT) should be used for removing most of the residual stresses whose presence, may lead to
the failure of the tube to tube-sheet weld joint by stress corrosion cracking, fatigue etc.. In the authors'
laboratory, the adequacy of the PWHT has been assessed by the measurement of residual stresses and by
measurement of microhardness profiles before and after PWHT. A new procedure based on Magnetic
Barkhausen Noise Analysis has been developed for the assessment of residual stresses in the weld joints of
ferromagnetic materials. Magnetic flux perturbation are generated when an induced magnetic field in a
ferromagnetic materials is swept in a hysteresis loop. The former is referred to as MBN [2]. MBN signals
are produced as a result of discrete changes in magnetisation caused mainly by the motion of the 180 degree
domain walls as the magnetic field is varied. The signals are detected by a search coil. Since MBN is related
to the nucleation and movement of magnetic domain walls which get influenced by presence of residual
stresses in addition to different microstructural features, MBN measurements can be used to assess residual
stresses and for characterisation of microstructural features. The measurement positions were selected to
cover weld, HAZ and base metal regions. The MBN results obtained before PWHT indicated lower MBN
values in weld and HAZ regions as compared to that in the parent metal region. The lower MBN values are
attributed to presence of residual stresses in the weld and HAZ regions. Measurements made after the PWHT
showed uniform MBN values in the parent metal, weld and HAZ regions indicating the release of residual
stresses. This study has demonstrated the usefulness of MBN measurement for assessing the adequacy of
PWHT.

Acoustic Emission Technique
Assessment of structural integrity of components/structures in various industries either by continuous or
periodic monitoring, assumes great importance for both economical and safety reasons. In this regard, AET



has established its rightful place among the available NDE techniques. AET has potential for identifying a
leaking pipe among a cluster of pipes in any system, which is essential for rectification programme [2].
Acoustic emissions (AE) are the spontaneously generated elastic waves created by release of strain energy
during fluid leakage under turbulent condition. The dynamic nature of AET makes it a highly potential
technique for monitoring the structural integrity of components/structures with respect to detection and
assessment of leakages from pressurised components and identifying growing cracks in
components/structures. AET enables detection and location of defects even in complex geometries. The
detection AE is usually accomplished with a piezoelectric crystal (sensor) coupled to the component under
test. The sensor output is amplified through a high gain-low noise preamplifier, filtered and analysed to detect
and locate the AE sources such as growing defects, leaks etc. AET has the capability for detection of
growing cracks down to a size of 25 microns, even in the presence of noisy environments. AET assesses the
behavior of defect under the test condition, an information of major significance for performance evaluation.
Further, AET is very useful in predicting fatigue failures in advance. AET has been successfully applied for
detection and monitoring of corrosion fatigue, hydrogen embrittlement and stress corrosion cracking. The
inherent advantages of AET are that, it is non-localized; it is not necessary to examine specific regions of a
structure; a large volume can be tested at one lime etc. AET is very useful in detection of impending failures
much before they manifest as catastrophic failures.

The authors' laboratory has successfully applied AET for detection and location of leak paths present in an
inaccessible tube sheet of an end shield of a nuclear reactor [7J. Conventionally, the time domain analysis
parameters such as rms voltage, ringdown counts, events etc. are used for detection of leaks. If the time
domain analysis does not provide any meaningful results due to poor signal to noise ratio, frequency spectral
analysis approaches can be developed. In our investigations, autopower spectra has showed presence of
characteristic frequency associated with air leaks from the failed tube sheet. Two characteristic frequency
peaks corresponding to two leak paths were observed. The difference in the frequency characteristics of the
signal from the two leaks was attributed to the size, shape and morphology of the leak paths. In another
instance, for finding a leaking pressure tube among 306 pressure tubes of another reactor, new methodology
based on frequency analysis approach has been adopted. In this case, simple frequency spectrum could not
be used for detection of the leaking pressure tube. Only by using the spectral energy ratio at two different
frequency bands and also b> using its change with pressure, it was possible to identify the leaking pressure
tube among the 306 pressure tubes. The above studies indicate the capability of AE frequency domain
analysis approacli for detection and location of failed pressure components with leaks occurring relatively
at low pressures and under noisy environments in inaccessible components/regions.

Optical Methods

Laser Optic Tubing Inspection system (LOTIS) has been developed to meet the demand for the inspection
of inside surface of heat exchanger tubes for pitting and other forms of corrosion [8]. Use of laser based
optical systems for precise dimensional measurement is well known. This system, essentially consists of three
articulated modules combined to form a probe viz., a laser source, optics and photodetector, rotational drive
system, and associated electronics. In the system, a 40 micron dia. laser beam is projected at near normal
incidence onto the tube inner surface system, using accurate rotational drive system and the receiving optics
image this spot of light into a single axis lateral effect photodetector. Using this system, it is possible to obtain
the condition of the tube inner surface. The optical images formed by this system can be stored and retrieved
for comparison and evaluation in a meaningful way, thus, aiding in reliable damage assessment of tube. We
now discuss below Ihe two case studies related to failure analysis of the heat exchangers.

Failure Case Study 1:

Failure of Carbonate Reboiler Heat Exchangers due to Deficiency in Fabrication:

A few tubes of two carbonate reboiler heat exchangers of a fertilizer plant were found to be leaking, shortly
after the commissioning of the heat exchangers. The leaking tubes were plugged and the heat exchangers
were restarted. However, the number of leaking tubes increased and finally, the two heat exchangers were
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scrapped as it was no longer economical to operate them with a large number of plugged tubes. Figure 1
shows the photograph of a heat exchanger which is similar to the failed heat exchanger.

The failed heat exchangers were made of stainless steel U- tubes of 19mm OD and 15mm ID and carbon
steel tube sheet. A thick layer of stainless steel had been weld overlaid on the outside surface of-the carbon
steel tube sheet. The tubes are welded to the weld overlaid tube sheet. The tubes had been subsequently
expanded to fill the tube - to - tubesheet gap. According to the design requirement, almost the full length
of the tube inside the tube sheet was to be expanded. Tube - to - tube sheet welds were pneumatically tested
at 0.2 MPa before expansion of the tubes into the tube sheet. Before putting the heat exchangers into
operation, passivation of the surface was carried out for 72 hours by circulating the "G.V. Solution' (a
mixture of K2CO3, KV03, diethyl amine and glycine) on the shell side.

During operation of the heat exchangers, the stainless steel tubes carry hot process gas, known as 'syngas'
(a mixture of nitrogen and hydrogen) while the medium on the shell side was the highly alkaline G.V.
Solution. Inlet and outlet temperatures of the 'syngas' were 436 K and 399 K, repectively. The pressures
on the tube and shell side were 20 MPa and 16 MPa, respectively.

Examination Techniques and Results:

Visual examination revealed that the tube sheet was heavily eaten away (Fig.2) and the stainless steel tubes
had also undergone substantial thinning from the outside surface (Fig.3). The inside diameter
measurements of the portion of the stainless steel tubes that were inside the tube sheet were carried out. It
was found that the tubes had been expanded only upto a distance of about 30 to 40 mm from the welded end
of the tube sheet while the remaining portion (about 150 mm length) of the tubes inside the tube sheet had
been left unexpanded. Metallographic examination of the defective region of the tube sheet material
revealed extensive corrosion attack (Fig.4) and uniform thinning of the stainless steel tube (Fig.5).

Corrosion Testing:

The simulated corrosion studies indicated that there is very little difference in the open circuit potential and
with almost zero galvanic current. The anodic polarization curves obtained for both tube sheet and to tube
materials in the G.V. Solution (with and without vanadium compound) at 353 K indicated that, in the
absence of vanadium compound, surface films formed on both the materials were of similar type.

Multiple crevice assembly tests performed at 353 K as per ASTM standard G-78 [9] showed no crevice
attack after 10 days of exposure. However, crevice corrosion attack in the form of small pits under the
crevice sites were noticed when the samples were re-exposed for a further period of 30 days (Fig.6).

Synthesis of Evidence and Discussion:

The failure of the two heat exchangers involved (i) damage to the tube sheet in the region close to the shell
face and (ii) localised thinning of stainless steel tubes. Dye penetrant examination indicated non-uniform
tube - to - tube sheet gaps. Precise measurements of the inside diameters of the tubes established that
expansion of the full length of the tube inside the tube sheet had not been carried out. This partial expansion
left undesirable tube - to - tube sheet gaps which acted as the ideal crevice sites for crevice corrosion attack.

The electrochemical and the crevice corrosion tests, indicated that the material is susceptible to crevice
corrosion attack in the G.V. solution. In the presence of sufficient crevice gap, an active crevice site would
have developed after certain incubation period, where the bulk solution cannot reestablish the passivation
action of the vanadium compound resulting in increased corrosion attack. This led to enhanced
concentration of ferrous ions in the crevice volume which raised the electrode potentials of both to tube sheet
and the tube materials in the anodic direction, thereby resulting in dissolution/thinning of the stainless steel
tubes and the tube sheet material. The crevice corrosion, once initiated, would have progressed rapidly
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by cathodically protecting its surrounding surfaces. Under these conditions, the thickness of the tube gets
continuously reduced and finally leading to the rupture of the tube when it was unable to sustain the internal
pressure. The jet of pressurised gas coming out of the ruptured tubes caused extensive damage to the tube
sheet through erosion. Corrosion failure of carbon steel component due to the decreasing vanadium
concentration in the pottasium carbonate solution has also been reported elsewhere [10].

Conclusion and recommendation:

The cause of failure of the two heat exchangers is attributed to the partial expansion of the tubes into the tube
sheet. This has left undesirable tube - to - tube sheet gaps which acted as crevice and Jed to the localized
corrosion of the tube sheet as well as the tube. Hence, to avoid similar failures, tubes inside the tube sheet
should be expanded to the designed total length of the tubes inside the tube sheet. This should also be
ensured by ID measurements and DP testing.

Failure Case Study 2:

Failure Analysis of Steam Generator Tube it-Mb t Nudekr r- -*er I'hmi Dae io P«;or Operating
Condition:

Introduction

Failure of a heat exchanger occurred in one of the nuclear power plants having eight boilers. Each boiler
consists of 11 heal exchanger bundles. The heat exchanger bundles are of U-tube construction consisting
of 192 tubes. The material of the heat exchanger tubes are Monel-400, having 12.0 mm outer diameter and
1 mm wall thickness. The heat exchanger tubes had 65 mm thick tube sheets on either leg. The tube sheet
was stainless steel with MORE! overlay on the outer face. The HX-tubes were fully expanded in the tube
sheet and welded on the outer face having the monel overlay.

The tube side fluid, is heavy water (D2O), with an inlet temperature of approximately 558 K, and at a
pressure 85 kg/cm2. The shell side fluid is boiler/feed water at a temperature of 533 K and pressure of 45
Kg/cm2. The failed HX bundle was cut out of the boiler and the leaky tube was identified, by pressurisation
of the shell side and by employing soap bubble test on the tube ends. The failure location was close to the
tubesheet at the D2O inlet end (boiling leg of the HX). Figure 7 shows the failed tube location in the heat
exchanger. The following are the details of failure investigations carried out:

Visual Inspection

Visual inspection of the failed HX bundle with a window cut open from the heat exchanger shell near the
D2O inlet side tube sheet revealed the following:
1. Scaling was seen on all the HX-tubes (Fig.8).
2. Sludge deposits up to approximately 25 mm length was seen on the tube sheet.

To locate the defective tube and its location, a small portion of the tubesheet consisting of the failed tube
along with six more adjacent tubes (of about 500 mm length) was trepanned to carry out further studies.
Figure 9 shows the photograph of the tube sheet end and partially removed trepanned portion having the
failed tube in the center. The Figure 10 shows the trepanned portion and the failed tube in the center, and
the tube sheet deposits on the trepanned piece. Visual examination of the trepanned portion of the heat
exchanger revealed the following:

1. The inside surface showed clean appearance with no visible scales.
2. The sludge was seen to be adherent to the tube surface.
After cleaning the trepanned portion visual examination and dye- penetrant (DP) tests were carried out
which revealed the following:
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1. Corrosion pits and wall thinning on the surfaces of all the tubes (7 Nos.) covered by the sludge.
2. The defective tube showed a few pits with higher wall thickness loss.
3. DP test on the defective tube after cutting out three adjacent tubes revealed an indication inside one

of the large pits.
4. Examination of the failed tube after illuminating the tube from the inside clearly indicated a

through wall defect at the location where the DP indication was seen. The inside surfaces of the
tubes were examined using a fibroscope. This examination indicated only one defect location
corresponding to the through wall defect noticed earlier. All the other tube internal surfaces were
seen to be clean and defect free.

5. No corrosion attack was seen on the tube sheet surfaces.

Chemical Analysis

Samples from the tube sheet deposits, as well as the scale on the tube surface were collected for chemical
analysis. The tube deposits as well as the sludge deposits on the tube sheet were seen to contain compounds
of Ni, Cu, Fe and Zn. The presence of these elements can be attributed to material transport phenomenon
in pressurised heavy water reactor (PHWR) boiler feed water circuits

Radiography

To assess the extent of wall thinning by radiography and also to facilitate examination of the tube surface
in the expanded portion inside the tube sheet, it was decided to pull-out the defective tube after machining
out the weld, from the trepanned portion. Radiographic examination of the defective tube was carried out
after it was pulled out of the tube sheet. This (Fig. 11) revealed extensive wall thinning in the pitted
region. It was seen that the wall thinning extended to about 20 mm from the tube sheet location. However,
no defect was noticed in the expanded region of the tube covered by the tube sheet. Radiography on* three
adjacent tubes, which were cut and removed near the tubesheet showed wall thinning and presence of
corrosion pits. However, the extent of wall thinning was relatively less in these cases. No through wall
thickness defects were seen in these tubes.

Stereomicroscopy

Stereoscopic examinations carried out on the failed tube surface revealed deep pit mark and through and
through defect at the bottom of the pit. The size of the defect was approximately 0.5 mm width and 3 mm
in length, at the bottom of a large shallow pit measuring approximately 10 mm length and 5 mm width on
the curved surface (Fig. 12).

Metailographic Examinations

Conventional laboratory and in-situ Metailographic techniques were carried on the tube, close to the defect
region and away from the defect region. Figure 13 shows photomicrograph of a cut section away from the
defect region indicating mild intergranular attack on the tube surface. Figure 14 shows the normal
microstruclure in the middle of the tube cross section. Figure 15 shows the in-situ metallography
microstructure near a pitting defect clearly indicating extensive grain boundary attack. Extensive wall
thinning due to intergranular corrosion attack was clearly seen.

Scanning Electron Microscopy (SEM)

SEM examination on the polished and etched specimens were also carried out which revealed intergranular
attack (Fig. 16). Extensive grain boundary attack and grain decohesion were observed on the OD side of
the tube (Fig. 17). The inner surface of the tube also showed mild intergranual attack at a few locations.
Energy dispensive X-ray analysis (EDAX) revealed the following:

1. The grain boundary area near the corrosion attacked region indicated nickel depletion, compared
to the matrix region.

2. The corrosion product were seen to contain predominantly Ni, Fe and Cu peaks (Fig. 18).
3. The corrosion layer on the tube inner surface indicated peaks corresponding to sulphur.



Results and Discussion

Visual examination revealed sludge accumulation of approximately 25 mm thick on the tubesheet. The
sludge was seen to be porous in nature and adherent at certain locations. The HX tubes were seen to have
undergone corrosion attack under the sludge deposit. The extent of attack varied from tube to tube and
approximately 20-30% of wall thickness loss was seen in this area. However, severe attack was seen in the
failed tube at one location which had resulted in a through wall opening leading to failure. The through wall
opening defect was seen to be at the bottom of a large and shallow corrosion pit. The final opening of the
tube is attributed to the rupture of the thin ligament not able to withhold the internal pressure. The corrosion
attack was seen to be intergranular in nature leading to grain boundary decohesion, progressing as small
pits growing to larger pits. The chemical analysis of the sludge deposits and tube deposits showed higher
presence of Ni, Cu and Fe compounds formed due to material transport phenomenon in the circuit. Hence
the failure could be attributed to under deposit corrosion and pitting leading to wall thickness loss and the
final breach.

Conclusion

Eventhough Monel-400 is being used widely as a HX tube material, Monel 400 is known to be susceptible
for intergranular attack [ 11J, due to the absence of a protective chromium oxide layer. Pitting attack in the
crevice regions and under deposits have been also reported [ 12] in this material, under lake water exposure.
Accelerated corrosion attack due to oxygen generation under tailing conditions have been reported, but these
are normally on the primary side of the HX tubes. Presence of copper/copper oxide is also seen to enhance
pitting corrosion attack of Monel-400 tubes [13].

From the morphology of the corrosion pits observed on the HX-tubes examined and general wall thinning
seen on the tubes, it is clear that only the failed tube had undergone severe corrosion attack. Hence sudden
failure of a number of HX tubes at the same time will not occur. It is also felt that failure of the tube will
be through small leaks due to opening created by the formation of corrosion pits and their growth.

Normally blowing down is employed to prevent accumulation of sludge deposits. Even though, blowing
down was adapted in the present case, if periodicity and effectiveness was not adequate. It is recommended
that blowing down should be carried out more effectively.

Summary

In this paper, we have discussed various nondestructive testing techniques used for quality control of heat
exchangers during fabrication and their inservice performance evaluation. The importance of care to be taken
during design, selection of materials, fabrication and operation for prevention of premature failures of heat
exchangers is highlighted. Systematic failure analyses carried out on two failed heat exchangers used in
fertilizer and nuclear industries are included as illustrative case studies in the paper.
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Fig.l Photograph of the heatexchanger similar
to the failed heatexchanger

Fig.2 Photograph showing damage (corrosion and erosion)
to the tube sheet.
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Fig.3 Representative cut section of failed
tube and tube sheet.
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Fig.4 Damaged region on inside surface of
tube sheet hole
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Fig.5 Thinning from outside surface of
stainless steel tube

Fig.6 Initiation of crevice corrosion attack on
tube sheet materia1/tube sheet assembly
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F i g . 7 Failed lube in the heatexchanger

Fig.8 Scaling on heatexchanger tubes
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9 Photograph of the tubesheet and _
t d portinart ia1 l trepanned portion

Fig.10 Trepanned portion with the failed
tube at the center
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Fig.11 Positive print of the radiograph showing
extensive wall thinning at the pitted region

Fig.12 Photograph of the defect region showing
through and through opening.
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Fig.13 Intergranular attack on the outer
surface of the tube

Fig.14 Normal microstructure of the tube
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Figf.15 Microstr-uoture showing extensive
grain boundary attack

Fig.16 Intergranular attack on the outer
surface of the tube
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Fig. 17 Extensive :jr(*.iri besmdar.) attack on the
outer si.r'fdC'1 of the tube
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Evolution of Design of Steam Generator
for Sodium Cooled Reactors

S.C. Chetaland G. Vaidyanathan.
Nuclear Systems Division Reactor Group, Indira Ghandi, India

iis paper reviews the design of steam generators used in
sodium cooled reactors all over the world: Dounreay and PFR
UK, Fermi and EBR -II (USA), BOR-60, BN 600 and CRBRP
(Russia), KNK -II and SNR Germany, BN -350 (Kazakisthan),
Phenix and SPX-I France, MONJU and DFBR (Japan), and
FBTR and PFBR (India). It discusses, (on the bases of the
experiences gained from the above different reported reactor)
the consideration of the maintenance and repair processes in
design of such a type of steam generators. The design
leading to reduction in the number of welds by utilizing long
seamless tubes in straight tube is recommended. Selection of
Cr-Mo steel and elimination of sodium reheater are
alternative developments in the design.
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1.0 INTRODUCTION

The first sodium cooled reactor was the Experimental Breeder Reactor (EBR-I) in USA
which was commissioned in 1951 and was incidentally the first nuclear reactor to generate electrical
energy. This was followed by fast breeder reactors in USSR, UK, France, USA, Japan, Germany
and India. The use of sodium as a coolant is due to its low moderation which helps in breeding
fissile fuel from fertile materials and also its high heat transfer coefficient at comparatively low
velocities. The good heat transfer properties introduce thermal stresses when there are rapid changes
in the sodium temperatures. Also sodium has a chemical affinity with air and water. The steam
generators for sodium cooled reactors have to allow for these novel conditions and in addition,
questions of material technology as a result of sodium and water side environments have to be
solved. The design of steam generators in the different plants show a large amount of diversity,
unlike other components. Choices have to be made whether it is a recirculation type as in most
fossil plants or an once through unit, the power rating, shape of the tube (straight, helical, U-tube),
materials (Ferritic or austenitic), with free level of sodium or not, sodium on tube side or shell side
and so on. With higher pressures and steam temperatures reheating of steam after partial expansion
in the turbine becomes essential as in conventional turbines. For this purpose the choice of reheating
fluid viz sodium or live main steam has to be made. This paper traces the evolution of steam
generator designs in the different sodium cooled reactors (chronologically) and the operation
experience.

2.0 DOUNREAY FAST REACTOR (UK)

This plant was designed for relatively low coolant temperature and steam pressure (400 deg
C, 10 b). The steam generator had been conceived with a high availability in mind [1]. It consisted
of separate but parallel serpentine tube coils (austenitic stainless steel) for sodium and
feedwater/steam which were connected with each other only by brazed copper laminations (Fig 1).
Each water tube was surrounded by 4 sodium carrying tubes. The heat transferred from sodium to
water was by conduction through the copper lamination. To allow easy preheating, all the tubes
were encased in a thermally insulated box. It used a recirculation type concept. The steam generated
was separated in the boiler drum by mechanical steam separators and passed through the
superheater.

3.0 FERMI (USA)

Fermi steam generator was a cylindrical, vertical shell, single walled, counter flow once
through type unit as shown in Fig 2. The tubes were arranged in the anular space between the outer
shell and an inner insulated guide cylinder [2J. Sodium flowed on the shell side and feedwater
flowed in serpentine tubes. The shell and tubes were made in 2.25Cr-lMo steel. Operating
experience of this steam generator led to improvement in the later US designs. During 1961, a
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rountine pressure test led to discovey of leak in many tubes. The cause was determined to be stress
corrosion cracking from residue of a cleaning solution containing sodium nitrate and sodium
hydroxide. The affected unit was completely retubed and tube bundles were stress relieved. A major
sodium water reaction occurred in 1962 followed by small leaks in the water head tube to tubesheet
welds. The large leak happened after about 2 weeks of operation. Excessive damage was due to the
flow induced vibration directly in front of the sodium inlet nozzles. Five additional tubes failed by
wastage mechanism and overheating. The tubes were replaced and sodium flow impinging baffles
and tube lacing clips were installed in all tube bundles to prevent flow induced vibration. It was
postulated that the failures could be related to a complex combination of vibration, material
chemistry, coolant impurities and defects in the tubesheet forging possibly aggravated by lack of
post weld heat treament.

Leakages also resulted from shallow cracks in the ligaments between tubes of inner row and
water tubesheets. Cause of this was attributed to fatigue failure from thermal stresses resulting from
thermal hydraulic instabilities combined with embrittlement of the surface of the tubesheets from
early weld repairs. During initial operation, gross instability occurred in the steam side several times
and poppet type orifices were installed in the water downcomer tubes in 1968. The considerable
difficulties experienced with the Fermi steam generators emphasised the importance of adequate
design analysis, quality assurance procedures, fabrication technology development and testing prior
to fabricating steam generators for a reactor plant.

4.0 EBR-II (USA)

The steam generating system for EBR-II consisted of a natural circulation evaporating
section, a conventional steam drum and superheating section (Fig 3). Both evaporators and
superheaters were of 2.25Cr-lMo steel and utilised double wall tubes [2]. The duplex tubing and
duplex tubesheets were of unique design in that no welds were exposed to sodium on one side and
water on the other. Metallurgical and mechanical bonding techniques were used to fabricate the
duplex tubing. Mechanical bonding resulted in a prestressed condition with the outer tube in tension
and inner tube in compression. In metallurgically bonded tubes, the additional processes of flowing
the nickel brazing alloy annealed out the prestress. Except for a small water leak during the first
year of operation, the availability factor has been 100 %.

Although operation was good, one of the superheaters containing mechanically bonded tubes
began exhibiting analomous behaviour typified by a sudden decrease in superheater outlet steam
temperature as full power was approached. This behaviour was explained as an increase in the
thermal resistance of the mechanically bonded tubes caused by a reduction in residual interface
contact stress between inner and outer tubes.

5.0 BOR-60 (Russia)

This was conceived as a test reactor within the Russian FBR programme [1,3]. It has been
used to test SG designs of 6 types which includes the inverse SG i.e. sodium on tube side and water
on shell side. One of the designs used natural circulation. The evaporator had straight tubes while
the superheater uses U-tubes. The water-steam mixture was fed into a drum equipped with steam
separator and dried steam sent to superheater. Expansion bellows installed in the evaporator takes
care of differential thermal expansion. Both the units are made of ferritic steel. Another unit
working on once through mode has serpentine tube bundles. The inverse SG (Fig 4) has undergone
lot of tests and is considered good from the point of view of minimising water leaks into sodium.



6.0 KNK-II (Germany)

The structure of this SG is as shown in Fig 5. It comprised a serpentine coaxial tube [4].
Water flowed from bottom to top through the inner tube and secondary sodium flowed in the
annulus formed by the inner and outer tube. Each SG comprised 34 such tubes put in a thermally
insulated casing. The material was 2.25Cr-lMoNb. The addition of Nb binds the carbon contained
in the steel so that this material can be used at higher tempratures without significant risk of
decarburisation and associated loss of strength.

In 1972, a small leak was detected in one of the steam generators at tube support location.
The leak was located in the superheater region. The primary defect was judged to be a "tube shaped
pore" which was very small or plugged by residual slag and not detected during manufacturing
tests. It was also felt that the steel used is susceptible to other deficiencies at the welds than
conventional 2.25Cr-lMo steel because welding may increase the hardness of the heat affected
zone and cause cracks.

7.0 BN-350 (Kazaksthan)

BN-350 plant has six secondary loops, one of which is a standby. Each loop consists of 2
evaporators and 2 superheaters [5]. The principal material of construction is 2.25 Cr-lMo for both
the units. The tube configuration for evaporator is bayonet type whereas superheater is of U tube
type. The plant attained its first criticality in 1972 but delayed the operation at full power upto 1976
end, due to leaks in steam generators. All water- into-sodium leaks occurred at an initial stage of
operation. Only one of the six evaporators operated without leak.

The leaks (Fig.6) were found mainly in the welds connecting the end cap to the tubes and in
the end caps (bottom) itself. All the leaking tubes were plugged and steam generators were put back
in operation. Most of these leaks are in the small leak ranges. A large leak also occurred in one of
the evaporators. The reactor and steam generators were shut down by the emergency protection
system. However, owing to leakage of the isolation valves, water continued entering the shell side
of steam generator for several minutes. Sodium side draining could not be done completely, due to
the clogging of drain lines by reaction products of sodium with water. According to estimates, 800
kg of water entered the sodium side. Owing to the large number of damaged tube (about 120) and
damage to the shell, the evaporator was dismantled and a modular steam generator with new design
was installed. These leak problems were attributed to the poor quality material of end caps, low
quality of welds, insufficient quality control during manufacture and inadequate leak detection
instrumentation to mitigate the consequences. Subsequently, a decision was made to overhaul the
evaporator. The overhaul consisted of complete replacement of tubes, improvement in the
fabrication of end caps (machined instead of stamping) and more stringent quality control.

8.0 PHEN1X (France)

Phenix nuclear plant (250 MWe) is the prototype of the French breeder reactors with three
secondary loop. Each loop consists of 12 evaporators, 12 superheaters and 12 theater modules.
Each steam generator module is a seven tube heat exchanger in a shell in serpentine shape (Fig 7).
Principal material of construction is 2.25Cr-lMo for evaporator and SS 321 for superheater and
reheater. Some of the evaporators were made in 2.25Cr-lMoNb. After nearly eight years of
operation four leaks occurred on four different reheaters giving rise each time to a small sodium-
water reaction [6]. In all cases the fault leading to the sodium water reaction occurred at tube to tube
butt weld. The damage was caused by fatigue after several thousand cycles during the power plant
start up phase when the turbine bypass system was in operation. These thermal cycles caused major
thermal stresses particularly around the weld beads where extra thickness was present. In 2 leak
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events, adjacent tubes also failed before detection. Start of the shell wastage was also noticed in one
of the leak event.

Precautions were taken to prevent reccurence of the fault by specifying a maximum excess
thickness of weld beads at design stage itself. All the 36 reheater modules were replaced with
similar design and no new tube leaks have been reported since then.

In the initial period of operation there was water to air leakage on a tube. This leak was
apparently due to erosion of the tube wall caused by the expanding water jet downstream of an
orifice for flow regulation in each tube. The orifice inlet arrangement was modified and since then
no incident of this nature has been reported.

9.0 PFR (UK)

The prototype fast reactor (PFR) was a 250 MWe pool type with 3 secondary circuits. Each
circuit contained an evaporator, a superheater and a reheater [7,8]. The tube configuration was of U
type with tube to tubesheet weld in the cover gas space. Principal material of construction was
2.25Cr-lMo for evaporators and SS 316 for supeiheaiers and reheaters (Fig 8). The tubes were
joined to the tube sheet by an autogenous fusion vvdd to the bottom of the tubesheet. The steam
generators had serious and continuing problems with small leaks. Soon after commissioning, leaks
developed in the tube to tubesheet weld of 2 superheaters and one reheater. Damage to reheater was
extensive and the unit was taken out of service. Number of tube to tubesheet welds leak developed
on evaporators also during operation. Leaks were the result of no post weld heat treatment of these
welds combined with environmental effects (stress corrosion cracking of hard welds in pure
water/steam). These leaks (in evaporators, superheaters and reheaters) were dealt with effectively by
the fitting of explosively welded plugs to remove affected tubes from service. The tube to tubesheet
welds were all shot peened in situ to eliminate stress corrosion failures from the water side of the
weld, and although the evidence indicated this was successful, weld failures continued to occur at a
gradually escalating rate. The major design change to the evaporator's tube to tubesheet joint was
carried out. The repair technique was a sleeve inserted inside the weld. It was, attached to the
tubesheet near the top surface by an explosive weld and to the tube below by a nickel braze. New
tube bundles were manufactured to replace the austenitic superheaters and reheaters also. These new
units had 9 Cr-lMo ferritic steel tubes and a seal plate and thermal sleeve arrangement to avoid the
need for a tube to tubesheet joint. PFR plant had worked with a very poor load factor of maximum
13% due to the incidents indicated above prior to 1984. No further leak was observed upto 1986.
Again an old superheater leaked at the weld location and it was later replaced by new one. In 1987,
a major leak under sodium was observed in old superheater unit. The incident was initiated by a
fatigue failure of a tube which had, along with other tubes suffered fretting damage from impact on
the central duct caused by flow induced vibration. The trip sequence initiated by bursting rupture
disc, responded as expected and actions were effectively completed within 10 seconds. 39 other
tubes then failed during the incident. Major cause of such rapid propagation was overheating. In
fact, the hydrogen in sodium leak detector would have detected this ieak at the very beginning of the
leak event but hydrogen in sodium leak detector was not in operation hence ieak continued. The
subsequent clean up of circuit prevented any power operation for next 2 1/2 months. In addition, the
sodium leaks from the circumferential welds in vessel shells (material SS 321) of the reheater &
superheater were also observed. At the time of failure, the vessels had operated for a total of some
50,000 hrs at ~ 500 deg C. The cracks were due to initial weld defects and delayed reheat cracking.
Repairs to these vessels were carried out subsequently.
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10.0 BN-600 (Russia)

BN-600 has modular steam generator (8 SG/loop) design of straight shell and tube design
with evaporators, superheaters and reheaters with 3 loops in the plant [9]. It is once through type
with bellows on the shell to take care of differential expansion (Fig 9). The principal material of
construction is 2.25 Cr-lMo for evaporator and SS 304 for superheater and reheater. Tube to
tubesheet joint is of rolled and seal welded type. 12 steam generator leaks have taken place in 14
years of operation. The majority of the leaks were observed at the point of tube to tubesheet joint of
superheater and reheater. There were only two leak events which required total shut down of the
loop in all for approximately 400 hours. In other cases the SG module was isolated by the valves on
the sodium and water side without power decrease. Whereas 12 water to sodium leaks occurred the
electrical generation loss attributable to this cause was only 0.3%. The leakages in the modules
were caused by manufacturing defects and were not discovered during tests at the manufacturing
stages by accepted test methods. All leaking modules were replaced by new ones. One leak that
occurred in the evaporator could not be detected in the tube bundle. The reactor operation has been
otherwise satisfactory with average load factor of 73%.

11.0 SNR (Germany)

This project was completed but could not get licence for operation due to opposition to
nuclear power in Germany. It envisaged 2 steam generator design viz. straight tube and helical tube
designs [1]. Both designs had separate evaporator and superheater to be operated in once through
mode. To accommodate differential thermal expansion between tube bundle and shell an expansion
joint had been provided in the straight tube design. The material for evaporators and superheaters
was niobium stabilised ferritic steel 2.25Cr-lMo.

12.0 CRBRP(USA)

The Clinch River Breeder Reactor Plant in USA constructed in 1974 and later abandoned
because of the US policy, had the hockey stick configuration with single wall tubes as the reference
concept [2]. There were 3 heat transport loops of 325 MWt each. In each loop there were 2
evaporators and 1 superheater and it used the forced recirculation concept with the drum. The bends
were essentially to accommodate differential expansion between the tubes and between tube bundle
and shell. The only welds in the tubing were full penetration, autogenous butt welds between the
tube ends and machined spigot on the tube sheet (Fig 10). Inservice inspection of the tubes was
accomplished through removable water heads. The construction material for all the units was
2.25Cr-l Mo steel.

13.0 SPX-1 (France)

The Super Phenix reactor comprises the maximum rated sodium heated steam generator with
750 MWt capacity [10]. It employs a helical tube design (Fig 11) which is extremely good for space
utilisation. Individual layers of tube coils (Alloy 800) are wound in opposite direction. This design
does not use tubesheets and each tube penetrates the shell through thermal sleeves. Individual tube
coils can be plugged from outside. The operating experience with this unit has been good.

14.0 FBTR (India)

This plant (40 MWt, 13.2 MWe) uses a serpentine shell and tube configuration akin to the
Phenix reactor in France, with a difference that both evaporator and superheater are integrated in a
single unit (Fig 12). There are 4 modules each with 7 tubes. In case of sodium water reaction
affected module can be removed and replaced with a spare module. The operating experience has
been good so far and no water leak into sodium has been experienced. However, there was a water
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leak into air in one of the tube end caps housing the orifice assembly. The leaky cap was replaced
and additional caps were welded over the defective and suspected ones.

15.0 MONJU (Japan)

The 300 MWe Monju reactor in Japan employs helical tube design [11]. It has an evaporator
and superheater without any drum in between i.e. as a once through unit (Fig 13). While the
evaporator is made of 2.25Cr-lMo the superheater is made of austenitic stainless steel SS 321.
Operational experience has so far been reported to be trouble free.

16.0 EFR (Europe)

The 1500 MWe European Fast Reactor design (EFR) developed as a collaborative venture
between France, UK and Germany considers a 600MWt straight tube bundle with a bellow on the
shell (Fig 14) [12]. This design is reported to be cheaper than the helical design of SPX-1. The
material is modified 9Cr-lMo.

17.0 BN-600M (Russia)

This plant is under design and in one design option it employs a unique mixture of the
available steam generator designs [13]. It is reported that the design overcomes most of the negative
features of the available concepts. The steam generators consists of a vessel, a removable shell and
heat exchange surface in section (Fig 15). Sectional designs are joined together to form a large unit.
The design is still under evolution.

18.0 PFBR (India)

This is a 500 MWe, plant under design. It envisages a straight tube design with expansion
bends (Fig 16). It uses a single tube length of 23 m. It is planned to go for 8 units (4 SG/loop). Tube
to tubesheet joint is by internal bore welding (raised spigot type) which provides the most reliable
weld joint.

The material chosen for the steam generator is modified 9Cr- IMo. In case of sodium water
reaction in any module, it is planned to operate with the remaining (N-l) modules in a loop. Impact
of such an operation on plant parameters has been studied.

19.0 DFBR (Japan)

This is a 600 MWe demonstration FBR now under design. It has selected three secondary
loops with each loop employing once through helical coil steam generator, as proven in the
development of MONJU steam generator. It is made of modified 9Cr-lMo steel. [14]

20.0 DESIGN EVOLUTION BASED ON OPERATING EXPERIENCE

Maintenance and repair considerations are getting a higher priority in the design of steam
generators. Most of the leaks have occurred in welds. More attention is being paid to the reduction
in number of welds by utilising long seamless tubes in straight tube design (36 m in EFR, 23 m in
PFBR), the weld quality (internal bore welding permitting volumetric examination and weld free
from crevice corrosion), and the inservice examination (earlier designs like Phenix and FBTR tube
layout do not permit eddy current examination. New design like SPX-1, EFR and PFBR tube size
and layout design is also governed by inservice examination). Austenitic stainless steel for
superheater is being dropped in light of PFR experience in the current designs.
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21.0 SUMMARY

Development and operation of LMFBR steam generators worldwide over the past 40 years
has not resulted in a single optimum design concept as evidenced by a continuing interest in
alternative design concepts. A major approach for increasing steam generator reliability has led to
advancement of design and manufacturing technology of welds separating the sodium and water
steam boundary. There appears to be a uniform agreement in the selection of Cr-Mo steel, and
elimination of sodium reheater for the current designs. In-service examintion of the heat exchanger
tubes is being included at the design stage itself.
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TABLE: 1 DATA ON FBR STEAM GENERATORS

Plant

DFR

FERMI

EBR-II

BOR-60

K.NK-II

BN-350

Phénix

PFR

BN-600

SNR-300

CRBRP

SPX-1

FBTR

MONJU

DFBR

EFR

PFBR

Concept

Recircu-
lation

OSTG

Recircu-
lation

Power/
loop
Mwt

6

150

62.5

Recircula- 30
tion, OTSG,
Inverse

OTSG
(Integral)

Recircu-
lation

OTSG

Recircu-
lation

OTSG

OTSG

Recircu-
lation

OTSG
(Integral)

OTSG
(Intergral)

OTSG

OTSG
(Integral)

OTSG
(Integral)
OTSG

(Integral)

29

200

120

200

200

85

325

750

25

257

534

600

625

No. of modules/
loop

12 EVA 12 SH

1 EVA 1SH

8 EVA 2 SH

1 EVA 1 SH

1

2 EVA 2 SH

12 EVA
12 SH 12 RH

1EVA,
1 SH,1RH

8 EVA,
8 SH, 8 RH

3 EVA, 3 SH

2 EVA 1 SH

1

2

1 EVA, 1 SH

1

1

4

Tube
Shape

S

S

DW
St

S

S

B-EVA
U-SH

S

u

St

H, St

Hockey
Stick

H

S

H

H

St

St

Covergas

No

Yes

No

No

No

Yes

No

Yes

No

No

No

Yes

No

Yes

No

No

No

Material

Austenitic

2.25Cr-lMo

2.25Cr-lMo

2.25Cr-lMo

2.25Cr-lMo
Nb

2.25Cr- lMo

2.25Cr-lMo
(EVA) 321
(SH,RH)

2.25Cr-lMo
+Nb+Ni (EVA),
3I6SH,RH

2.25Cr-lMo
EVA, SS304 SH

2.25Cr-lMo
+Nb+Ni

2.25Cr- lMo
(EVA+SH)

Alloy 800
490 deg C

2.25Cr-lMo
+Nb+Ni

2.25Cr-lMo
(EVA), Auste-
nitic SS (SH)

Modified
9Cr-lMo

Modified
9Cr-lMo
Modified
9Cr-lMo

Steam
condition
at SG outlet

10 b
280deg C

63 b
410 deg C

88 b
438 deg C

88 b
440 deg C

63 b
485 deg C

50 b
435 deg C

174 b
512 deg C

171 b
512 degC

137b
505 deg C

167 b
500 deg C

100 b
482 deg C

182 b

125 b
480 deg C

127 b
487 deg C

172 b
497 deg C

185 b
490 deg C
177b
493 deg C

Reheat

No

No

No

No

No

No

Sodium

Sodium

Sodium

Steam

No

Steam

No

No

Steam

Steam

Steam

DW - Double wall (EBR II double wall concept. All others single wall)
OTSG - Once Through Steam Generator
S - Serpentine St - Straight B- Bayonet U - U-tube
EVA - Evaporator SH - Superheater RH - Reheater H - Helical
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Selection of Materials for Heat Exchangers

P. Rodriguez
Director, Indira Gandhi Center for Atomic Research

Kalpakkam, India

1 his paper provides a U-J;P,G work for selecting heat
exchangers materials especially those used in nuclear
power plants. Typical examples of materials selection for
heat exchanger tubing of nuclear power plants and
condensers are presented. The paper brings out also,
the importance of continued intensive R & D in materials
in order to enhance the reliability and reduce cost by
improving upon the existing materials by minor additions
of alloying elements or new materials. The properties of
Cr - Mo - alloys with minor additions of W, V, Nb and N
are discussed in view of their use at elevated
temperatures in the power industry. These alloys were
found to provide considerable operation flexibility due to
their low expansion coefficient and high thermal
conductivity in comparison with the austenitic stainless
steels. Also, the Ni base alloy Inconel 617. could be
selected for his excellent combination of creep and hot
corrosion resistance up to a temperature of a50 °C.

59



SELECTION OF MATERIALS FOR HEAT EXCHANGERS

Placid Rodriguez
Director

Indira Gandhi Centre for Atomic Research
Kalpakkam 603 102, INDIA

1.0 INTRODUCTION

Heat exchangers form a vital part of many processes viz. chemical, fertiliser, petrochemical, fossil and
nuclear power generation, refrigeration, desalination, and so on. They have always been of great
industrial importance, but in recent years, their significance has increased because of the ever growing
energy needs. It is imperative to make the best possible use of energy resources and the utilisation of
efficient and economical heat exchangers is crucial in this endeavour. Requirements for heat exchangers
such as improved efficiency, stringent environmental needs, and cost effectiveness demand reliable
materials specially for the heat exchanger tubing and consequently there has been a continuous search for
improved materials. A new thrust has been given to this search by the concept of Ultra Supercritical
Advanced Power Plants in which, improvements in power plant efficiency by an increase in operating
temperature and steam pressure and in flexibility of operation allowing frequent start-ups and shut-downs
(for example single or two shift operations) are aimed at.

Heat exchangers are a major source of problem in many applications resulting in poor plant availability
and efficiency. The reliability of heat exchangers is an area which deserves close attention. As an
example, the steam generators of nuclear power stations are discussed here. The magnitude of problems
in steam generators have been highlighted by a report that in the USA alone steam generators accounted
for 3.2 % of the lost capacity factor in 1988 [I]. This represents a considerable economic loss to the
utilities. It has necessitated repair at a high cost and in some cases has forced the premature replacement
of the steam generators themselves.

Although tube plugging is the most commonly used indicator of tube failure/degradation, it does not tell
the whole story since many tubes have been plugged as a precautionary measure and also tube sleeving
has been adopted in some cases. Tube sleeving differs from plugging in the sense that the tube is retained
in service and the steam generator capacity is not impaired. Nevertheless, a sleeved tube should also be
considered as a failed/degraded tube. For the steam generators of nuclear power stations (thermal
reactors), the average tube failure is 0.24 % per year based on plugging rate alone [2] and 0.4-0.5 % per
year based on plugging and sleeving [2]. Although 0.24 %/year may not appear significant, over a 30-40
year period which is the life of a steam generator this amounts to plugging 7.2-9.6 % of the tubes.
Utilities that have replaced steam generators were generally plugging tubes at a rate significantly greater
than this average rate [2]. Constant review of the operating record of steam generators worldwide has
identified a number of possible mechanisms for unsatisfactory steam generator performance. Through
intensive, and continuing, research and development, design of steam generators have evolved which
achieve an optimum approach to addressing all the issues. Good tube material selection with appropriate
heat treatment has been identified as one of the important design objectives. This optimised design is
being used in both current generation steam generators and replacement units. This paper discusses, in
general, the approach to selection of materials for heat exchangers and in particular heat exchanger tubing
material for the power sector, both nuclear and fossil fired.

2.0 GENERAL CRITERIA FOR MATERIALS SELECTION

The engineer making the materials selection must know all the aspects involved in the construction,
operation and maintenance of the heat exchanger. The importance of this is illustrated with the following
examples: an operator may isolate a heat exchanger with raw water for sufficient time to initiate a pitting
corrosion; partial blockage of tubes, specially of small diameter, would result in stagnant conditions that
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may cause pitting in alloys that are so prone; fouling may result in operating the heat exchangers in
throttled/part load condition.

A general procedure [3] that could be used for identifying the most appropriate material for a specific
heat exchanger application would consist of the following steps.

o Define the heat exchanger requirements
o Establish a strategy for evaluating candidate materials
o Identify candidate materials
o Evaluate materials in depth
o Select the optimum material

2.1 For the first step, the engineer must consider the normal operating parameters (eg: nature of the fluids
on both the tube and shell side, flow rate, temperature and pressure), startup and shutdown conditions,
upset conditions, special conditions like product purity requirements, hazardous effects of intermixing of
shell and tube side fluids, radioactivity and associated maintenance, etc. The applicable codes and safety
regulations must also be considered. The heat exchanger designer would also identify the tube
attachment method as this also affects the material selection. If the material selection is being done by
someone other than the heat exchanger designer, there must be close consultation between these
individuals.

2.2 While establishing the strategy for evaluating candidate materials, the main factors to be considered
are cost and reliability. The minimum cost strategy would mean use of less expensive materials and
rectifying the problems as they show up. Maximum reliability strategy would mean going for the most
reliable material regardless of its cost. Both strategies have to be weighed against initial cost, loss due to
possible shutdowns, repair cosis, indirect loss to other industries etc.

2.3 In identifying candidate materials, it is desirable to narrow the field to a comparatively small number
of materials for more extensive evaluation. There is no hard and fast rule as to how many candidate
materials should be selected for detailed study. The initial identification and selection procedure, if done
properly, will eliminate those materials which are unsuitable and those which are excessively expensive.
This calls for use of operating experience, use of handbook data and literature on advanced materials
under development, and judgement. Special considerations which affect materials selection include:

Physical Properties

- High heat transfer coefficient (requiring high thermal conductivity for tube material)
- Thermal expansion coefficient to be low and as compatible as possible with those of the materials

used for tubesheet, tube support and shell to provide resistance to thermal cycling.

Mechanical Properties

- Good tensile and creep properties (High creep rupture strength at the highest temperature of
operation and adequate creep ductility to accommodate localised strain at notches are important).

- Good fatigue, corrosion fatigue and creep-fatigue behaviour.
- High fracture toughness and impact strength to avoid fast fracture.

Corrosion Resistance

- Low corrosion rate to minimise the corrosion allowance (and also radioactivity control in heat
exchangers for nuclear industry)

- Resistance to corrosion from off normal chemistry resulting from leak in upstream heat exchanger or
failure in the chemistry control

- Tolerance to chemistry resulting from mix up of shell and tube fluids.

61



Manufacture

Ease of fabrication is an important aspect for selection of materials. The usual manufacturing steps
involved for heat exchangers are bending of tubes, joining of tube to tubesheet by rolling, welding or
rolling and welding, forming of shell geometry and welding of shell plates and shell to nozzle and the
heat treatments associated with the welding steps.

Operating Experience

A great deal of knowledge is gained by the operating experience of similar units. Lessons learnt from the
failures of others is an important consideration in materials selection.

2.4 After narrowing down the list of candidate materials (for tube, tubesheet, shell), the next step is to
perform the design of heat exchanger with candidate materials so as to establish the initial cost. Also the
failure probability with each design needs to be established so as to establish the outage cost.

2.5 Criteria for making the final selection will include an assessment of each of the following:
- initial cost
- maintenance cost, including consideration of how frequently the equipment will need to be inspected

for corrosion
- cost of loss in production
- consequences of failure. Is failure likely to create unsafe conditions or cause discharge of an

undesirable chemical Into the environment or serious repurcussions to an emerging technology.

Generally materials selection is based on qualitative comparisons of the candidate materials. However, it
is worthwhile to make the assessment based on financial parameters.

3.0 MATERIALS SELECTION FOR NUCLEAR POWER PLANT HEAT
EXCHANGERS

A nuclear power plant has around 100 heat exchangers of different types. Among them, the steam
generators are undoubtedly the most important. They have been, so far a source of concern associated
with a long history of tube damage or failures and consequent forced outages. The approaches to and
evolution in the philosophy of selection of materials for heat exchangers will be exemplified in this paper
by discussing the steam generator tubing material for three types of nuclear plants viz PWR (Pressurised
Water Reactor), PHWR (Pressurised Heavy Water Reactor also known as CANDU and INDU) and
LMFBR (Liquid Metal Fast Breeder Reactor).

3.1 Steam Generator Tubing Material for PWR and PHWR

In terms of the diversity of types of damage, steam generator tubing poses problems on a scale rarely seen
in an industrial context.

Table 1 shows the materials of construction used by various vendors.

Table I: Chemical Composition of Currently used Materials for Steam Generator Tubing

Alloy 600

Alloy 800
Alloy 690

Single values

C

0.15

0.1
0.05

are maximum

Ni

Balance
>72
30-35
>58

values

Cr

14-17

19-23
27-31

Fe

6-10

Balance
7-11

Co

0.1

0.1
0.1
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Operating difficulties encountered have been categorised in Table II.

Table II: Assigned Causes of Tube Defects Resulting Plugging[4|

Cause
Tube Material Corrosion

- Primary side intergranular stress corrosion cracking
- Secondary side stress corrosion crack ing/intergranular attack
- Pitting
- Thinning

Tube Support and Tubesheet Corrosion
- Denting
- Thinning
- Pitting

Mechanical Damage
- Tube fretting and wear
- Fatigue cracking
- Erosion - corrosion

Table III shows the tube plugging statistics for the five year period 1987-91 [5].

Table III: Assigned Casue of Tube Defects Resulting In Plugging 1987-91

Cause

Primary side SCC
Secondary side SCC/IGA
Pitting
Phosphate wastage
Denting
Thinning
Erosion-Corrosion
Fretting
Fatigue
Mechanical damage
Metallurgical examination
Undetermined
Other

* actual number of plugged

1987

3 J . 8 [ 1 7 7 3 ]

30[1485]
7.l[353j
\3[63]
0.6[31]
1.1 [53]
2.3[116]
8.5[4I9]
0.8[419]
0.4[21]
0.4[21]
0.8[37]
11.3[561]

tubes in parentheses

Percentage of total tubes

1988

40[2595]
24.3[1641]
6.8[44I]
1.1 [70]
0.5[33]
0.14[9]
1.0[63]
7.0(446]
O.8[5O]
0.2[12]
0.2[9]
O.35[58]
16.8[112O]

1989

36.6[2079]
35.4[2191]
6.5[372]
1.1 [65]
1.7[77]
0.1[7]
1.2[64]
10.5[597]
0.2[9]
O.O5[3]
0.05[2]
0.09[5]
6.4[655]

plugged •

1990

43.2[3398]
28.9[2276]
1.6[122]
0.8[64]
2.3[181]
0.5[42]
0.6[50]
17.7[1400]
0.06[5]
0.85[67]
0.85[3]
0.06[54]
3.3[265]

1991

22.1 [2430]
60.9[6785]
2[279]
0.5[57]
0.7J77]
0.04[4]
O.5[5O]
5.2[776]
0.09[10]
0:8[76]
0.7[3]
0.07[8]
7.2[823]

Most of the tube failures are associated with mill annealed lnconel 600 material with stress corrosion and
intergranular cracking as major causes of failure. The steam generators being replaced in PWRs around
the world are almost exclusively those with annealed Alloy 600 tube material. The main weakness of mill
annealed Alloy 600 is susceptibility to stress corrosion and intergranular attacking. Candidate materials
for replacement units and new units are Alloy 600 with thermal treatment, Alloy-800 and Alloy 690
annealed or with thermal treatment with major trend in PWRs towards Alloy 690 TT [5,6]. Table IV
shows the relative comparison of the three materials [7]. Alloy 690 TT has excellent resistance to stress
corrosion cracking and intergranular attack.

Monel 400 has been used in PHWR steam generators in Pickering A and KNAUPP (Canada), and RAPS
& MAPS (India) [8]. The service performance of Monel 400 has been satisfactory. It is not used in later
PHWR designs where some boiling occurs in the heavy water and may cause higher oxygen



concentrations which leads to accelerated corrosion of this material [8]. In the Indian PHWRs, Alloy 800
has been selected for the units beyond MAPS.

Table IV Comparative Characteristics of S.G. Tube Materials

CHARACTERISTICS

CHEMISTRY

• Chromium %
. Nickel %

. Desirable Cobalt %

. Insensitivity of mechanical
corrosion properties to
variations in neat to heat
analyses or thermomccha-
nical fabrication parame-
ters

PHYSICAL PROPERTIES

. Thermal Conductivity

. Thermal Expansion Match
with Ferritic Steels (plate,
supports)

MECHANICAL PROPERTIES

. Elevated temp, tensile

CORROSION RESISTANCE

. Resistance to metal loss
to stream

. Resistance to primary side
IGSCC

• Resistance to high temp.
Phosphate wastage ,

. Resistance to CI" SCC

. Resitance to OH" SCC.
- low cone. <t g/l
- intermediate 100 g/l
- high cone. 300 g/l

. Resistance to sulfur
compounds pitting

ALLOY 800

• ;

£.10 OK

*
C

Ti/C
Ti*AI

t

• •

•

V
•*•

ALLOY 600

annealed specially
heat

treated

t

/.10 not always
sufficient - LO5

C
Cr

•

*

*

**

• •

• •

• *

# »

#

• *

•

* • *

• • •

ALLOY 690

annealed specially
heat

treated

*»«
• *

Z,io

c

a

•

««

•

OK

*

*

•

* • •

• i

* •

<M *

lower • • intermediate • • • higher relative level



3.2 Materials for Heat Exchangers of Fast Reactors
Material Selection for Sodium-sodium Heat Exchanger

The fast reactors in operation and currently planned have in common the choice of liquid sodium as a
coolant and two heat exchanger circuits (primary and secondary sodium circuit) separated by an
intermediate heat exchanger (sodium-sodium heat exchanger). The conditions under which the materials
are used in sodium systems are characterised by the following:

- the excellent heat transfer characteristics of sodium gives rise to thermal fatigue problems
- a maximum temperature of 830 K
- low primary stresses and high secondary stresses of thermal origin

Traditional austenitic stainless steels (304, 316, 316L, 316LN) are used in existing or planned reactors for
sodium-sodium heat exchangers and the operating experience is overall satisfactory.

Material Selection for Steals Generator

Operating experience on fast reactors has shown that steam generator hoids the key to successful
commercial exploitation of these reactors. This is because in a sodium cooled fast reactor the
consequences of a leak demand a high integrity steam generator. One of the fundamental starting point is
the choice of materials, in particular, for the heat exchanger tube, with two to four millimeters of highly
stressed tube wall which separates sodium from water.

Table V sums up the principal selection criteria for tube material [9]. When the various criteria are
reviewed, no material )s found to have the qualities that make it an obvious choice. This is confirmed by
the variety of materials chosen for steam generators in operation or under construction or in design stage
(Table VI). The principal materials used or considered are ferritic steels 2.25Cr-lMo, Niobium stabilised
2.25Cr-lMo, 9Cr- IMo and modified 9Cr-lMo (Grade 91), austenitic stainless steel (304/316/321) and
Alloy 800.

Table V: Principal Selection Criteria for Steam Generator Tube Material for LMFBRS

General criteria Criteria related to use in sodium

Mechanical properties Mechanical properties in sodium

- Yeild and tensile strength Susceptibility to decaburisation

- Creep data

- Low cycle fatigue,

High cycle fatigue

- Creep fatigue interaction

- Ductility

- Ageing effects

Workability

Weldability

Inclusion in pressure vessel codes or Corrosion under normal sodium chemistry
availability of adequate data condition, fretting and wear

Corrosion resistance under storage(pitting) Corrosion resistance in the case of sodium water
normal and off-normal chemistry reaction (stress corrosion cracking, self enlargement
conditions of leak and impingement wastage)

Availability

Economics



Table VI: LMFBR SG Materials

Reactor

Phenix

Status Superheater(temp.K) Tubing Material
Na Steam Evaporator . Superheater
inlet outlet

Operational 823

Superphenix Operational 798

PFBR

785 2.25Cr-lMo SS321
2.25Cr-lMo+Nb+Ni

763 Alloy 800
(once through integrated)

EFR

PFR

SNR-300

EBR-II

CRBRP

MONJU

DFBR

BN350

BN600

BN800

FBTR

Conceptual
design
completed

Operated for
20 years
(Closed)

Built (not
operated)

Operational

Designed
(not built)

Operational

Under design

Operational

Operational

Under
construction

Operational

798

813

793

739

767

778

723

793

778

783

763

786

773

711

755

760

768

708

778

763

753

Modified 9Cr-l Mo (91)
(once through integrated)

2.25Cr-lMo+Nb+Ni
Replacement unit
in2.25Cr-lMo

2.25Cr-lMo+Nb+Ni

2.25Cr-lMo

2.25Cr-lMo

2.25Cr-lMo

Modified 9Cr-lMo(91)
(once through integrated)

2.25Cr-lMo

2.25Cr-lMo

2.25Cr-IMo

SS316
Replacement tube
bundle in 9Cr-l Mo

2.25Cr-lMo+Nb+l

2.25Cr-lMo

2.25Cr-lMo

SS321

2.25Cr-lMo

SS304

2.25Cr-lMo

2.25Cr-lMo+Nb+Ni principal material

Under
design

798 763

(once through integrated)
modified 9Cr-lMo (91) for future
spare modules

Modified 9Cr-lMo(91)
(Once through integrated)



Corrosion resistance under tube leak accidental condition and decarburisation of ferritic steels - two
special aspects to be considered for selection of material for steam generator tubing are briefly discussed
below:

Corrosion resistance of the steam generator material when exposed to the environmental conditions
arising in the aftermath of a water/steam leak into the sodium is of great concern. The effects of such a
leak are to generate large quantities of hydrogen, sodium oxide, hydride and hydroxide. The sodium
hydroxide can be particularly aggressive and stress corrosion cracking can readily occur. Austenitic
stainless steels are sensitive to stress corrosion in a caustic environment. Subsequent to extensive damage
of tubesheet in the PFR reheater leading to removal of the unit, no design team has selected austenitic
stainless steel for superheater, (design of superheater/reheater are with austenitic steel for Phenix, PFR
and BN-600). Alloy 800, though it has been shown superior to 300 type stainless steel, is not immune
from a stress corrosion failure mode. Ferritic steels are also not immune from caustic stress corrosion
cracking, but if correctly heat treated exhibit increased protection.

Resistance to wastage from sodium water reaction is also an important issue Both self wastage and
resistance to impingement attack on the neighbouring tubes require evaluation. The resistance against
impingement wastage for Alloy 800 (best), SS 304/316, 9Cr-1 Mo/Modified 9Cr-lMo and 2.25Cr-lMo
are in the decreasing order.

Decarburisation of 2.25Cr-lMo in sodium leads to loss in mechanical strength and carbon transfer to
sodium-sodium heat exchanger tubes could cause appreciable loss of ductility. Subject to a suitable heat
treatment and carbon control, 2.25Cr- IMo could be used at a temperature close to that at which their use
is precluded due to their inadequate creep properties (say 783 K. max). However, the experience of
2.25Cr-lMo in sodium heated steam generator is limited to 748 K and has presented no problem.

Trends in Materials Choice in Future

Following an exhaustive survey of candidate materials, and a review of their strengths and weaknesses, it
is expected that future stear.i generators would use all ferritic steels, principally to give increased
resistance to the risk of stress corrosion cracking. 2.25Cr-lMo may still find favour in some countries,
accepting the decarburisation and providing allowance for this in design coupled with lowering of
sodium/steam temperature conditions. Modified 9Cr-lMo (91 Grade) is emerging as the hot favourite in
most of the current designs (EFR, DFBR, PFBR).

4.0 SELECTION OF TUBE MATERIAL FOR CONDENSERS

The steam surface condenser provides a barrier between the relatively impure cooling water and the high
grade condensate, which becomes feedwater for the nuclear or fossil steam generator. As the condenser
operates with a shell side vacuum, any leakage that occurs results in flow from the high pressure cooling
water to the condensate. The contamination of condensate by the cooling water leads to the possibility of
a number of corrosion mechanisms that can affect the nuclear steam generator or fossil plant boiler, the
turbine, and associated components. Though minimising cooling water inleakage is imperative for all
condenser applications, the need is especially critical for brackish or salt water application because of
greater potential for corrosion. Small amount of leakage can be sufficient to cause serious problems. The
majority of water leakage problems in condensers is caused by corrosion and erosion/corrosion. The
selection of the condenser tube material, therefore, is of critical importance in the design of a condenser
with high reliability.

There is no substitute for data on material corrosion behaviour specific in the actual environment. Table
VII provides a guide to choose tube materials based on the current knowledge of their resistance to the
most frequently encountered forms of corrosion. Any material that is rated 4 (poor) in any of the localised
corrosion categories for the intended environment should not be considered [10]. There is a trend to use
titanium tubes for sea- water cooled condensers especially for nuclear plants throughout the world and
performance is satisfactory. The condenser design needs to be modified to include close tube spacing



Table VII: Tube Materials and their Typical Corrosion Resistsnce

Condensate "Grooving" in
Uniform Pitting ft Crevice Inlet End Attack I Sulfide tamontated and Stre|s Implngemgnt

Material Hater Quality Corrosion Running/Stagnant Erosion-Corrosion Attack Corrosion Cracking _Attack

Admiralty Fresh ' c ' 2 1/2 2-3 4 4 4
Brass

304 t 316 Fresh ( C l d ) 1 2 / 2 1 1 1 1
Stainless
Steel

Fresh (c)
Aluminum Brackish water 2 1/3 2-3 * * *
Brass Seawater

Fresh (c)
33-10-Cu-NI Brackish water

Seawater

70-30-Cu-NI Brackish water
(f) seawater

Fresh (c)
Alloy 722 Brackish water

Seawater

Al M-4C Brackish jester
•"Seawa'ier"

2

2

2

1

1/2

1/2

1/2

1/1

2

1-2

1

1

4

4

4

1

2

2

2

1

3

2

2

1

Sea-Cure Brackish water 1 1/1
( e ) ( f ) 'Seawater

A L - 6 X B r a c k i s h w a t e r 1 1 / 1 1 1 1 1
( f ) [ g ) Seawater

Titanium Brackish water 1 1 / 1 1 1 1 1
( f ) Seawater

Note: 1 • excellent, 2 • good, 3 • average, 4 - poor

' * ' A rating of 4 eliminates material from being considered acceptable for the air removal section of
condenser or from the entire condenser I f the tube Internal surface deposits will remain on the
surface during shutdown.

I*) A rating of 4 eliminates the material from the peripheral tone of the condenser.
( c ) Sulfide -should not be present for copper alloys; I f i t is present, note sulflde attack rating

column. For 300 series stainless steel, the material should be tested for pitting and crevice
corrosion resistance in the actual cooling water I f sulfide exceeds 0.1 ppm. •>

Jd) Chloride ion • 70 ppm max for type 304 SS and 300 ppm max for type 316 SS and pH • S.5-8.0.
' ' Ratings for 29-4C and Ss« Cure are based on experimental data. There Is relatively l i t t l e operating

experience with these alloys and the selection decision should Include a review of the experience to
date.

( f ) These tube materials are suitable for fresh water,but are seldom cost effective for fresh water.
(g) The pitting and crevice rating given 1s tentative end may change based on the findings of tube failure

analyses that «tre not completed at the printing of this report.



when titanium has been used to replace failed copper alloy tubes because of lower modulus of elasticity
and usually much thinner wall.

5.0 ADVANCES IN MATERIALS FOR HEAT EXCHANGERS

Economic and environmental factors would call for improved thermal efficiency of the fossil fired
stations. There is scope for improving the reliability of the heat exchangers through utilisation of better
materials. Modified 9Cr-lMo (Grade 91) and Alloy 690TT (thermal treated) are two success stories of
the power sector. Grade 91 is the outcome of research for improved material for fast reactors in USA in
early 1970s and is the current favourite for steam generator tubing and piping in the power sector. As
discussed earlier, Alloy 690TT is the outcome of an improved material for steam generator tubing of
PWRs in France and now is the first choice for replacement steam generators and new units by many
utilities in many countries.

Two examples of materials under development are disussed for the fossil fired stations. Alloy
development concept for boiler application is shown in Fig 1 [11]. Though Grade 91 allows steam
conditions to be raised upto 590 deg C, a st»U more creep resistant material is needed for ultra
supercritical steam conditions (P > 300 b and T > 6>0 deg C). After Fujita's research on influence of
elements such as Cr, W, Mo, N, Nb on creep resistance of 9-12 % Cr ferritic steels, Japanese proposed a
new grade NF 616 with large W addition (1.8 %) [12,13] This grade is being studied in an EPRI project
and is simultaneously being introduced in the ASTM standard as A2I3 Grade T92 (tubes) and A 335
grade P92 (pipes) and in the ASME code [14]. Fig 2 shows the improved allowable stress of Grade 92 to
those of Grade 91, X20 CrMo 12-1 and Grade 22 (2.25Cr-lMo) and SS 304. The draft composition of
Grade 92/P92 is also indicated [14].

Much of the mechanical property information generated on new generation ferritic steels pertains to the
specimens from rolled bars while the thick sections (for example tubesheets of heat exchangers) are
generally forged. The heating and cooling rates and the soaking time at austenitizing temperature, all of
which vary between the surface and centre for a heavy forging, will influence the microstructure and
could have an effect on the high temperature creep and fatigue properties. At our Centre, detailed
investigations on 300 mm thick section forging of 9Cr-lMo have shown inferior creep and low cycle
fatigue resistance to that of thin section material [15-17].

Microstructure in the HAZ of ferritic steels are extremely complex and controlled by the interaction of
thermal fields produced by heat input from welding process and grain growth characteristics of the
material being welded. For longer duration at lower stresses, the creep rupture location moves to the fine
grained HAZ (Type IV cracking). Studies have also been carried out on weldability, development of
welding consumables and weld strength reduction factor assessment for introduction of the advanced
ferritic steels in the power sector.

Screening test data for advanced austenitic alloys for superheater/reheater tubing in advanced steam cycle
applicaitons for 650 deg C have indicated improved potential for SS grade based on 15Cr-15Ni with
addition of Mo, V, Ti, Nb and Cu (Typical composition 16Ni-14Cr-2Mo-2Cu-0.5V-0.3Ti-0.1Nb) [18].

6.0 CONCLUSION

To make a correct material selection, a working knowledge of the system, heat exchanger design,
corrosion engineering, metallurgy and plant maintenance must be incorporated. The paper provides a
framework for making material selection. Typical examples of material selection for heat exchanger
tubing of the nuclear power plants and condensers are brought out.

The paper brings out the importance of continued intensive R&D in materials to enhance the reliability
and to reduce cost by improving upon the existing materials by minor additions in alloying elements or
new materials. Alloy 690 TT and 9Cr-lMo-V- Nb-N (91 Grade) are two successful stories of R&D in



tubing material for PWR heat exchangers and power industry respectively. It is expected that further
modification of the later alloy by the addition of W as 9Cr-1.7W-0.5Mo-V-Nb-N would emerge as the
successful material at elevated tempeatures in the power sector in the near future. These Cr-Mo grades
provide considerable flexibility of operation of the power plant because of low expansion coefficient and
higher thermal conductivity compared to austenitic stainless steels. Solid solution hardened Nickel-base
alloy Inconel 617 has demonstrated excellent combination of creep strength and hot corrosion resistance
to be used as a tubing material for temperatures upto 950 deg C.
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HEB 97, Alexandria, Egypt, April 5 - 6,1997

Failure Analysis of Superheater
Tubes of Boilers

/. Bagi andj. Ginsztler
Technical University of Budapest, Department of Electrical

Engineering Materials, Hungary

his paper presents the results of the failure analysis of
superheater tubes carried out on 670 t/h boilers and 220Mw
turbine units of a Hungarian power plant. A comparison was
made between samples taken from the new and the
damaged tubes using different methods of investigation.
Beside the traditional (e.g. hardness, etc.) tests, scanning
electron microscope fracture analysis, electron beam micro-
hardness for determining the chemical composition of the
base material and its oxides, and magnetic Barkhausen-noise
analysis were carried out. The study concluded that the
possible reasons for tube failure could be :

1. thermal and or mechanical fatigue
2. localized overheating
3. vanadium corrosion
4. differences in thermal conductivity caused by

dfferent surface oxides.
5. the collective action of all these factors.
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Electron beam microanalysis of (he surface oxides

The composition of suiface oxides in all samples was investigated by electron beam
microanalysis. The equipment applied for this purpose was a Philips XL-30 scanning electron
microscope supplied with an EDAX energy-dispersive X-ray spectrometer. The arrangement
of the equipment allowed the composition of localised inhomogenities (eg inclusions) to be
determined.

Spectras were recorded from the inner and outer surfaces of the samples. On the vertical axes
of the diagrams the energy of the characteristic X-ray radiation can be seen, while on the
horizontal axes the intensities of this radiation are shown. Tables below the spectras indicate
the concentrations of the different elements at weight and atomic percent. It was shown that
the oxide on the inner surface is mostly Fe2Oj containing a few contamination, like Na, Ca, S
and P. On the outer surface, however, the oxide contained a lot of vanadium This vanadium-
rich oxide is black, in contrast to the red iron-oxide.

A typical sample is shown in Fig. 1 and 2 Here the oxide of the inner suiface contains
significant amount of copper This copper, proved by scanning electron microscope images
jsee Fig 3 ), was precipitated in the form of spheres with diameter of 12 \vm The
rnicroanaiysis of these sphetes pioved that tiie copper content of them is high (Fig 4 ).

!n the oxide of the oulei surface the enrichment of the vanadium was measured Spot like
micioanalyses was carried out in a phne perpendicular to t!;e oxide layer The vanadium
content of the oxide near the bfse material is higher than mzt \Ue surface This cars be caused
by the charge of healing methods, and a less vaniHhm-rich layer was deposited on the first
vanadium-rich oxide layer

ilus iiiteipretation is supplied by a scanning election micrograph taken from an otiier sample
(Fig s.). In this image one can observe, that there are two different oxide layers on the surface
There were significant difference between the composition of the bright and dark areas. The
dark parts contain two times more vanadium than the bright ones. It was also proved that the
vanadium-rich oxide was deposited earlier.

Finally, it should be mentioned that art enrichment was found in the concentration of the
sulphur, calcium and sodium. In the oxide of the inner surface of the tube wall the aluminium
content was higher than in the other samples.

Fracture analysis by scanning electron microscope

The broken surface of the splitted tube was investigated by scanning election microscope. Two
samples were prepared from surroundings of the crack tips at both ends of the splitting.
Scanning electron micrographs were taken from the samples with magnification of 25X and
200X. Images in Fig 6-8. show front-like, stepped, terraced fracture lines, which refers to
fatigue fracture

The dark area shown in the image having magnification of 25X, is the original split, while the
bright area is the fresh fractuie which was made in the laboratory after quenching in liquid
nitrogen
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Barkliausen-noise measurements

Structure of the equipment, characterisation of the fatigue process

The excitation coil of the measuring head is supplied by a sinusoidal generator and a power
amplifier. The signal of ilie detector coil (which is built in the riicasurtfig head) is collected by a
KRENZ TRB 4000 data-collector and analyser equipment made by Eckelmann Mess- und
Qualitatsicherungssy Uenie GmbH through a wide band amplifier and a high pass filter which
cuts at ten times higher frequency {ban that of the exciting s% J A power spectra is tiieii
determined by Fourier-transforming of the sampled (at I Mhz) &i-al tifgitalized signal This
spectra is integrated between two arbitrary values of frequency. Ad a result, a vaiuc is obtained
which U {)K>[K>r(U»,iioi t<.» t!v_- energy <*»'the noise (in a certain frtxiufcwcy irafij^i), and can be used
for detecting structure changes in materials (BNE - Barkhauseit Nois;; Energy).

This method has already bean successfully r'itpli. •'• to uiff^eiit tyjjses of powci phf.i sieds (1*91,
X20CrMoV2l, l/2Ci-|/2Mol/4Mo), in ordu i JtLt.:mUs the structural changes during
thermal fatigue. Fig 9 shows a typical result, which was obtained from the measurement of
BNE in a P91 steel as the function of the number of Htenual fatigue cycles

The rapid decrease of BNE at the beginning or Hie fatigue (up to 1500 cycles) can be explained
by the change of the dislocation structure ol the material The most characterising process at
this time is the iuosaic b!vck formation, which means the arrangement of dislocations iit
columns These structural cbarises ,»ie still not observable by the optical microscope, but since
they act as obstacles Hor the magnetic domain walls, the magnetic BarkSiausen-noise is
decreased.

Results of BNE measurements

The results of the measurements done on four samples are shown in Fig. 10.

It is clearly seen that the B N E of the damaged sample Nr. 11. is 3 8 times smaller than that of
the original sample Nr. 8.1, and the BNE of the damaged sample Nr. 12. is 2.4 times smaller
than that of the reference sample Nr. 8.2.

The differences are significant, although the so-called original samples themselves were not
fully original ones, but they were subjected to less fatigue cycles than the threshold value for
Barkhausen energy measurements. Since the curves obtained this way are depending on the
material, conclusions about the amount of damage can oniy be uixd<. wlie.i fhe curves for a
specific material are known. However, the mcosjuJ D&ikhais;$w.i *-. gy changes are
significant, and is valid for controlling the damage piucess duii- g \ ^i&Cvn Results obtained
in this test are in good agreement with the earlier results measured oii thermally fatigued
samples
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Conclusions

• The hardness of the splitted part of the tube is smaller than the hardness of the non-splitted
part, and even more smaller than the hardness of the reference material. The reason for that
can be the longer operational period and/or the higher operating temperature (maybe in
localised regions)

• The different oxide structures of the inner and outer surfaces of the tube wall refer to
differences in operating conditions.

• The oxides of the outer surfaces contain high amount of vanadium. Two well separated
oxide types can be observed, from which the dark part has higher, the red part has lower
vanadium concentration. Originally, the dark layer is covered by the red one, which means
that the red layer was deposited later.

• The vanadium content of the oxide layer near the base material is higher than that of the
surface regions. This can be caused by the change of heating methods, and a less
vanadium-rich layer was deposited on the first vanadium-rich oxide layer.

• On the inner surface of the sample Nr 12 a copper-rich layer was deposited from
unknown source

• Scanning electron microscope investigations proved that the fracture is caused by fatigue.

• Barkhausen noise measurements proved that the damage process of the fractured tubes is at
more advanced stage than in the reference samples.

• The chemical composition of the samples corresponds to the designed values.

• The possible reasons for the damage.
• Thermal and/or mechanical fatigue having unknown frequency
• Localised overheating
• Vanadium corrosion
• Differences in thermal conductivity caused by different surface oxides
• The collective action of all these reasons
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Fig. 3.
Oxide of the inner surface
Phases containing copper
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Fig.5.
Oxide of the outer surface
Two different oxide layers
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Fig.6.
Sample Nr. 11.
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f ai European institutions and organizations together vviih the
Joint Research Center (JRC) have developed cc operative
programs for mutual benefit organized as "Networks". These
organizations Include industries, engineering companies, Research
and Development laboratories and governmental institutions.
Network are organized and managed in a manner similar to the
successful Program for the Inspection of Steel Components
(PISC). Within these Networks, the JRC's Institute for Advanced
Materials of the European Commission plays the role of Operating
Agent and Manager. The current operational Networks :EN!Q,
AMES, NESC, EPERC each dea! with a specific aspect of the
fitness for p ^ o s e of materials in structural components.

This paper will describe the general structure and objective of
these networks. Particular emphasis is given to the network
EPERC. The European Pressure Equipment Research Council
(EPERC) is a European Network of industries, research
laboratories, inspection bodies and governmental institutions set up
to foster co-operative research for the greater benefit of the
European industry. The concept of a European Research Council
originated at the PVRC meeting in Cannes in 1989. Since this time
volunteers from the industry, research laboratories and the
European Commission's Joint Research Center, Petten, have
worked together to create a statute for EPERC. in the present
context of the pressure equipment industry, the creation of EPERC
is extremely pertinent, since in the near future, a European Council
directive on pressure equipment will repiace the existing national
regulations. In parallel to this, work is in progress for the
elaboration of European Standards. It is useful to recall that
"Harmonized Standards" will be the privileged means of complying
with the Essential Safety Requirements of the directive.
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Abstract

Several European institutions and organisations together with the Joint Research Centre (JRC) have
developed co-operative programmes for mutual benefit organised as 'Networks'. These organisations
include industries, engineering companies, Research and Development laboratories and governmental
institutions. Networks a:e organised and managed in a manner similar to the successful Programme for
the Inspection of Steel Components (PISC). Within these Networks, the JRC's Institute for Advanced
Materials of the European Commission plays the role of Operating Agent and Manager. The current
operational Networks: ENIQ, AMES, NESC, EPERC each deal with a specific aspect of the fitness for
purpose of materials in structural components.

This paper wili describe the general structure and objective of these networks. Particular emphasis is
given to the network EPERC. The European Pressure Equipment Research Council (EPERC) is a
European Network of industries, research laboratories, inspection bodies and governmental institutions
set up to foster co-operative research for the greater benefit of the European industry. The concept of a
European Research Council originated at the PVRC meeting in Cannes in 1989. Since this time
volunteers froru the industry, research laboratories and the European Commission's Joint Research
Centre, Petten have worked together to create a statute for EPERC. In the present context of the pressure
equipment industry, the creation of EPERC is extremely pertinent, since in the near future, a European
Council directive on pressure equipment will replace the existing national regulations. In parallel to this,
work is in progress for ttie eiaooration of European Standards. It is useful to recall that 'Harmonised
Standards' will be the privileged means of complying with the Essential Safety Requirements of the
directive.

Keywords: pressure equipment, Codes and Standards, networking

1. Introduction

The Institute for Advanced Materials of the Joint Research Centre of the European Commission plays the
role of Operating Agent and Manager of the European networks: ENIQ (European Network for
Inspection Qualification), AMES (Ageing Materials Evaluation and Studies) and NESC (Network for the
Evaluation of Steel Components), each of them dealing with a specific aspect of fitness for purpose of
materials in structural components. The networks were launched in the course of the year 1993 (1-Varley,
1993). Since then considerable progress has been achieved.

The European Pressure Equipment Research Council (EPERC) is a European Network of industries,
research laboratories, inspection bodies and governmental institutions set up to foster co-operative
research for the greater benefit of the European industry.

The concept of a European Research Council originated at the PVRC meeting in Cannes in 1989. Since
this time volunteers from the industry, research laboratories and of the European Commission Joint
Research Centre, Petten have worked together to create a Statute for EPERC.



2. Objectives of the European Networks

The networks developed and operated by JRC/IAM have the following broad objectives:

• the integration of fragmented R&D work on structural integrity through the execution of studies and
projects at European level

• the support or introduction of a long term strategy in some of the European groups or actions
conducted by the Commission

• the use of European networks influences studies and project results in the direction of codes and
standards in Europe and for the harmonisation of codes in general

2.1 AMES: Ageing Materials Evaluation and Studies

The AMES network was set up to bring together the organisations in Europe that have t̂he main
capabilities on RPV materials assessment and research, with the objectives to

• Establish and execute AMES projects in the area of irradiation embrittlement and mitigation
• Act as an European Review Group
• Provide technical support to regulatory bodies, General Directorates of the EC, etc.
• Provide a base for development of common European standards
• Participate in collaborative programmes with the Community of Independent States (CIS) and the

Central and East European Countries (CEEC)

AMES is also promoting the integration of national programmes, the validation of techniques, the
definition of European Standards and the validation and establishment of safe limits for mitigation
measures.

The network covers such activities on material studies and expertise as:

• Review the capabilities within its member organisations together with the existing knowledge base
from previous work programmes

• study other components than the Reactor Pressure Vessel e.g. reactor internals
• Assess the stocks of irradiated and non-irradiated materials that might be made available for work

programmes as well as material that might be recovered from operating or decommissioned reactors
• Study model alloys to improve the understanding of the underlying effects for irradiation damage,

thermal ageing and annealing
• Perform annealing validation and re-irradiation studies on materials of current interest for LWR

(Light Water Reactor) systems in Central and Eastern Europe
• Develop micro-structural models of irradiation damage, thermal ageing and annealing
• Study other new materials than the only steels used in the old power plants
• Perform studies on irradiation and thermal degradation of materials for a new generation of reactors
• Execute a survey of national regulatory requirements and identify existing, planned and required

standards at European level relevant to material damage and mitigation methods

Some of these activities led already to widely distributed AMES reports (2-Planman et al., 1995, 3-Pelli
et al., 1995,4-Wallin et al. 1995, 5-Gerard, 1995, 6-FOhl, 1995, 7-Petrequin, 1996).

2.2 ENIQ: European Network for Inspection Qualification

The main objective of ENIQ is to co-ordinate and manage at European level expertise and resources for
the assessment and qualification of NDE inspection techniques and procedures, primarily in the nuclear
field. The primary focus is on the capabilities and limitations of the NDE techniques and procedures used
as well as on qualification of ISI through performance demonstration and other processes.

The ultimate goal will be the supporting of international codes and standards bodies by making available
state-of-the-art results, technical tools, expertise and performance/capabilities demonstration exercises,
that can be sponsored and managed at a European level.

As a consequence, ENIQ should help in establishing a European attitude towards inspection qualification
in general (8-ENIQ, 1996).
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2.3 NESC

The major objectives of NESC are to

an international forum to evaluate the merits and shortcomings of different inspection and
structural integrity assessment methodologies through the study of selected problems

• Create an organisation to manage specific collaborative studies and
• Work towards the use of best practice and the harmonisation of international standards.

NESC builds on the experience of PISC and FALSIRE (9-Crutzen et al., 1993, 10-Schulz, 1992) by
concentrating on the interfaces between the technologies that contribute to structural integrity
assessment. This affords the interaction between the disciplines of non-destructive evaluation, materials
characterisation and structural mechanics all of which are essential ingredients in a successful integrity
assessment procedure. This approach is implicit within the first NESC project, NESC I, which addresses
the integrity issues affecting ageing reactor pressure vessels subjected to PTS (11-Wintle et al., 1994).

2.4 EPERC

The main objectives of EPERC are to

• Establish a European Network in support of the Non-Nuclear_Pressure Equipment Industry and
particularly SME's

• Establish the pressure equipment industry's short and long term research priorities.
• Co-ordinate co-operative research in the domain of pressure equipment, and identify funding

sources for this research.
• Foster technology transfer of research results to European industry and standardisation bodies. As a

cor.sequrnce EPERC wilt help in establishing a European attitude on pressure equipment safety and
reliability

More precisely the aims of tPERC will be to promote European co-operative research and development
linked to problems of design, construction and in-service activities. EPERC will be concerned with all
types of non-nuclear pressure equipment.

EPERC will act as a clearinghouse for the definition and co-ordination of R&D programmes and for the
exchange of information. It wili work with the European Commission and other sponsoring organisations
to provide its members and associate members with assistance for their participation in all research
activities, and in particular for the preparation of proposals for programmes such as BRITE/EURAM,
SMT, ESPRIT and in the initiation of thematic networks. EPERC will be in constant contact with
standardisation bodies for the definition of priorities and the use of research results for standards.

EPERC will perform an important role in technology transfer through the dissemination of the results of
research programmes to the European industry and, in particular, to small and medium sized enterprises.
It will perform an educational role through the publication of journals, and the organisation of seminars
and courses in order to disseminate good research results and ensure their use in practice.

In the international domain, EPERC plans to establish co-operative agreements with the American
Pressure Research Council, the Japanese Pressure Vessel Research Council and other similar
organisations, on the basis of a balanced exchange of information.

3. Organisation

3.1 AMES, ENIQ, NESC

It was decided to adopt the model of the successful PISC (Programme for the Inspection of Steel
Components) organisation with well targeted terms of reference and project management. As shown on
figure 1 a Steering Committee with an elected chairman gives guidance to the Operating Agent who
appoints a Network Manager and other staff to manage the Network. Specific projects each have a task
group to define the technical requirements, liaise with the Manager(s), co-ordinate joint activities, and
monitor progress. The activities themselves are undertaken by the participating organisations. The
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contractual aspects are by club-type arrangements between the members. Participation to the activities of
the Network is generally at members own expense.

Technical and administrative management of the Network and management of collaborative activities of
projects is undertaken by the Operating Agent and Reference Laboratory (EC, JRC/IAM) as performed in
the past for PISC with the effective support or participation of national experts or laboratories as required.
The AMES Reference Laboratory, for example, is constituted by JRC/IAM and ECN Petten (12-
Debarberis and Tjoa, 1995).

Particular projects, such as the setting up and undertaking of structural tests are sponsored either by
individual members or by a common budget or partially through existing EC programmes. The spinning
cylinder project of NESC, for example, is mainly sponsored by the UK Health and Safety Executive.
Several projects are funded by the EC's DGXII Shared Cost Action contracts of the EC's Fourth
Framework Programme.

STEERING COMMITTEE

sc
Chairman

Network Manager

Members

SENIOR ADVISORY GROUF

SAG
Chairmen

Members

REFERENCE LABORATORY

RL

JRC-IAMoftheEC
+

Invited specialists

ARCHIVES GROUP

AG

JRC-IAMoftheEC

REFEREE GROUP

RG

JRC-IAMo(lheEC

PROJECT MANAGEMENT

PROJECT 1,2,3...

TASKS

K

y

CHAIRMEN CO-CHAIRMEN

JRC-IAMofthsEC

JRC-IAMoftheEC

Figure 1: General Network Organisation Scheme

3.2 EPERC

EPERC is organised based on the European Network model which has been so successful for the
Networks AMES, ENIQ and NESC. One modification to this structure is that Steering Committee
representation is by country rather than individual organisations, and that each country is encouraged to
co-ordinate and network its activities at a national level and to communicate this to EPERC through the
secretariat, facilitated by the operating agent, JRC/IAM Petten. Such a structure (figure 2) is considered
to facilitate a more efficient decision making process within the Steering Committee, and to promote
improved national organisation. To date 81 Members have signed the EPERC Agreement representing
the countries of Austria, Belgium, Finland, France, Germany, Italy, Netherlands, Spain, Sweden, UK.
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4. Status of EPERC

EPERC was formally launched at the AFIAP/ICPVT Conference in Paris on the 20* October 1995 and
since this time has convened three formal Steering Committee meetings on the 15* January and the 3"1

June 1996, both in Brussels, and on the 18"1 November 1997, in Paris. One general assembly was held on
the 19* November, in Paris.

Important outcomes of these meetings have been, the election of the main officers of EPERC.

• Chairman
• Vice-chairman
• Vice-chairman
• Secretary

L.Valibus (EdF)
S.Szusdziara (FDBR)
B.J.Darlaston (lMechE)
S.McAIIister (JRC/IAM)

France
Germany
UK
EC

and the definition of a strategy for EPERC detailed by the creation of 5 Task Groups.

Task Group 1 - Business Management of EPERC
Task Group 2 - Current European and International R&D Activities
Task Group 3 - R&D Needs of Industry
Task Group 4 - Support to European Policy & CEN
Task Group 5 - Technology Transfer

TGI has been mandated to develop a Business Plan defining the strategy of the Organisation. With near
full European representation within the Steering Committee and the acceptance of the concept of EPERC
the iB objectives have been met. There follows a phase in which EPERC must develop a credible image
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of itself. In this respect EPERC plans to market itself on the basis of its Added-Value to the PE
community. This lies in the way that EPERC

• Draws together European expertise in the PE field
• Provides a unified representation and improved image of the European PE industry
• Representation facilitates effective lobbying & advisory roles to the EC on behalf of the PE industry.
• Identifies common industrial needs .
• Removes redundancy through networking of effort
• Leads to targeted & cost effective R&D
• Benefits industry through input to standardisation activities, & information transfer to small

industries.

As a further means to demonstrating its credibility, EPERC is currently active to report the current needs
of the PE industry. This is being approached by 2 parallel actions

• the first a survey of current European and International research activities associated with the PE
Industry and

• the second an extensive enquiry of the European PE industry to identify the current short and long
term research needs of the Industry.

Preliminary results from these 2 actions are expected in the 4th quarter of 1996, the conclusions of which
will be initially used as the basis of a petition to the EC to stimulate recognition of the needs of the PE
industry within the 5* Framework programme.

Task group 4 has been active in developing relations with the relevant DG's of the EC and DGIII in
particular. This has led directly to the creation of a funding line in the area of Design by Analysis in
support of the PED and the new European PE standards. The credibility of EPERC has also been
recognised by CEN and TC54 in particular through its mandate to EPERC to prepare the technical
specifications for specific funding calls arising out of the DGXII SMT programme in the area - Urgent
research needs in support of standardisation relating to the Pressure Equipment Industry. It is envisaged
that this role will be expanded in the future to support other TCs related to PE.

Task group 5 has been charged with the design of the corporate identity for EPERC and is active in the
preparation of the EPERC WWW site. A first newsletter was published in June 1996.

As a direct result of the survey of industrial R&D needs, EPERC is close to establishing a list of three
priority research areas which will be managed by three separate Technical Task Forces. Initial objectives
of these TTFs will be to recruit expert volunteers who will be mandated to formulate the main project
objectives and to break this down into a number of independent manageable work items. Having
established these work items a formal call for participation in the TTFs will be launched to all EPERC
members. It is envisaged that funding for these actions may be forthcoming from a variety of sources
such as individual organisations, or that consortia may be formed in order to submit proposals to the EC
RTD programmes. Either way the basic philosophy to be adopted for the operation of these TTFs will be
to address the main objectives by means of a number of smaller manageable work items.

5. Conclusion

Several European partners have agreed to join their effort for pre-normative type studies in the general
framework of fitness for purpose of materials in industrial structural components. The progress of the
networks is monitored on the internet (http://science.jrc.nl/welcome.html).

Networks have been formed in which the JRC Institute for Advanced Materials is asked to play the
important roles of Operating Agent, Reference Laboratory and Network Manager. These Networks
exhaust the subsidiarity of the work done in community and should increase the value and the pre-
normative or co-normative character of the results and their immediate use for codes and standards as it
happened for the results of PISC. The task groups of the Networks are ideal associations to prepare
projects to be supported by the programmes of the EC.

During this preliminary phase of EPERC, substantial progress has been achieved. The concept of a
European Pressure Equipment Research Council has been well accepted. Industries and laboratories have
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started the process of closer collaboration without substantial difficulties and it is well accepted that
industry should take the leading role in the definition of priorities in such a venture. With the advent of
the 1" anniversary of EPERC a first General Assembly and combined Steering Committee meeting was
held in Paris on the 18* and 19Ih November 1996. At this meeting it was concluded that the basic
administrative functions of the network were well established and that during 1997 substantial initiatives
wo"11 be taken to launch the three Technical Task Forces.

In the present context of the pressure equipment industry, the creation of EPERC is extremely pertinent,
since in the near future, a Council directive on pressure equipment will replace the existing national
regulations. In parallel to this, work is in progress for the elaboration of European Standards. It is useful
to recall that 'Harmonised Standards' will be the privileged means of complying with the Essential Safety
Requirements of the directive.
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Effect of Ageing and Specimen Size on the Impact
Properties of MANET II Steel
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MANET steel is one of the martensitic I 2%Cr- l%Mo-V steels
family. These steels are used extensively in highly thermally
stressed components, such as superheater tubing and main
steam pipe systems in power stations, due to their adequate
strength at high temperatures.

In the present work the effect of ageing at 550 °C for 1000 h
on the impact properties of MANET II steel was investigated.
Two different Charpy V-notch impact specimens were used :
full-size and subsize ones. Tests were carried out on two
instrumental impact machines appropriate for the two
specimen sizes. Both microstructure and fracture surface
were examined using optical and scanning electron
microscopy (SEM).

The results showed that ageing produced little embrittling
effect on MANET II steel. Both the ductile-to-brittle transition
temperature (DBTT) and the brittleness transition
temperature (TD) were increased by bout 15 °C. The local
fracture stress was also slightly reduced due to the ageing
treatment. The results were discussed in the light of the
chemical composition and the fracture surface morphology.
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ABSTRACT

In the present work the effect of ageing at 550 °C for 1000 h on the impact prop-
erties of MANET II stee! was investigated. Two different Charpy V-notch impact
specimens were used : full-size and subsize specimens. Tests were carried out on two
instrumented impact machines appropriate for the two specimen sizes. Both micro-
structure and fracture surface were examined using optical and scanning electron mi-
croscopy (SEM).

The results showed that ageing produced little embrittling effect on MANET II
steel . Both the ductile-to-brittle transition temperature (DBTT) and the brittleness
transition temperature (TD) were increased by about 15 °C. The local fracture stress
was also slightly reduced due to the ageing treatment. The results were discussed in
the light of the chemical composition and the fracture surface morphology.
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INTRODUCTION

MANET steel is one of the martensitic 12%Cr-l%Mo-V steels family. These steels are used
extensively for highly stressed components, such as superheater tubing and main steam pipe systems in
power stations, due to their adequate strength at high temperatures [1].

In the nuclear industry field, these steels have attracted interest as advanced cladding and ducts
for fast reactors and first wall and blanket structural components for fusion reactors because of their
high resistance to swelling and creep and low thermal expansion properties [2]. Within this class of
materials, MANET (DIN 1.4914) steel has been considered as a reference material in the European
Fusion Programme [3].

One of the main issues in using 9-12%Cr steels in nuclear reactors is their tendency to undergo
a transition from ductile to brittle fracture at low temperatures, or the so called ductile-to-brittle transi-
tion Temperature (DBTT), which can be elevated by irradiation or thermal ageing at temperatures typi-
cal to those encountered in service, or combination of the two effects.

The embrittling effect is normally assessed by the Charpy impact test. In this case the embrit-
tlement is manifested by raising the DBTT and reducing the upper shelf energy (USE). The standard,
or full-size, Charpy impact specimen is a rectangular V-notched bar with the dimensions 10x10x55 mm.
However, the use of smaller, or subsize, specimens is mandated by the small volume and high gamma
heating in high-flux research reactors used for irradiation experiments. The use of smaller specimens
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also contributes to the minimisation of inhomogeneity in flux and temperature distributions during
irradiation and the induced activity from the irradiated specimens. In addition, it permits the measure-
ment of mechanical properties when only limited material is available. However the data obtained from
subsize specimen testing, i.e., DBTT and USE, are in general quantitatively different from those of full-
size ones. A number of efforts have been carried out to predict the behaviour of full-size specimens from
the results of subsize specimens 14,5]. However, much work is still needed to reach this aim.

The present work describes the effect of thermal ageing treatment on the impact properties of
MANET II steel. The impact properties was carried using full-size and subsize Charpy impact speci-
mens.

EXPERIMENTAL

1 Material and Heat Treatment

The investigated steel was produced by Saarstahl, Volkingen, Germany. It was double vacuum
melted. The material was received in the form of hot rolled plates of 4 and 12 mm thickness. The chemi-

cal composition is given in Table 1 The as received material was then solution treated at 1075 °C for
0.5 h followed by air cooling (normalizing), and then tempered at 750 CC for 2 h followed by air cool-
ing. After specimen manufacture, portion of the specimens were aged at 550 °C for 1000 h in vacuum.

2 Specimens and Testing

Two types of Charpy V-noteh impact specimens were tested in both the normalized & tempered
(N&T) and the aged conditions. Full-size specimens (CV) and European subsize specimens (KLST)
were manufactured and tested in accordance with the German Standard DIN 50115. The dimensions of
the full-size specimen were 10x10x55 mm and contained a 2 mm deep 45° V notch with a 0.25 mm root
radius. On the other hand, the dimensions of the subsize specimen were 3 x 4 x 27 mm containing a 1
mm deep 60° V notch with 0.1 mm root radius. All the specimens of both sizes were manufactured in
the transverse (TL) orientation, in which the axis of the specimen is parallel to the width of the plate and
the crack propagates in the rolling direction.

Tests were carried out on two instrumented impact machines. The full-size specimens were
tested on a 300 J Wolpert PW 30/15 machine with impact velocity 5.5 m/s. The subsize specimens were
tested on a 15 J Wolpert PW5E machine with impact velocity 3.85 m/s. The distance between the anvils
supporting the specimen were 22 mm for the smaller machine compared to 40 mm for the larger one.
Each machine was provided with a semi- automatic system for heating, cooling and loading of the
specimens.

The load cell in each machine was calibrated according So the procedures of the low-blow
elastic impact technique as described by Ireland [6|. In addition, tbe small machine was calibrated in a
more direct way. The pendulum of the machine was placed horizontally on a universal testing machine,
and then a quasi-static pressure was applied to the tup. The pressure was applied to the tup through a
dummy specimen which was kept in contact with the same position .on the tup, occupied by the speci-
men during the impact test. The applied load in kN as recorded by the load cell of the universal machine
was plotted against the voltage output of the of the impact machine load cell. The difference in the
calibration factor between the two methods was within 5%.

Full-size specimens were tested in the temperature range -60 to 250 °C while the subsize ones
were tested in the range -120 to 400 °C. The results were used to generate the impact energy tempera-



ture transition curves. The ductile-to-brittle transition temperature is defined in the present work as the
temperature corresponding to one-half the upper shelf energy. This definition is useful in comparing
specimens of the different sizes.

RESULTS

1 Microstructure

Metallographic examinations showed no difference in the microstructure between the 4 mm
and the 12 mm plates. This is expected and reflects the high hardenability of this steel. The microstruc-
ture is shown in Fig. 1. A fully martensitic structure was obtained with prior austenite grain size of
about 25 um. Both the prior austenite grain boundaries and lath boundaries were decorated with precipi-
tates. The metallographic examinations revealed no detectable changes in the microstructure after
ageing for 1000 h at 550 °C.

2 Impact Transition Curves
2.1 Normalized and Tempered Condition

The results of both full-size and subsize specimens showed the ductile-to-brittle transition
behaviour characteristic of femtic steels. The variation of impact energy with the testing temperature is
given in Tables 2 and 3 and Figs. 2 and 3. Specimens of both types showed brittle fracture at lower
temperatures (lower shelf) With increasing the testing temperature (transition region) the fracture starts
in a ductile mode before converting to a brittle one. At further higher temperatures (upper shelf) the
fracture is totally ductile.

However, the following differences between the transition curves of the two specimen types
should be noted. In addition to the expected reduction in the absolute value of the absorbed energy at all
testing temperatures, the transition temperature of the subsize specimens was significantly lower The
difference in the case of the N&T condition, Figs.2 and 3, was about 55 °C. This is m good agreement
with the results reported in the literature for similar size differences {7j

The effect of specimen size on the upper shelf energy can be considered by normalizing the
energy by some factor related to the specimen dimensions [7,8]. Conventionally, this is done by dividing
the energy by the nominal fracture area Bb and the nominal fracture volume (Bb)3/2, where B is the
specimen width and b is the depth of the ligament beneath the notch. The results of two normalisation
methods are given in Figs. 4 and 5.

Normalisation based on nominal fracture area, Fig.4, produced very poor agreement between
the two specimen sizes. On the other hand, normalisation by the nominal fracture volume, Fig.5, gave
much better correspondence between the upper shelf energies. However, the normalized upper shelf
energy of the subsize specimens was greater by about 10% than that of the full-size specimens.

The present results for the N&T condition are compared in Figs.6 and 7 and Table 4, with those
of MANET I steel [9]. The specimens of MANET I had the same history, heat treatment and orientation
and were tested on the same machines as those of MANET 11. The comparison shows that the impact
toughness of MANET II is better than that of MANET I. The results of the full-size specimens show
that the DBTT of MANET II is lower by about 30 °C and the upper shelf energy is higher by about
15% than those of MANET 1. The corresponding values measured by the subsize specimens are about
40°C and about 15% for the shift in the DBTT and the increase in the upper shelf energy, respectively.



2.2 Effect of Ageing

Figures 2 and 3 show that in both specimen types ageing at 550 °C for 1000 h caused no re-
duction in the upper shelf energy. On the other hand, the DBTT measured by the full size specimens
showed a little increase of about 15 °C while the DBTT of thesubsize specimens showed nearly no
effect. However, examination of the results in Tables 2 and 3 indicates that ageing reduced the impact
energy required to fracture the specimens tested at the transition regions of both specimens types.

3 Load-Temperature Diagrams

The load-time traces obtained from the instrumented impact testing were used to determine the
load at the point of general yield (Pgy) and the maximum load (Pm). The variation of Pgy and Pm with
testing temperature for full-size and subsize specimens are shown in Figs. 8 and 9, respectively.

Figure 8 shows that for the N&T full-size specimens, both Pgy and Pm decreased rapidly with
increasing the test temperature up to room temperature. Pgy decreased from 29 kN to 16 kN (i.e. 45%)
and Pm decreased from 33kN to 21 kN (i.e. 36%) as the temperature increased from -60 to 25 °C.
Further increase in test temperature produced much less decrease in both parameters. At 250 °C the
values of Pgy and Pm were 14 and 18 kN, respectively. The values of Pgy and Pn) of the aged specimens
tested in the temperature range 25 to 250 °C were nearly the same as those of the N&T condition at the
same temperature range. However, at lower temperatures values of Pgy and Pm after ageing were clearly
lower than those before ageing. The difference increased with the further decrease in the test tempera-
ture. For aged specimens tested at -60°C the fracture took place before general yield. For the N &T
condition, the lowest testing temperature was not low enough for the fracture to take place without
general yielding.

The variation of P^ and Pm of both N&T and aged conditions as determined by the subsize
specimens is illustrated in Fig.9. For the N&T specimens, Pgy decreases with increasing the testing
temperature all over the testing range. On the other hand, Pm increased with increasing the testing tem-
perature from -120 to -80 °C. Further temperature increase caused gradual decrease in Pm up to the
highest testing temperature. Figure 9 shows also that ageing produced nearly no change in P^ or Pm

except at -120 °C where the fracture took place without general yielding in the aged specimens and not
in the N&T condition.

3.1 Brittleness Transition Temperature

The load-temperature results, Figs.8 and 9, can be used to determine the temperature at which
fracture occurs upon yielding. This temperature is defined as the brittleitess transition temperature
TD[10]. This transition temperature is shown in Figs.8 and 9. The results of the subsize specimens,
Fig.9, show that ageing at 550 °C for 1000 h caused a little increase in TD, ATD=15 °C. On the other
hand, TD for the full-size aged condition, Fig.8, is about -60°C while the data was not enough to de-
termine TD for the N&T condition. However, these data show that the test temperature must be lower
than -60°C for the fracture to occur upon yielding. This supports the results of the subsize specimens
that TD was shifted to higher temperatures due to ageing.

3.2 Local Fracture Stress

Another important parameter which can be determined from the load-temperature data is the
local fracture stress 07., which is a parameter directly related to the micromechanism of cleavage [11],



therefore it is often called the microscopic cleavage fracture stress. Cleavage fracture will take place
when a combination of load, plastic constraint, and work hardening at the notch tip raises the maximum
value of the normal stress ahead of the notch, ayy™ ,̂ to af*[ 10] . Finite element analysis of notched
speciirp.o tested quasi statically in 4-point bending [ll-14| as well as instrumented impact testing
[11,14] were used to determine at*. In the latter, this is often done by extrapolating the Pgy curve back to
the point at which P/ P^ =0.8. It was shown 110] that this point corresponds to the condition where
CTyy'™* is raised by the plastic constraint alone (i.e., without work hardening) to a f \ at this point cryy

m<K =
2.18 ayd =cif*, where a^, the dynamic yield strength, is related to the general yield load Pgy by
the relation [15] :

Oy6= P e / L - • (1)

CB(W- a)1

where
B = specimen width
W = specimen depth
a = notch depth
L = bend span
C = constraint factor -1.25

However, af* can be determined at the bnttleness transition temperature,TD 114,16J, thus an extrapola-
tion of the curve is not required. ot* is related to the dynamic yield strength oyd at TD by the relation
[11]:

af*--2.52 ayd (2)

Using the value of Pgy at TD for the aged full-size specimen from Fig.8, P^, = 18 kN, in equations (1)
and (2) results in af* = 2300 MPa.

Odette et a! [14] calculated the value of a{* from the data of both full size and subsize impact
specimens. Their results indicated that af* has the same value irrespective of the specimen size. This
means that if one substitutes the corresponding value of Pgy for the aged subsize specimens, Fig. 11, in
equations (1) and (2), after using the proper dimensions and constants, the result will be af* = 2300
MPa. Since of* scales only with P^ for the same specimen type, one can use Pgy for the N&T subsize
specimens to calculate af of the N&T condition. This yielded a Of value of 2420 MPa. This shows
that ageing at 550 °C for lOOOh caused a little decrease in the local fracture stress of MANET II steel.
The value of df* determined in the present work is in good agreement with the literature [13,14] , which
reported values of of* in the range 2300-2650 for 9- 12%Cr steels.

4 Fractography

The fracture mode of the Charpy specimens depended on the position of the testing temperature
with respect to the corresponding transition curve. The following behaviour was consistent among the
four tested conditions (two specimen sizes and two material conditions) unless otherwise mentioned. In
the lower shelf energy region the fracture was by quasi-cleavage mode, Fig. 10. This was observed
before for other 9-12%Cr martensitic steels [17,18]. In these steels, the cleavage planes tend to be ill-
defined and are replaced with smaller cleavage facets. These facets roughly correspond to the packet
morphology, which is clearly visible in Fig. 10. Quasicleavage involves frequent microcrack nuclea-
tion and propagation events, ending by arrest at misoriented lath packet or prior austenite grain
boundaries [18]. This results in the appearance of tear ridges which are also visible in Fig. 10. Some
secondary cracking was observed, and appeared to be at the prior austenite grain boundaries. In the



aged specimens there were indications of increase of the secondary cracking and, moreover, very few
"spots" of intergranular fracture, Fig. 11, were observed near the notch tip.

On the other hand, the fracture in the upper shelf energy region was through a ductile dimple
fracture mode. Mixture of large and small dimples were observed, Fig 12. Where a particle was ob-
served inside the dimple, energy-despersive X-ray analysis (EDX) was used for identification. This
showed that most of these particles were rich in Cr, some were rich in Nb, some others were rich in S
and Mn and occasionally particles rich in Zr were observed. These particles are believed to be M23C6,
NbC, MnS inclusions, and Zr carbides, respectively [3,19].

DISCUSSION

1 Fracture Properties of MANET II steel

The fracture toughness of the martensitic steels is influenced by the microstructural features
such as lath packet size, prior austenite grain size, and the size, shape, spacing and density of the second
phase particles (precipitates and/or inclusions). The fracture toughness will also be affected when
segregation of impurities, to grain boundaries and interfaces, takes place.

hi 9-12%Cr martensitic steels it was shown [17,20] that both quasi-cleavage and ductile dimple
fractures are initiated at the carbides. Therefore, the reduction in the size and number of the carbide
precipitates is expected to enhance the fracture toughness of the steel. This was the case with MANET
II. It was shown [3] that in MANET II steel the size and the number of the carbide precipitates were
reduced in comparison to MANET I. This was attributed to the difference in C and Zr contents between
the two steels ( MANET II contained 0.1 wt.%C and 0.008wt.%Zr, compared to 0.14 wt.%C and
0.053 wt.% Zr for MANET I). This is believed to explain the improvement in both the DBTT and
upper shelf energy of MANET II compared to MANET I as illustrated in Figs.6 and 7 and Table 4.

2 Effect of Ageing

It is well established now that 9- 12%Cr steels experience temper embrittlement when slowly
cooled through or aged within the temperature range 450-650 °C [e.g. 20-22] . It is agreed upon that
this is mainly due to the segregation of P and the precipitation of a Laves phase Fe2Mo. Laves phase
precipitation was shown to take place only after exposure times much longer than 1000 h at 550 °C
[2,20]. Phosphorous segregates to both prior austenite grain boundaries [20,21] and the carbide /
matrix interfaces [20]. This segregation is expected to alter the local bonding so as to reduce the cohe-
sive strength across the interface, which could lead to intergranuiar fracture in the low testing tempera-
tures range and to the enhancement of void formation at the carbides when testing is carried out at
higher temperatures. Auger analysis [23] showed that P concentration on the intergranular brittle frac-
ture surfaces of 12%Cr steels was as much as two orders of magnitude greater than in the bulk com-
position.

P segregation to prior austenite grain boundaries is beieived to cause the increase in the secon-
dary cracking and the observation of intergranular fracture in the aged specimens, Fig. 11, together with
the reduction in yield stress and fracture stress, as indicated by the reduction in Pgy and Pm shown in
Figs. 8 and 9 . The increase in the transition temperature, Fig. 2, and the britfleness transition tempera-
ture TD, Figs.8 and 9, in addition to the decrease in the local fracture stress cjf are consequences of
these effects. Laves phase Fe2Mo is not expected to participate in the embrittlement due to the ageing
treatment in the present study, due to the relatively low Mo content (0.58%) of the studied alloy and
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the relatively short ageing time. In most of the cases where Laves phase was detected, the Mo content
was about 2% and the ageing time was much more than 1000 h [2,20].

The present results showed that ageing of MANET II steel for 1000 h at 550 °C produced very
little effect in the fracture toughness parameters DBTT, TD and a*. This could be attributed to the low
P content of this alloy. Similar results were reported by Tupholme et al [22] for low P (0.005%) 9-12
Cr steels aged for 1000 h at 500 °C. On the other hand, the results reported by Lechtenberg et al [21]
showed that ageing for 1000 h at 550 °C of a 12% Cr steel with 0.015%P resulted in 30-50 °C increase
in the transition temperature and about 30% reduction in the USE, as measured by full-size Charpy
specimens.

On the other hand, the present results showed that there was no reduction in the USE due to
ageing treatment It seems that the P segregation to the Carbide/matrix interfaces was too low to affect
the strength of these interfaces Furthermore, the absence of P segregation effect could be attributed
partly to the relaxation in constraint due to the extensive deformation at the upper shelf region. The
constraint increases with decreasing the test temperature [24] until the case approaches the plane strain
condition, at the lower shelf region. Constraint is known to accentuate the material differences (such as
that produced by ageing) [25].

3 Specimen Size Effect

One should expect the impact properties determined by subsize specimens to be different from
those determined by full-size enes This is a consequence of the difference in specimen size which will,
under loading, produce different stresses and strains ahead of the notch, and so the transition in fracture
mode will occur at different temperatures. In addition the energy absorbed will obviously vary with
specimen size [7].

The present results given in Figs 2 and 3 showed that in the N &T condition the DBTT of the
full-size specimens was about 0 °C while that of the subsize specimens was about -55°C. Ageing
produced nearly no change in the subsize DBTT while it resulted in 15 °C shift in the full-size DBTT
However, much better correspondence was obtained in measuring ADBTT between MANET II and
MANET I steels, Table 4.

On the other hand, normalizing by the nominal fracture volume, Fig. 5, decreased the difference
between the upper shelf values obtained by the two specimen types to about 10%. However, other
studies [16,26] showed differences up to more than 50%. Moreover, these results indicated that in some
cases the normalized USE of the subsize specimens was higher than that of the full-size ones while in
other cases the reverse behaviour took place, which adds to the complexity of the problem.

Several attempts [e.g. 27,28] were carried out to get better correspondence between both the
DBTT and the USE values obtained by full-size specimens and those obtained by subsize ones. Nor-
malisation factors which incorporate the specimen dimensions as well as the elastic stress concentration
factor [27] or the elastic stress concentration factor modified by the ratio of the plastic stress concen-
tration factor for the subsize specimen to that for the full-size specimen [28] were used. The use of
these factors, however, did not improve the correspondence of the results in the present work. It seems
that the differences in the impact properties depend not only on the differences in size and geometry, but
also on the material itself, and consequently on the degree of the change in properties, e.g., by heat
treatment or irradiation.

1 0 0



Therefore, it was proposed [26] that the greater potential for success in using subsize Charpy
specimens is to use them to extract more fundamental material property information, such as dynamic
yield strength and the micro-cleavage fracture stress, by evaluating the load-temperature curves.

The use of load-temperature diagrams, determined from the results of instrumented impact
testing of subsize specimens, to determine the local fracture stress crf* was criticised by Alexander and
Klueh [7]. Their argument was based mainly on the fact that for three-point specimens with shallow
notches, the deformation from the notch will spread back toward the notched surface, which relieves the
constraint and thus reduces the peak stresses beneath the notch root. The smallest depth required to
avoid this effect has been shown to be a/W= 0.18 [7]. The results analysed by Alexander and Klueh
came from subsize specimens with a/W=0.15, while the full-size specimens has a/W= 0.2. However,
European subsize specimens (KLST) used in the present study have a/W=0.25, which may justify using
this approach in the present work.

CONCLUSIONS

The DIN 1.4914 MANET steel is a candidate structural material in fast and fusion nuclear
reactors. In the present work the impact properties of this alloy, in both the normalised and tempered
and after ageing conditions were evaluated using the full-size and subsize Charpy specimens. The main
conclusions are:

• MANET II steel acquires better impact properties (lower DBTT and higher USE) than the preceding
version of this alloy, MANET I. This could be ascribed to the decrease in both the size and number
of carbides in MANET II compared to MANET I, as a result of the difference in the chemical com-
position.

• Ageing at 550 C for 1000 h produces little embrittling effect in MANET II steel.

• The evaluation of load-time diagrams of the full-size and subsize Charpy specimens is useful to
determine properties such as the local fracture stress a* and the brittleness transition temperature
TD . The change in these properties can be used to assess the degradation in fracture toughness due
to service conditions
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Table 1 Chemical Comopsition of 1.4914 MANET II Steel (wt%)
Element

C
Si

Mn
P
S
Cr
Ni
Mo

wt%
0.10
0.18
0.76
0.004
0.005
10.37
0.65
0.58

Element
V

Nb
B
N
Al
Co
Cu
Zr

wt%
0.21
0.16

0.0075
0.032
0.007
0.005
0.01

0.008

Table 2 : Impact Energy of MANET II Steel
full-size Charpy Specimens

Temperature
°C
-60
-40

-20

-10

0

10

25

50

100

150

250

Energy, J
N&T

18
18

50

53

72

117

139

156

157

162

160

Aged
12
37

39

42

59
—

98

172
157
—

173

Table 3: Impact Energy of MANET II Steel
Subsize Charpy Specimens

Temperature
°C

-120

-100

-80

-60

-40

-30

-20

0

25

150

200

300

400

Energy, J
N&T
0.3
—

1

3.9

4.7

5.8

5.9

6.5

7

6.6

6.4

6.2

5.5

Aged
0.1

0.4

1.5

3.6

4.4

5.3
-

6.7

7

7.1

-

6.6

6.0



Table 4 Impact Energy of Full-Size and Subsize Charpy Specimens for
N&T MANET I and MANET II Steels

Steel
MANET I
MANET II

Full-size Specimens
USE J

140
160

DBTT°C
30
0

Subsize specimens
USE J

6
7

DBTT°C
-15
-55

Fig. 1: Microslructure of 1.4914 MANET a steel, nonnalized and tempered
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Fig. 10.: Quasi cleavage fracture in the brittle part of the fracture surface of aged full-size specimen tested at 0 °C
(transition region). Secondary cracking (SC) and tear ridges (TR) are indicated in the figure.
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Fig. 11: Intergraiiular fracture observed neai the notch of full-size aged specimen tested at -60 °C (lower shelf energy
region)

•ig. 12: Iractograph of the fracture surface of N&T subside specimen tested 25°C (upper shelfenergy region)
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High fracture toughness was evaluated according to the
ASTM and chromium (9-12) martensitic steels combine high
strength and toughness with good corrosion and oxidation
resistance in a range of environments, and also show
relatively high creep strength at intermediate temperatures.
They therefore find applications in, for example, the offshore
oil and gas production and chemical industries in pipe work
and reaction vessels, and in high temperature steam plant in
power generation systems. Recently, the use of these
materials in the nuclear field was considered. They are
candidates as tubing materials for fast breeder reactor steam
generators and as structural materials for the first wall and
blanket in fusion reactors.

The effect of ageing on the tensile properties and fracture
toughness of a 12Cr-1Mo-Nb-V steel, MANET II, was
investigated in the present work. Tensile specimens and
compact tension (CT) specimens were aged at 550 °C for
I000 h. The the Japanese standards. Both microstructure and
fracture surface were examined using optical and scanning
electron microscopy (SEM).

The results showed that ageing did not affect the tensile
properties. However, the fracture toughness K!c and the
tearing modules T were reduced due to the ageing treatment.
The results were discussed in the light of the chemical
composition and the fracture surface morphology.
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ABSTRACT

The effect of ageing on the tensile properties and fracture toughness of a 12Cr-
lMo-Nb-V steel, MANET II, was investigated. Tensile specimens and compact ten-
sion (CT) specimens were aged at 550 °C for 1000 h. The fracture toughness was
evaluated according to the American ASTM, European ESIS and Japanese JSME
standards. Fracture surfaces were examined using scanning electron microscopy
(SEM).

The results showed that ageing did not affect the tensile properties. However,
the fracture toughness J]c and the tearing modulus T were reduced due to the ageing
treatment. The results were discussed in the light of the chemical composition and
the fracture surface morphology.

Key Words: MANETSteel/9-12% Cr Martensitic Steels/Fracture Toughness/ J-integral/
Ageing

INTRODUCTION

High chromium (9-12%) martensitic steels combine high strength and toughness with good
corrosion and oxidation resistance in a range of environments, and with relatively high creep strength
at intermediate temperatures. They therefore find applications in, for example, the offshore oil and gas
and chemical industries in pipework and reaction vessels, and in high temperature steam plant in
power generation systems [ 1J. Recently, the use of these materials in the nuclear field was considered.
They have been investigated as fuel cladding materials in fast breeder reactors and are considered
candidates for the first wall/blanket of fusion reactors. These steels have the following advantages
over austenitic stainless steels: better swelling resistance under irradiation, higher thermal conductiv-
ity and lower thermal expansion, which provide improved resistance to thermal stresses, and better
liquid metal corrosion behaviour[2,3]

The chemical composition and the thermomechanical treatment of these steels are designed to
obtain optimum tensile, fatigue, and fracture properties. However, it was shown [e.g. 2,4] that the
fracture toughness of these alloys decreases due to prolonged exposure to high temperatures typical of
those encountered in service. The fracture toughness of these steels is normally assessed by Charpy
impact test. The results of this test, however, cannot be used for design purposes. More important is
the fact that these results cannot be used to characterise the material in terms of its resistance to frac-
ture in the presence of crack-like defects, which would result during service. Such characterisation
needs the use of fracture mechanics which, however, has not often been reported in the literature con-
cerning these steels.

Within the European community technology programme, the martensitic DIN 1.4914 CrNi-
MoVNb steel was chosen for first wall and blanket material and designated MANET (Martensitic
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Alloy for die Next European Torus). The alloy composition was optimised to improve the steel for
fusion applications. Chromium and carbon were reduced to minimise radiation-induced precipitation
and improve welding. Nitrogen was added to compensate for the loss of strength caused by the reduc-
tion of carbon. Low specification levels were set for phosphorous and sulphur to eliminate anisotropic
impact properties, and zirconium was added to reduce the effect of sulphur on toughness [2].

The Charpy impact properties of MANET II steel |5.6] as well as the effect of thermal ageing
on these properties |6 | have been evaluated. The objective of the present study was to characterise the
fracture toughness properties of this material through fracture mechanics techniques, namely
J-integral, using the American, European, and Japanese methods.

EXPERIMENTAL PROCEDURES

1 Material and Heat Treatment

The material used in the present investigation was received as hot rolled plates of 12 and 30
mm thickness, with the chemical composition given in Table 1. These plates were then given the stan-
dard normalisation and tempering treatment for this alloy; Nonnalisation: solution treatment at 1075
°C for 0 5 h followed by air cooling, and tempering : at 750 °C for 2 h followed by air cooling. The
normalized and tempered (N&T) plates were used to manufacture the test specimens. Portion of these
specimens were aged at .550 "C for 1000 h iti vacuum.

2 Testing
2.1 Tensile Testing

Tensile tests were carried out to obtain the tensile data required for the analysis of the fracture
toughness tests. Round tensile specimens of 60 mm gauge length and 6 mm gauge diameter were used.
The specimens were manufactured from a 12 mm plate in the transverse (TL) direction. Tests were
carried out at room temperature at nominal strain rate 1.2 x 10 4 s"'on an Instron Universal Testing
machine model ! 185. The yield strength at 0.2% offset, ay and the ultimate strength ,CT^ were deter-
mined for both N&T and aged conditions.

2.2 Fracture Toughness Testing

Standard compact tension (CT), Fig. 1,specimens with thickness B=25 mm and width W=50
nun were manufactured by erosion from the N&T 30 nun- thick plate. The specimens were machined
in the transverse (TL) orientation The specimens were fatigue precracked according to ASTM speci-
fications [7] to crack length (aVW) = 0.6 using a servohydraulic machine. The frequency of precrack-
ing was 30 Hz and the R-ratio was R = 0.1. The initial maximum value of the precracking load was
18 kN. For the final 4 mm of fatigue precrack extension the maximum load was reduced to 10 kN to
avoid plasticity effects. In the case of the aged specimens, precracking was carried out after the ageing
treatment. All the specimens were precracked prior to side-groove machining in order to produce
nearly straight fatigue precrack front |7 | Specimens were side-grooved to a total reduction of 20 % of
the original thickness, i.e., the side -groove depth was 2.5 mm on each side.

The fracture toughness tests were performed at room temperature on an Instron Universal ma-
chine model I 185 under displacement control with crosshead speed of 0.5mm/min. Displacement was
measured on the load-line by a clip gauge attached to razor blade knife edges fixed at the front face of
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the notch. During each test, the load-line displacement was recorded continuously on an X-Y recorder
as a function of load.

The fracture toughness behaviour was determined by the multiple-specimen technique accord-
ing to American ASTM [8] European ESIS [9] and Japanese JSME [10] standards.

2.2.1 ASTM and ESIS methods

In the ASTM and ESIS procedures, CT specimens are loaded to selected different displace-
ment levels to produce different amounts of crack extension, Aa, and then unloaded. After unloading,
the specimens are broken by fatigue cycling which will mark the amount of crack extension that oc-
curred during loading. The frequency of refatigueing was 30 Hz and the maximum load was 30 kN.
High R-ratio of about 0.6 was used to facilitate distinguishing the re-fatigue fracture surface from the
fracture surface created by ductile tearing [9] .The original crack size, a,, ,and the final crack size, a,
were measured at nine equally spaced points along the specimen net thickness in accordance with
ASTM [8] . For crack growth Aa > 0.1 mm a light microscope was used while SEM was used
for Aa < 0.1mm.

The value of J-integral for each specimen was determined from the load vs. load-line dis-
placement curve by the equation [8].

J = J,i + JP. (1)
where

Jci = elastic component of J, and

Jpi = plastic component of J

(B B» W)]

with:

(3)

(\-aJW)m

and

l(2+aoAV)(0.886+4.64(aoAV)-13.32(aoAV)2+14.72(aoAV)3-5.6(aoAV)4)]

where
K = stress intensity factor,
u = Poisson's ratio,
E = modulus of elasticity,
P = value of load at unloading point,
Api = area under the load-displacement curve,
BN = net specimen thickness = 20 mm
b0 = uncracked ligament = W-a,,, and
n = 2+0.522



The J-integral values obtained were then plotted against the corresponding measured crack
growth Aa values to construct the J-R curve. A power law curve fitting procedure was used.

To determine the Jic value, a blunting line is first plotted. In the ASTM method, this line is
drawn in accordance with the equation [8J:

J = 2 o f A a (5)
where

Of = 1/2 (cTy + au)

On the other hand, the equation of the blunting line used in the ESIS procedure is [9]:

J = (l/d*n)(AaE) (6)

where d*n is a function of the material tensile properties determined in accordance with reference 11.
A provisional value (JQ ) for the J)c is then defined by the intersection of an offset line parallel to the
blunting line at an offset value of 0.2 mm. JQ will be valid Jic if [8]

B,bo>25JQ/a f (7)

The ESIS defines another J value for the initiation of ductile fracture, JJSZW/R It is defined by
the point on the J-R corresponding to Aa = SZWC, where SZWC is the critical stretch zone width as
shown later.

2.2.2 JSME Method

The JSME method for J|C determination depends mainly on the measurement of SZW. The
idea is that when a fatigue-precracked specimen is subjected to an increasing load, the crack tip under-
goes a blunting process before a stable fracture can take place. The deformed material ahead of the
crack tip undergoes a Poissons ratio contraction, which results in an advance of the crack tip by an
amount called stretch zone width. SZW increases with increasing load until the SZW reaches a criti-
cal value at which ductile tearing is initiated. After the initiation of the ductile fracture the SZW does
not increase

The JSME procedure includes loading the specimens to selected different displacement levels
as in the ASTM and ESIS methods. The difference, however, is that two or more specimens are loaded
to displacement levels that are lower than those at the onset of ductile tearing, i.e., stretched zone only
is formed. The other specimens, three or more, are loaded similar to those in the ASTM and ESIS. Re-
fatigue cycling is applied as above to mark the crack extension and fracture the specimens.

The subcritical and critical SZWs are measured and the corresponding J integral values are
calculated as above. The J-SZW data of the group of specimens unloaded before the onset of ductile
tearing are used to establish the blunting line, which is the best-fit through the origin. On the other
hand, the critical stretch zone width (SZWC) is determined as the average of SZW of the other group of
specimens. The intersection of the blunting line and the line SZW =SZWC defines a value called Jin.
Jm equals valid J,c if the requirements in equation (7) above are satisfied.
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In the present work 14 CT specimens, 7 N&T and 7 aged, were tested. The SZW was meas-
ured using SEM. Measurements were carried out according to the 9-points method. At each of these 9
locations, the SZW was averaged over 10 equally- spaced points i.e., the SZW used here was the av-
erage of 90 measurements for each specimen.

RESULTS

1 Tensile Properties

Results of tensile tests of both N&T and aged conditions are given in table 2. These results
show that ageing treatment for 1000 h at 550 °C, almost did not affect ay, au, or the ductility of the
investigated material.

2 Fracture Toughness

Typical fracture surfaces of CT specimen loaded to different levels of crack extension are
given in Fig.2. Both the original crack length, ao , and the final crack length, a, satisfied the ASTM
conditions which require that the difference between the crack length at any of the 9 measurement
points and the average crack length be less than 7% of the average crack length. The crack extension,
Aa, also satisfied the requirement that the difference of the two near- surface Aa measurements and Aa
at the centre be less than 0.02W, i.e., less than 1 mm.

The J integral versus crack extension (J-R) curves are shown in Figs. 3 and 4 according to
ASTM and ES1S methods, respectively. On the other hand, Fig. 5 shows the relation J-SZW accord-
ing to JSME method.

Figures 3 and 4 show that the power law curves fitted appropriately the data points. The J-Aa
equations for N&T and aged conditions, respectively, were

JNM=372.9 (Aa)0428 (8)

^ = 3 3 2 . 4 (Aa)0434 (9)

The ASTM and ESIS methods require that the data points for Aa < 0.15 mm and
Aa < 0.2mm, respectively, be excluded from the data for the curve fitting process. However, the
curves constructed by fitting die remaining points matched perfectly these excluded data points (two
points).

The data of the N&T condition were those obtained by testing seven specimens unloaded after
different displacement levels. Two of these specimens were unloaded before the initiation of ductile
fracture, i.e., only stretched zone was formed. The data of the aged condition were also the results of
testing seven specimens. However, in two of these specimens the stable crack growth was curtailed by
the intervention of cleavage fracture, Fig.6. This represents a violation of the requirements of the stan-
dards. One of these two specimens was loaded to Aa=0.75 mm while the other was loaded to Aa=0.85
mm (closed symbols in Figs. 3 and 4). We will refer to these two specimens as "instable" specimens.
The other five aged specimens were unloaded after attaining different levels of stable crack growth.
One should note that two of these specimens were loaded to Aa and J values higher than those of the
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invalid two cases. If the invalid data points are excluded, the remaining five data points are enough to
give valid J-R curve.

The SZW was measured on the fracture surface of both N&T and aged specimens. It was
mentioned above that two of the N&T specimens showed stretched zone only. The SZW of these
specimens (0.05 and 0.06 mm) were used to draw the blunting line in the JSME method, Fig.5. On the
other hand, no similar data points were obtained for the aged condition. All the aged specimens were
loaded beyond the blunting stage. However, according to JSME standard, the blunting line based on
N&T data was used also for the aged condition. It was shown [10] that the J-SZW blunting line is a
structure-insensitive material property. The SZW values of the remaining N&T specimens and those
of the aged specimens were averaged to get the critical SZW (SZWC) for each condition. The SZWC

were 0.08 and 0.068 mm, respectively.

The intersection of the 0.2 mm offset line (parallel to the blunting line) with the J-R curves in
Figs. 3 and 4, and the intersection of the blunting line with the line SZW = SZWC in Fig.5 define pro-
visional values (JQ) for the Jic. These values are given in Table 3. Table 3 shows also the values of
Jiszw/R according to the ESIS method, which is defined by the intersection of the line Aa =SZWc and
the J-R curves in Fig.4. All the J-integral values given in Table 3 satisfied the conditions for valid Jic
given by equation (7).

The slope of the crack growth resistance curve is another important fracture toughness pa-
rameter. It is usually evaluated in terms of the non dimensional tearing modulus T [12],
where,

T - E * nm
Or da

Tearing modulus is used to assess the crack growth toughness whereas Jic characterises crack initia-
tion toughness. The present data were used to calculate the variation of T with crack extension for
both N&T and aged conditions and the results are illustrated in Fig. 7.

Figure 8 shows typical SEM fractograph for N&T specimens. The fracture was by ductile
dimple fracture mode. Mixture of large and small dimples as well as tear ridges were observed. The
aged specimens showed the same features. A semiquantitative composition analysis was made by en-
ergy despersive X-ray analysis (EDX) for the particles observed inside the dimples and the results are
shown in Fig. 9. The EDX spectrum for the matrix is shown in Fig.9-e for comparison. Most of the
particles were rich in Cr, some were rich in Nb, some others were rich in S and Mn, and occasionally
large particles rich in Zr were observed.

DISCUSSION

The most dominate ductile fracture mode in structural steels is that which involves nucleation,
growth, and coalescence of voids. Voids nucleate at second phase particles by fracture of these parti-
cles or by decohesion of the particle/matrix interface. When large and small second phase particles are
present, primary voids are initiated at the large particles, but before they could coalesce many small
voids, or void sheets, are nucleated at smaller particles in the remaining highly strained ligaments. It
was shown [4,13] that, in 9 and 12%Cr martensitic steels, the initiation sites for void (or dimple)
formation are primarily alloy carbides which precipitate at martensite lath boundaries and prior aus-
tenite grain boundaries. Therefore, toughness can be enhanced through reducing the size of the carbide
particles and/or their density. This was achieved in the investigated material through the addition of



Nb and V and the reduction of the C content. Nb enables obtaining fine distribution of M23 C6 parti-
cles, which nucleate on Nb(C,N) which first appears during the heat treatment, while V enters M23 C6

and retards its growth 114]. On the other hand, by reducing the C content the number of participated
carbides is presumably reduced.

The ductile fracture properties of 9-12% Cr steels may be degraded by exposure to high tem-
peratures. This has been demonstrated for several 9 Cr-lMo and 12Cr-lMo steels[e.g. 4,15]. The mi-
crostructural changes, take place during such exposures, affect the ease with which deformation-
induced voids from at precipitates. After short term exposure, this results from P segregation to car-
bide/matrix interfaces, which promotes void formation by interfacial decohesion. After long term ex-
posure, there is an increased availability of potential sites for void nucleation provided by a Laves
phase, Fe2Mo, precipitates [4|.

Ageing at 550 °C for 1000 h resulted in a little effect on the impact properties of the investi-
gated material (15°C increase in the ductile-to-brittle transition temperature and no reduction in the
upper shelf energy) |6|. This was attributed to the low P content (0.004%) of this alloy. Laves phase,
Fe2Mo, is not expected to play a role in the embrittlement caused by this ageing treatment, due to the
relatively short ageing time and relatively low Mo content. This could also be attributed to the rela-
tively low Si content of MANET II which was 0.18% compared to 0.4-0.7% normally present in other
similar steels [ 16|. Si was shown to increase the precipitation of the Laves phase [17].

The present results ( Figs. 3-5 and 7 and Table 3) illustrate the fracture toughness parameters
of MANET II steel in both the N&T condition and after ageing at 550°C for 1000 h. One should note
that Table 3 comprises two different groups of J. The first group contains Jic (ASTM) and J]c (ESIS)
while the second contains Jic (JSME) and JJSZW/R(ESIS). The values of the second group correspond to
"physical" crack initiation, i.e., at nearly zero crack growth, while those of the first group define
"practical" or "engineering" crack initiation as they define the material resistance to crack growth at a
specified small amount. 0.2 mm, of crack growth (this is similar to the definition of the yield strength
at 0.2% strain offset). The result of this difference is that the J values of the first group are higher than
those of the second one, as shown in Table 3. On the other hand, the differences inside each group are
due to the differences in the definition of the blunting line (first group) or the definition of trie initiation
point (second group), as shown above in the experimental procedures section.

Despite the above mentioned differences, Table 3 shows that all the Ju and J| parameters ex-
perienced nearly equal percentage reductions, about 15%, due to the ageing treatment. The J-R curves,
Figs. 3&4, show that the fracture toughness, as measured by the J parameter, of the aged material was
lower than that of the N&T material for all the ductile crack growth values studied. Similarly, the
tearing modulus T, Fig.7, was reduced by about 13%.

Let's now consider the case of the two (instable) aged specimens failed by cleavage fracture after
some ductile growth. The processes that cause a growing stable ductile crack to change into cleavage
mode may be difficult to ascertain correctly. Cleavage fracture can initiate, directly, from the stably
growing ductile crack, or, alternatively, a ductile instability takes place first, and the large rates asso-
ciated with this instability may trigger cleavage after a very small amount of fast ductile fracture [18].

From the energy point of view, the stability of crack growth is related to the balance between
the amount of energy absorbed in cracking (or the fracture toughness) and the driving force, or the
amount of energy (from stored strain energy, in both the specimen and the loading system, and exter-
nal work) available to feed the crack [19,20]. The crack growth is stable if the rate of increase of the
driving force does not exceed the rate of increase of the material's resistance to crack growth (or the
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tearing modulus). Unstable crack growth will take place when there is sufficient energy, available in
the system, to tip the balance. The rate at which strain energy may be released depends very much on
the geometry of the specimen (including size and shape of the crack) and the compliance of the loading
system [I9 | .

Examination of the CT specimens tested in the present investigation showed that the only
geometrical difference between one specimen and the other was in the original (or the starter) crack
length ao. The difference was, however, very small. Most ao values were between 29 and 30 mm. ao of
the two "instable" aged specimen were 29.13 and 29.25 mm. In the case of the first specimen, insta-
bility took place at Aa = 0.75 mm and J = 279 N/mm, while in the second the corresponding values
were 0.85 mm and 305 N/mm. The fracture load was 67.2 and 66.4 kN, respectively. There were two
other aged specimens which were loaded to higher Aa and J values without instabilities. The first had
ao - 29.3 and was loaded to Aa = 0.97 mm, J=330 N/mm and the maximum load was 66.2 kN, while
the second had ao=30.2 mm and was loaded to Aa =1.28 mm, J =377 N/mm and the maximum load
was 58.6 kN.

It seems that the original crack length in the case of the two "instable" specimens was short
enough, combined with the degradation in the tearing modules T due to ageing (Fig.7), to cause in-
stability. Shorter original crack causes the crack initiation load to rise higher than it would have done
had the original crack been longer. It was shown [19] that unstable propagation from shorter starter
crack lengths will occur sooner than from longer ones.

The ASTM method requires that "the original crack lengths should be as close as possible".
The objective is "to replicate the initial portion of the load versus load-line displacement traces as
much as possible". However, the present results show that small variations in the original crack length
could be very critical. A very small increase or decrease in ao could render the results "valid" or
"invalid", respectively It is believed that the standard methods should give more consideration to this
subject.

CONCLUSIONS

The fracture toughness of alloy MANET II, for both N&T and after ageing at 550 °C
for 1000 h, was characterised at room temperature using elastic-plastic fracture mechanics techniques
according to American ASTM, European ES1S, and Japanese JSME standards methods. The main
conclusions are:

• The fracture toughness of the aged material was lower than that of N&T material for all crack ex-
tension values.

• The three methods showed close values for the effect of the ageing treatment. J]c and Jj were re-
duced by about 15% and the tearing modulus T was reduced by about 13%.

• Very small variations in the original crack length can have critical impact on the validity of the re-
sults, at least when the steel has low tearing modulus.
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Table 1 Chemical Composition of 1.4914 MANET II Steel (wt%)

Element

C

Si

Mn

P

S

Cr

Ni

Mo

wt%

0.10

0.18

0.76

0.004

0.005

10.37

0.65

0.58

Element

V

Nb

B

N

Al

Co

Cu

Zr

wt%

0.21

0.16

0.0075

0.032

0.007

0.005

0.01

0.008

Table 2 Effect of ageing on the Tensile Properties of MANET II Stee!

N & T

Aged

ay,MPa

736

753

ou,MPa

845

854

EL.%

12.8

12.7

Table 3 Jic and J, values of MANET II steel

Method

Condition

N&T

Aged

ASTM

Jic,N/nun

240

204

ESIS

Jic, N/inm

215

187

Jiszw/R,N/mm

127

105

JSME

Jic,N/mm

163
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Fig I Side-grooved CT specimen

Fig.2 Typical fracture surfaces of CT specimens unloaded after different levels of crack
growth (indicated by arrows).
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Fig.6 : Fracture surface of aged specimen failed by brittle fracture after 0.85 mm ductile crack
growth, (a) shows fatigue precrack FPC, ductile fracture DF, and brittle fracture BF, while (b)
shows higher magnification of the brittle zone, where the fracture is by quasi-cleavage mode.
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Evaluation of Hot Corrosion of Type 316 Stainless
Steel Superheater Tubes Under Some Highly

Aggressive Salt Deposits

Y.K. Afifi, A.F. Waheed and S.W. Sharkawy
Metallurgy Department, Nuclear Research Center,

Atomic Energy Authority , Cairo, Egypt

1 he corrosion of Type 316 stainless steel tubes by the
sprayed NaCI+ Na2SO4 solution was investigated at 600 °C.
The role of V2O5 present in the NaCI + Na2SO4 spraying
solution, and the effect of addition of Ca(OH)2 to the previous
solution on the hot corrosion process were also investigated.
Optical microscopy and SEM were used to determine tube
wastage morphology. EDAX analysis and mapping
techniques were used to investigate the interdiffusion of
aggressive ions in both tube metal and scale.

It was found that the tube metal wastage corroded in the
sprayed solution (NaCI + Na2SO4 + V2O5) was greater than
that in the sprayed solution (NaCI + Na2SO4). The addition of
Ca(OH)2 to the spraying solution decreased noticeably the
wastage of the tube metal.
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EVALUATION OF HOT CORROSION OF TYPE 316 STAINLESS
STEEL SUPERHEATER TUBES UNDER SOME

HIGHLY AGGRESSIVE SALT DEPOSITS

Y.K.Afifi, A.F.Wahecd and S.W.Sharkawy
Metallurgy Department, Nuclear Research Center,

Atomic Energy Authority 13759, Cairo,
Egypt

ABSTRACT

The corrosion of Type 316 stainless stee! tubes by the sprayed NaCl + Na2SO4

solution was investigated at 600°C .The role of V2O5 present in the NaCl + Na2SO4 spraying

solution, and the effect of addition of Ca(OH)2 to the previous solution on the hot corrosion

process were also investigated.Optical microscopy and SEM were used to determine tube

wastage morphology .ED AX analysis and mapping techniques were used to investigate the

interdiffusion of aggressive ions in both tube metal and scale.

It was found that the tube metal wastage corroded in the sprayed solution

NaCl+Na2SO4+V2O5 was greater than that in the sprayed solution NaCl + Na2SO4 . The

addition of Ca(OH)i to the sprayed solution decreased noticeably the wastage of tube metal.

INTRODUCTION

Fire side corrosion is greatly considered in oil- fired boilers when low-grade fuels with

high concentration of vanadium, sodium and sulphure are used for firing(1).In the combustion

process vapors of vanadiumpentoxide, alkali metal trisulfates (K3Fe(SO4)3, (Na3Fe(SO4)3)

and Cr.Fe sulfides are formed. Vanadium pentoxide and alkali metal trisulfates in ash deposits

react to form low-melting point scales, which flux the protective oxide scale formed on the

metal surface and result in accelerated corrosion attack(2). Vanadium pentoxide and sodium

sulfate in addition to sodium chloride, comming from ingressed air, are the principale

constituents for the-oil ash corrosion phenomena.Reactions between vanadium and sodium

compounds result in the formation of complex vanadates as V2O3+Na2SO4 of low melting point

( m.p.« 600°C)(3).
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Elimination of oil ash corrosion is accomplished by controlling the critical factors that

govern it. One of the effective methods, other than using low excess air to retard V2O3

formation and control superheaters and reheaters metal temperature in order to not to exceed

593°C, is to eject additives ( high melting point compounds) into the fuel to raise the melting

point of the deposited ash.Useful additives include(4) the compounds of magnesuim, calcium,

and barium .The additives react with vanadium cmpounds to form reaction products with

higher melting points.The effect of magnesium compounds is toformvanadates of melting

points higher than 600°C such as MgO.V2O5(m.p=67rC), 2Mg0.VaO5(m.p=835oC) and

3MgO.V2O3(m.p=l 191°C)(s-7).

In general, reheater tubes are exposed to flue gases having a temperature around

1100°C while superheater tubes are exposed to flue a gases temperature around

1050°C However during operation, metal temperature exceeds 600°C a matter which when

considered with oil firing leads to metal damage.

The aim of the present work is to study the effect of Ca(0H)2 addition to the

aggressive spraying solutions of NaCl +Na2SO4 and NaCl +Na2SO4+ V2O5 on the hot

corrosion of Type 316 stainless steel tubes, commonly used in superheaters, at the temperature

of 600°C under atomspheric pressure.

EXPERIMENTAL WORK

Type 316 stainless steel tubes specimens (10 mm in length , 25.3 mm diameter and 2.2

mm thickness) were used in the corrosion tests .The chemical composition and the specimens

metallurgical conditions are given elsewhere(8)

Hot corrosion tests were carried out in atmospheric air at 600°C using a tubular

furnace.There were three groups of specimens, each group was composed of six specimens,

each of which was put separately in a crucible while the whole group was contained in a

stainless steel tray, as shown in Fig.( 1). Specimens were sprayed with the test solution and put

into the furnace.The three used solutions compositions were, 0.5N NaCl+ 0.5N Na2SO4, 0.5N

NaCl+ 0.5N Na2SO4 + 300 ppm V2O5(added as amonium metavadinate (NH3VO3)) and 0.5N

NaCl +0.5N Na2SO4 +300 ppm V2O3 + 10% Ca(OHh . Calcium hydroxide was added to

investigate its effect on the hot corrosion of the tubes. Specimens were resprayed every 48 h,the

spraying time in all corrosion tests was 20 seconds. The specimens weight was measured every

48h.The morphology and interdiffusion were investigated by the optical and scanning

microscopy (SEM). EDAX analysis and mapping techniques were also used in the

investigation of the corroded specimen's surface.



RESULTS AND DISCUSSION

The corrosion kinetics of Type 316 stainless steel tube specimens tested at the

temperature of 600°C are displayed in Fig (2). As can be observed this figure(2)-(curvel)

corrosion kinetics of tested tubes at 600°C in the presence of Cl" and SO3~ showed that the

weight increased with time up to *»250h, then a noticable decrease in the rate of weight change

was observed.lt was found that as the scale thickens, it undergoes cracking and some flakes of

the scale were spalled off. The cracking of the formed scale could be attributed to the stresses

generated inside the intermediate layer during sulfate formation .The presence of Na2S(>4

accelerates the corrosion rate of the alloy either by fluxing the formed protective oxide on the

alloy*10'11', or by applying sulfur to the tube surface which renders the oxide scale non-

protective<9).

It is well known that the melting point of NaCl is 800°C and that ofN2SO4 is 884°C.

Therefore at a metal temperature of 600°C,during the first stages of scale formation, there are

no significant molten phases, implying a diffusion controlled inward transport of corrosion

species and a diffusion-controlled outward transport of corrosion products(1).Thus, the highly

oxidisable elements (iron and chromium) are located in a layer adjacent to the metal comprising

oxysulphides, whereas those elements combine with sulfur to produce a sulfide layer covering

the surface*2'. As the scale thickens its inner temperature increases and the probability of the

formation of alkali iron trisulfate(Na2Fe(SO4)3, Na2Fe(SO4)3)having the melting points 624°C

and 690°C .respectively*4* increases. Cliloride.commonly found in ash deposits as NaCl,

acts in a manner similar to Na2SO4 in the acceleration of the tube wastage in boilers*12).

The presence of vanadium compound in the NaCHNa2SO4 solution increases the

corrosion rate, as shown in Fig.(2)-curve 2.Thewieghtgain was 4.5 mg/cm2 after 250 hour

exposure time,while it was only 3.8 mg/cm2 after 320 h exposure in case of NaCl+Na2SO4

solution. It is expected that under the present test conditions the role of vanadium is to provide

active oxygen needed to convert found in flue gases as a combustion product SO2 into SO3 and

hence raises the SO3 concentration in V2O5-Na2SO4 containing melts(1). According to Reid<2),a

compound containing 20% V2O5 and 80%Na2SO4 , has a melting point of 320"C while a

compound containing 40% V2O5 and 60% Na2SO4 it melts at 550°C.This means that a V2O3-

Na2SO4 mixture containing 20-40% of V2O5 .compounds of low melting points could be

formed. Therefore, high rate of weight gain is expected in presence of vanadium compounds.

. Addition of CaCOHfe to the solution NaCl+Na2SO4+V2O3 resulted in a remarkable

decrease in the weight gain as the exposure time proceeded, as shown, in Fig. (2)- curve 3. A

maximum increase in the weight gain was observed after about 150 h exposure time.



In a study to show the effect of adding different materials on the melting point of single

oil ash(2) it was found that the addition of 10% MgO raised its melting point to 900°C,while

addition of 10%CaO raised its melting point to 760°C.In the presence of Ca(OH)i .formation of

CaSO4 is expected which can react with Na2SO4 to form Na2Ca2(SO4)3 .The formed alkali

calcium trisulfate is less aggressive than Na2Fe(SO4)3 . The same effect ofCa(OHbwas

reported in presence of vanadium oxideO).This is attributed to CaO which forms a complex

with V2O5 as 3CaO.V2O5 having a melting point higher than that of most superheater and

reheater temperatures.

The morphology of the corroded tubes was examined by optical microscopy and

SEM.The location of the aggressive compounds and the oxide formed in the scale was

investigated by ED AX analysis and mapping techniques. The optical microscopy photos of

corroded tubes in case of NaCl+Na2SO4 and NaCl+ Na2SO4+300ppm V2O5 solutions are

shown in Figs (3) and (4), respectively. After 48h exposure time, the beginning of tube surface

attack and the intergranular attack was clearly observed as can be seen in Fig. (3-a) . After

216 hour exposure time, the attack became severe as shown in Fig (3-b).In case of

NaCl+Na2SO4+300mppV2O5 after 216 hour exposure time both the surface and the

intergranular attack were found to be more severe than in case of NaCl +Na2SO4 ,as can be

seen in Figs (4-a)and (3-b), respectively. As the exposure time increased the intergranular

attack became more pronounced, as shown in photo (4-b).

SEM and mapping analysis of Fe,S,Cl and Na for specimens sprayed with

NaCl+Na2SO4 ,corroded at 600°C and after 336 hour exposure time is shown in Fig (5).The

morphology of the tube metal and the adjacent scale were analyzed.The iron distribution in

specimen and scale could be seen inFig (5-a). Sulfur distribution is shown in Fig (5-b) and it

could be observed that sulfur appeared in the layer next to the specimen .Also it can be

observed that Na and Cl are not clearly apperant, as can be seen from Figs (5-c)and (5-d),

respectively . The ED AX analysis of the scale next to the tube metal is shown in Fig(6) ,where

sulfur was found in addition to Cr,Ni and Fe.

The SEM and mapping of Fe and sulfur in specimens sprayed with

NaCl+Na2SO4+300ppmV2O3 ,after 336 hour exposure time is shown in Fig (7). The

distribution of iron in scale and specimen is shown in Fig (7-a). The sulfer is also present next

to the base metal in the scale as shown in Fig (7-b). The ED AX analysis of the scale adjacent

to the tube metal confirmed the presence of S, Cr, Ni and Fe,as shown in Fig (8).

The SEM and mapping of a specimen sprayed with NaCl+Na2SO4+V2O5+Ca(OH)2

after 336 hour exposure time is shown in Fig (9). The distribution of Fe in both the specimen

and scale is shown in Fig (9-a).The presence of Cl is shown in Fig(9-b).The presence of Na
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was identified by mapping analysis.as shown in Fig (9-c). The ED AX of the zone near the tube

metal, indicated that S,C1 and Ca are present in addition to Fe,Cr and Ni, as shown in Fig (10).

A schematic presentation of the build-up of the deposited layers, formed on the metal

*":lh different spraying solutions corroded at 600"C is illustrated in Fig (11).

CONCLUSIONS

The most important conclusions driven out of the present study are:

1. The rate of tube metal wastage is liigher in presence of vanadium in the spraying solution

NaCl+Na2SO4+300ppmV2O5 than in the case of the spraying solution NaCl+Na2SO4 and

addition of Ca(OH>2 reduced noticeably the corrosion rate.

2. The corrosion type is mainly intergranular, under the testing condition of low sulfur

pressure and at 600"C in air

3. The scale formed next to the tube metal is mainly composed of chromium and iron sulfides.

4. The outer layer of the formed scale is mainly composed of iron,chromium and nickel oxides

containing sulphates.
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Fig( 1) Schematic of the specimens tray in the furnace.
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Fig(3) Optical microscopy photos of hot conoded tubes sprayed

with NaCl+Na2SO4 solution at 600"C,
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SfiM photo.
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(a) iron

(b) sulfer (c) chlorine

(cl) sodium

1XJ Jt>,

Fig(5) SUM and mapping of scale formed on steel tube sprayed

vvilli NaCH Na2SO., (exposure time 336h)
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Fig(6) EDAX analysis of scale next to the tube of SEM of Fig(5).
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Jig(7) SPM and mapping ofsteel tube sprayed with Nafcl+Na2SO4+V2

(exposure time 336h)

5000

20

lig(8) liDAX analysis ol'scale next to the lube ofSIIM of Pig(7).

137



(a) iron

(b) chloi ine (c) sodium

6 0 0 0 -

4QA000
c

U2000

0

lrig(9) SEM and mapping of steel tube sprayed with

NaCI • Na2SO, I V2O5f Ca(OM)2

5 10 15
Energy (KeV)

Mg( 10) liDAX analysis of the scale ncxl to lube of SUM of Fig(9).

1 3 8



f "
1 3

\ "

) ^
/ s

c
*-

• a
K

O
i

>

£ \

(a)

1 ^
1 £
/ °

• o

1
a>

t
tJ

Z
r-

O
xi

T

ta
d

at
e

>•

J3 /
a z /
<̂  it )

(b)

( *3

VI
u>
n

o

n
z

V

o •g-8 y
g of

Fe oxide

(O

Fig( I I) Schematic representation of (he scale formed at 600°C.

(a) sprayed with NaCMNa2SO.| solution

(b) sprayed with NaCI+NasSC^+NH^VCh solution

(c) sprayed with NaCI+Na2sb4+NH3VO3+Ca(OH)2 solution

139



HEB 97, Alexandria, Egypt April 5 - 6 , 1 9 9 7

The Use of the Integrated Plant Computer Package in
Solving the Water- Hammer Phenomenon

K. Ahmed
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i he transient flow regime effect generated from sudden
opening or closure of valves in the pipeline system
represents one of the most fetal and destructive situation
to the pipeline components. It may damage a large part of
components of the line. The IPP finite element package is
used to study sudden closure of valves within 0 4
seconds, on a chosen piping system.

The resulting water-hammer and its subsequent effects
on the line were studied including the pressure and the
resulting forces as a function of time. The time step for
the mechanical analysis is determined by the highest
piping system mechanical natural frequency that should
be included in the analysis and by the shape of the
transient loading curve. The lowest natural frequency of
the system was about 0.15 HZ.
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The Use of the Integrated Plant Computer Package
in Solving the Water- Hammer Phenomenon

K. Ahmed
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ABSTRACT

The transient tlovv regime effect generated from sudden opening or closure of valves in a
pipeline system represents one of the most fetal and destructive situation to the pipeline
and its components.The IPP(Integrated Plant Package) finite element code i- used to
study the effect of a rapid closure of a valve within 0.4 second, on the line ol' standard
10 inch diameter low carbon steel piping system.

The resulting water hammer and its subsequent effects on the pipe sections were studied
including the generated pressure and the resulting time history ot the unbalanced >;vcs
as a function of time. The time step for the mechanical analysis is determined r> the
highest piping system mechanical natural frequency' that should be included m the
analysis. The lowest natural frequency of the system was about 0.15 11/ The damping
ratio used in the system is taken to be 3%. Time step for dynamic anaNsis is taken as
0.02 second.The IPP finite element package has been used in the anahsis.

INTRODUCTION

Water hammer is generated as a series of shocks sounding like hammer blows which
may generate sufficient force to rupture the pipe or damage connected equipment. It
happens if the water velocity is suddenlv diminished the energv given up h> the liquid
will be divided into several loading components. One will compress the water, the
second will stretch the pipe walls and the last will behave as frictional resistance to wave
propagation. The phenomenon is commonly caused by too rapid closing ol a \a i \e in
the line.The pressure wave due to water hammer travels back upstream to the inlet end ot
the pipe where it reverses and surges back and forth through the pipe getting weaker <>n
each successive reversal.



The Line Model

A standard 10 inch diameter low carbon steel piping system is shown in Fig.(l).The line
length is about 53m in the X-direction, 15m in the Y-direction and 17m in the
Z-direction. The numbers represent the finite element nodes.The pump connected to the
line at node number 1 generates a suction pressure of 16 bar. The source pressure at node
number 125 is maintained at 17.2 bar.The flow is directed to the valve location (node
number l).The line is subjected to rapid valve closure. The valve closes within 0.4 sec.

45 50

pump
suction
(16 bar)

125

Fig.(l) The pipeline geometry with finite element node numbers

The flow through the valve is related to the pressure drop over the valve by the following
relation0 \

(1)

where Q is the flow through the valve (m3/s), Cd is the valve discharge coefficient, A is
the cross sectional area, g is the constant of gravity (m/s2) and H is the pressure (head)
drop over the valve (bar).

During the simulation the value of Cd varies as the valve closed, the actual value of
"Cd .A" is obtained from(2),

T =
Cd.A

(Cd.A) 100% open
(2)
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The variation of x with time during closing the valve is calculated from the following
form'2',

f • \ E™
T ~ Tj- \X\- X{)\^Y^J (3)

where xx is the initial value, xfis the final value, Tc is the closing time of the valve and the
exponent Em is about 0.2.

The velocity of the generated wave due to valve closure is that of an acoustic wave in an
elastic medium which could be represented by the following expression(3),

S= 12 y ^ - (4)

where S is the velocity of wave travel (m/s), g is the gravity acceleration (9.8 m/s2), K is
the bulk modulus of elasticity for water and pipe combination (N/m2 ) and p is the water
density. The K parameter could be represented by the following expression'3',

f 71 )(5-4.v) (5)

where £, is the water bulk modulus of elasticity (~21000 bar), r is the internal radius of
the pipe, E is the pipe material young's modulus, t is the pipe wall thickness and v is the
poisson's ratio of pipe material.

The IPP package'4' uses the above simple formulas together with the Navier-Stockes
equation with the following assumptions ,
- Fluid behavior in pipes is one dimentional (i.e) similarity of cross section distribution

of properties is exist
- Fluid transport velocity is small compared to wave speed.
Based on the previous assumptions together with the finite element formulation for the
simplified Navier-Stokes equation'56'7', pressure transients and dynamic forces are
obtained.

Results and Discussion

Fig.(2) shows the pressure increase from 16 bar static suction pressure at node number 1
up to about 28 bar. The pressure distribution across the pipeline is also presented.
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Fig.(2) Pressure distribution generated through the line.

Fig.(3) represents the generated maximum transient forces which varies from 3 N up to
17 N. The maximum value at longest elbow-elbow pairs is about 17 N.

Fig.(3) The generated maximum transient forces
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Fig.(4) shows the generated pressure as a function of time due to valve closure at node
number 50. This node represents the longest run between elbow pairs which is the first
place for loads that will cause excessive movements in the line.At approximately time
zero the pressure wave enters the elbow ( node number 45).The pressure increases with
time up to 0.1 sec, then the reflection of the pressure wave begins to reduce the
magnitude of pressure till the valve closure at 0.4 sec.

Fig.(4) Generated pressure-time curve for node number 50

Fig.(5) represents the generated force as a function of time at node 5O.The first two
peaks on the curve are indication of the reflection behavior in a closed-open system
where every reflection is from a fixed pressure end.lt is also clear from the curve that
the transient effect is damped at 0.4 sec.
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Fig.(5) The generated force -time curve for node number 50

Fig.(6) shows the excitation frequency in Hz (cycle/sec) with its amplitude.The first
peak in the curve represents the fundamental acoustic frequency of the tow passes of the
transient force and it is about 14 Hz.
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Fig.(6) Excitation frequency-amplitude curve for the generated acoustic wave
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Conclusions

The phenomenon of hammering in the pipeline is considered to be one of the most
dangerous situation to the line and its auxiliary components. In such problems in which a
combination between stress analysis, fluid mechanics and vibration dynamics the finite
element method represents the most efficient tool which could be used in the global
analysis.The pressure caused by water hammer should be minimized by the use of relief
valves or surge tanks to avoid the damage of the line.These suppressing mediums should
be located as close as possible to the source of disturbance.The expected generated
pressure from the water hammer should be taken as safety factor in designing valves.The
generated shock pressure is not concentrated at the valve and if rupture occurs it may
take place near the valve simply because it acts there first.
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1 he Welding of petroleum pipelines and related facilities are
controlled by the American Petroleum Institute Standard No
API - 1104. Similar to all codes and standards, the use of
this Standard needs specific experiences. To facilitate the
use of this Standard a computer system is developed. The
present work presents the part of the system concerned with
the qualification of the welding procedure, welders and
welding operators according to API-1104. The available data
and information in the API-1140 standard (1994 edition)
related to qualification (Section 2, 3 and 9), are transformed
into a group of logic decision trees. Such decision trees lead
smoothly from one step to another until reaching the end of
the qualification process.

The resultant decision trees are collected to form two
modules of a software which is developed by using the
computer language "BC++(OOP) Programming under
Windows"". The software is divided into two main modules.
The first module deals with the welding procedure
qualification while the second deals with welders and welding
operations qualifications.

The paper shows some of the deduced decision trees and
some of the computer screens during consultation session. A
complete specific procedure qualification is performed as a
case study.
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Computer Aided Welding Qualification

of Petroleum Pipelines and Related Facilities

Synopsis

The welding of petroleum pipelines and related facilities is controlled by the
American Petroleum Institute Standard Number API - 1104. Similar to all
codes and standards, the use of the present standard needs specific
experience. To facilitate the use of this standard a computer system is
developed. The present work represents the part of the standard concerned
with the qualification of the welding procedure, welders and welding
operators.

The data and information available in the API-1104 standard (1994 edition)
are transformed into a group of logic flow charts (LFC's). Such LFC's lead
smoothly from one step to another until reaching the end of the qualification
process.

This paper demonstrates LFC's that are collected to form two main modules
of a software called APIWELD. The first module deals with the welding
procedure qualification while the second module deals with welders and
operators qualifications. The paper also shows some of the deduced decision
trees and some of the computer screens during the consultation session.

Introduction

Advice and information required to be supplied by the welding engineer is
tremendous. It is required at all stages of manufacturing, from design till
providing the final product. To support welding engineers in their decision,
computer systems have be^n developed to cover several welding areas.
Some of these systems are just for information storage and retrieval (1'2).
Some other systems could be considered as decision support systems <3'4).



However, the development of personal computer software for welding
industry is comparatively new field. For example, the first workshop on the
computerized welding sponsored by the American Welding Society held in
1986 predated most of the available software for welding. This Workshop
(Conference) is held every second year. The published work and
contribution in the field during the last several years is quite high. Subjects
like weld quality control (5), WPS production (6) and welding data acquisition
(7) has been involved in preparing PC software.

Qualification of welding procedure and welders according to some specific
code or standard is rarely considered. Computer systems have been
developed for welder qualification record and tracking (8). Such systems are
beneficial for accurate tracking of welder qualification and assigning welders
to jobs for which they are qualified. Information concerning a prototype expert
system for welding qualification was published recently (9).

The aim of the present work is to transform one of the frequently used
welding standards to an intelligent software. The American Petroleum
Institute Standard for welding petroleum pipelines and related facilities
(API - 1104) is the subject of this study. All the information related to
qualification of procedures and personnel in the various chapters of the
Standard were transformed into a group of logic flow charts (LFC's). More
than 80 LFC's have been developed. Then, in a next step, these LFC's were
transformed into a software with Object Oriented Programming (OOP) called
APIWELD. Either the complete set of the LFC's or the API WELD-Software
can be used by its own as a substitute of the standard during the qualification
process.

API-1104 Standard

The purpose for this code is to present methods for the production of high
quality welds through the use of qualified welding procedures and welders or
welding operators using approved materials and equipment.

The use of this standard is intended to apply to welding of piping used in the
compression, pumping, and transmission of crude petroleum, petroleum
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products, and fuel gases and, where applicable, to distribution systems. This
standard covers the gas and the arc welding of butt, fillet, and socket welds
in carbon and low-alloy steel piping.

The welding may be done by a shielded metal-arc welding, submerged arc
welding, gas tungsten - arc welding, gas metal arc welding, flux- cored arc
welding, oxyacetylene welding, or flash butt welding process or by
combination of these processes. Techniques used may be manual,
semiautomatic, or automatic welding or a combination of these techniques.
The welds may be produced by position or roll welding or by combination of
position and roll welding.

As shown, the combination of all the previously mentioned variables raises
some difficulty in the use and interpretation of the standard. For this reason
the present work was initiated.

The Logic Flow Charts

As an aid to use API -1104 the forthcoming charts have been developed in
the form of LFC's. A considerable amount of effort and study have been
devoted to develop such LFC's. These LFC's mimic the way a human expert
makes decisions and arrives at conclusions. The required conclusions in the
case of welding procedure, and welder or operator qualification include, the
number of samples for qualification, the testing techniques of these samples
and the acceptance/rejection criteria for each sample.

Figure 1 shows part " I " of the masterLFC for APIWELD-Program. This
chart includes module "A", submodules and sub-submodules for the
qualification/requalification processes. There are two submodules which are
manual & semiautomatic qualification submodule (C) and automatic
qualification submodule (D). Every submdule is divided into sub-submodules.
For example if the user decides that the technique is manual, next the user
shall decide to use either the sub- submodule of new qualification (E) or the
previously qualified sub-submodule (F). The same procedure could be
followed until the acceptance / rejection criteria sub-submodule (H)
is reached, and the final sample coupon test record is obtained.
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Q STOP"
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Sub-submodule(H)

I CT Record |
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Figure 1: Part" I " of the master logic flow chart showing welding
procedure qualification

Figure 2 shows part " I I " of the master LFC for APIWELD-Program. This
chart includes module "B", submodules and sub-submodules for the
qualification/requalification processes for welders or welding operators. There
are two submodules which are welder qualification submodule .(1) and
operator qualification submodule (2). Every submdule is divided into sub-
submodules. If the user decides to qualify the welder (1) and for multiple



qualification (3) for example, then the user shall decide to use either the
sUb-submodule of new qualification (5) or the previously qualified
sub-submodule (6). The same procedure could be followed until the
acceptance / rejection criteria sub-submodule(14) is reached, and the final
sample coupon test record is obtained.
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Y e s

( STOP STOP

I Visual Examin-
ation Sub-
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Destructive Tests
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( 12)

Non Destructive
Tests Sub-
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(13 )

Acceptance /
Rejection

Sub-submodule
( 1 4 )

Figure 2: Part" I I " of the master logic flow chart showing welder and
' operator qualification .



The two main modules given in figures " 1 " and "2" are just a summery for the
whole LFC's. Every single submodule or sub-submodule has its own LFC.
For example figure "3" shows new qualification sub-submodules "E" for
manual & semiautomatic techniques. Figure 4 shows part of the single
qualification sub-submodule for welder qualification as another example.

( STOP
• >

INO

You Cannot qualify this...

NO

NO

Are you using
filler material?

t^Yes

Are you using ~
one of these
filler group

Are you using one of ~
these process?

Yes

What is the welding process ? If use combination of these you must deal
separetly with each once..

What is (he composition
of Ihe shielding gas?

What Is the size
of filler metal?Are you ^ \

using external
leldlng gas

What Is the range of the
flow rate of shielding

gas?

Are you
<" using SL or ASTM

material?

What to the type of
shielding gas?

What is the specification
of the flame ?

Carborizlng Neutral I Oxidizing

I
N O

You can not qualify
this..

what is the size of the orifice
In the torch tip for each wire

or rod?

(Figure "3" Continued..)
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! Root opening Type of Joint (U/V)

1"
Roll

What is the minimum number of beads and their
sequences ?

What is the Welding 1'osHlon 7

Position

, " " " • "
Up Hill r ;i

Down - Hill

A
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(Figure "3" Continued..)



0
Minimum percentage of root beads must
be completed before the clamp removed

What is the maximum time between completion
of root bead and the start of second bead ?

What is the tool of cleaning or grinding?

1
Power tool Both Hand tool

What is the specification for pre- and post - heat treatment ?

Ambient Temperature range

Yes

WPS Record

(Stop)

a complete
qualification?.

Yes

Method

material type?

Figure 3: One of the sub-submodules as an example, it shows the new
qualification of the welding process for manual & semiautomatic techniques.
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Figure 4: A part of the single qualification sub-submodule for welder
qualification.
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APIWELD - Software

The prepared flow charts have been transformed into a computer- software
using Borland C++ (under windows) with object oriented programming
(OOP).

All the group of the LFC's (more than 80 flow charts) has been collected and
combined in only two main modules. The first main module (Technique)
consists of two submodules which are manual welding qualification (or
semiautomatic welding qualification and automatic welding qualification. The
second main module (Performance) consists also of two submodules, namely
welder qualification and operator qualification. Other capabilities of the
developed software such as storage and printing of records are fond in a third
module (File).

s*
Iechnlquc EeHormnnce £ile Help

ddlrig type

Choose Butt
or

Fillet Weld

,., - . . . . , „

At least four specimens shall be taken.

I lOK | j Cancel j

Figure 5: Example of the output screens during the preparation of
Butt - Weld specimens.



S5H" APIWELD-MHOGRAM!

Technique Performance File Help

What is the wall thickness - Group ft:

4.3

"Cancel.

Number of specimens

Test
Nick Break
Side Bend

2
2

Nick Break

H DESTRUCTIVE TEST METHODS H

TESTS:
FACE BEND
NICK BREAK
ROOT BEND

1
TENSILE STRENGTH

METHOD:

1. Specimens shall be cut from the !'!]
at the location shown 1;,:-

2. Specimens shall be prepared as !
3. Specimens shall be air cooled to j ^ |

Figure 6: Example of the output screens during Side Bend
destructive test.



lechnique Performance File

COUPON TEST RECORD

Weld position: e
Mean temperature 145 °F
Voltage 20
Filler metal M1G - 18
"Wall thickness 0.23

Fixed
Welding machine type PK.C - 350
Amperage 300
Pipe type and grade 51JX and X -52

Outside diameter 8

Coupon etenclled

Original specimen
d Itn en ilons

Original sptclmen area

Maximum load

Tensile strength per
• quart Inoh or plate
area

Fraoture location

1

1

0.216
0.962

0.212

146OO

68900

base
metal

2

2

0.2 12
1.004

O.213

14800

69500

base
m eta!

Procedure
Welder

Qualifying test
Line test

Maximum Tensile 69500 Minimum tensile 68900
Remark* on tensile-strength tests
1. Fracture is in base metal 1.75 in center of weld.
2. Fracture is in base metal 2.5 in center of weld.
Remark on bend tests
1. Root bend, no defects.passed.
2. Root bend, no de»'ects,passed.
3. Face bend.no detects, passed.
4. Face bend.no defects, passed.
Remark!* on nick-break tests
1. No detects.
2. No defects.

Qualified m
Disqualified 0

Average tensile 68200

Figure 7: Example of the coupon test record for welding
procedure qualification.
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Custom designed screens are displayed to facilitate interaction with the user.
Nested windows containing successively linked menus that can be accessed
by the user appear to be the best interface. Simple indication of preference
using a mouse (or other pointing method) affords a clear interaction. Help
screens are also available to answer many of the possible questions of the
user.

Figure 5 shows an example of the output screens for the preparation of
butt - weld specimens. Figure 6 indicates the tests required for procedure
qualification of butt welds. When the side bend test was chosen, the test
method requirements have been shown in the screen. Once the program has
arrived at a conclusion, for example a coupon test record (CT) is displayed as
shown in figure 7.

Conclusions

In this work, the information required for welding qualification in accordance
to the API standard No. 1104 have been transformed into a set of Logic Flow
Charts (LFC's) and then into a computer software (APIWELD).

Either the completed documents of the LFC's or the software can be used on
its own as a substitute of the standard during the qualification process.
These are much simple than using the standard directly APIWELD can be
integrated with other computer programs and expanded to cover other areas
included in the API -1104.

APIWELD is an ideal training tool for less - skilled personnel involved in
welding qualification activities.
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ypical nuclear power plant auxiliary feed water system
is considered in this study. The system modeling is
constructed using a fault tree approach. The top event
unavailability state is chosen as a result of failure of only
two feed water lines to four steam generators. System
unavailability evaluation is obtained utilizing PSAPACK
code. The effects of component failure modes on the
system unavailability are investigated. The contribution
of human factor and dependent failures on system
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and diversity effects are stressed. Initiating event failure
probability models are established for different events.
Validity of the methodology are discussed. Results and
concluding remarks are presented.
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ABSTRACT

Typical Nuclear power Plant Auxiliary Feed Water System is considered for this

study. The s>stem modeling is constructed using a fault tree approach. The top event

unavailability state is chosen as a result of failure of only two feed water lines to the

four steam generator. System unavailability evaluation is obtained utilizing

PSAPACK code. The effects of component failure modes on the system unavailability

are investigated. The contribution of human factor and dependent failures on system

unavailability are highlighted. Components redundancy and diversity effects are

stressed. Initiating event failure probability models are established for different

events. Validity of the methodology is discussed. The result and concluding remarks

are presented.

I- INTRODUCTION

The central objective in nuclear power reactor design and operation is safe control and

containment of reactor fission products under both normal and abnormal conditions[l].

To achieve this objective a reactor core cooling system is utilized to keep the

integrity of fuel element by removing the fission heat generated in the fuel elements

and containing fission release within its boundary[2]. The main reactor feed water

system absorbers the heat from reactor core cooling system and produces steam

necessary for turbine operation via steam generator.
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An Engineering Safety Feature System "Auxiliary Feed Water System (AFWS)" is

required to maintain an adequate heat sink to dissipate reactor decay heat in the

following accident conditions to keep the reactor safety state to acceptable values.:

(l)a small pipe break, or transients involving loss of main feedwater flow,

(2)loss of net offsite power,

(3)main steam or feedwater line or valves break.

The AFWS operates over a time period sufficient to reduce the Reactor Coolant

System to temperature and pressure levels of operation of residual heat Removal

System. AFWS is also used during plant startup and shutdown, when the main

feedwater is not in service or only small feedwater flows is needed. The AFWS is

normally designed in accordance with ASME Code Section III, class 3 and Seismic

Category I structures requirements , they are protected against effects of natural

phenomena[3].

The Probabilistic Safety Assessment (PSA) technique has become a standard tool in

safety evaluation of nuclear power plants[4,5]. PSA provides insights into plant

design, performance and environmental impacts, it is a conceptual and mathematical

tool for deriving numerical estimates of risk for nuclear plants. PSA technique obtains

a measure of the system safety by determining the system unavailability value(6].

Fault tree is one of the best available analytical tools for calculating the system

unavailability^]. It helps in understanding how a system works and might fail, and to

identify critical system fault paths. The fundamental objective of fault tree is to find

the fault event combination with highest probability of occurrence "minimal cut sets".

II- SYSTEM DESCRIPTIONS

Upon loss of normal feed water, the reactor is tripped, and the decay and sensible heat

is transferred to the steam generator by the Reactor Coolant System via the reactor

coolant pumps or by natural circulation when the pumps are not available. Heat is
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removed from the steam generator via the main condensers or the main steam safety

and/or steam generator atmospheric relief valves.

Steam generator water inventory is maintained by water make-up from Feedwater

System Storage Tank. Make-up to the tank is provided by the demineralized water

make-up system. The AFWS system supplies feedwater to the steam generators to

remove sufficient heat to prevent the over-pressurization of the Reactor Coolant

System, and to allow for eventual system coldown.

The AFWS of the EDF 1300 Mwe Pressurized Water Reactor (PWR) new plant series

(Palual Unit) is considered for the present work[8]. Fig. 1 shows a simplified circuit

diagram of the system. It consists of two independent trains, TA and TB . Each train

allows auxiliary feedwater flow to feed two out of four steam generators(SGs) by a

motor-driven pump(MDP) and by a turbo-driven pump(TDP). Each driving turbine is

fed by steam spilled from the two corresponding steam generators. Availability of

only one steamline is sufficient to drive the turbine at the rated speed.

Among different initiating events that require AFWS intervention, retained occurrence

is a feediine break at the secondary circuit of one out of the four steam generators. The

AFWS mission to be accomplished in such a case is the start-up of the system on

demand and the delivery of a prescribed flow for 7.5 h, the time required by the

reactor to reach a different state. Success flow configuration is assumed to correspond

either to:

(a)the three safe steam generators, each fed at a rate of at least 50 t/h of water, or

(b)only two steam generators fed at a rate of 100 t/h.

AFWS is actuated automatically on loss of offsite power, low-level in any of the

steam generators or safety injection signals.
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I l l - S Y S T E M M O D E L I N G

Fault Tree approach is used for modeling AFWS unavailability state[9]. The top event

"undesired state of the system" is chosen as a failure of 3 out of four feedwater lines

to the four steam generator (it corresponds to success state of two feedwater lines at a

rate of 100 t/h). Using a detailed plant design information of the given system, a fault

tree is drawn to determine how the system would fail in terms of faults of its basic

constituents.

Faults postulated, were included consideration of failure modes of pipes, valves,

pumps and electric power. In addition to the component failure modes, human errors

which could result in "faulted" components were also considered. The fault tree is

then developed by working back through the AFWS from the headers, to the water

tank[io].

Fig. 2 shows the main derived fault tree. Fig. 3 shows the subtree of the steam

generator # 1 feed line. Fig. 4 illustrate the subtree of the steam generator # 2 feed

line. Similarly fig. 5 and 6 represent the subtrees of failure of the feedwater lines to

the steam generators # 3 and 4 respectively. Fig. 7 and 8 show the subtree of failure of

the steam lines to the two turbines in branch A and B separately.

The AFWS comprises the following main components: 20 check valves, self

operated; 4 check valves ,manual operated; 12 regulating gate valves, manual

operated; 14 regulating gate valves ,motor operated; 2 motor driven pumps; 2 turbine

driven pumps; and one main storage tank. All the valves are normally open except

valves # 22, 24, 19. Valve 19 opened when the turbine driven pump is demanded.

Valves 22 and 24 are opened when the bypass valves 21 and 25 are failed opened.

The fix well-defined boundary condition, and all other systems are assumed to be

functioning. All external causes, such as earthquake, external fires, are excluded from

the analysis.
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IV- RESULTS AND ANALYSES

The failure data is chosen from plant data, similar facility[ll] and IAEA data

base[12]. PSAPACK code is used for the unavailability calculations! 12,13]. Table 1

presents the minimal cutset(mcs) of the fault tree for turbine A subtree . The mean

unavailability of the turbine A subsystem is 0.073, the maximum cutset order used in

the calculation is 6 and the cutoff probability is "no limit". The obtained mcs are: 2 of

order one; 1 of order two ; 2 of order three; and 1 of order four.

Table 2 represents the result obtained for the mcs of failure of feedwater line to

steam generator^ l(fwsgl). The used maximum cutset order and the cutoff probability

in the calculations are 6 and 10E-11 respectively The number of the resulting mcs are

3 of order one; 42 of order two; and 2 of order three. The mean systerri(fwsgl)

unavailability is 0.004. Table 3 shows the importance components of the FWSG1

arranged according to the importance values.

Table 4 shows the fault tree results for the failure of the feed water line to the steam

generator#2(FWSG2). The controlling parameters for calculations (maximum mcs

order and the cutt-off probability ) are the same as for FWSG#1. The resulting mean

system unavailability, the mcs order and number are all the same as for FWSG#1.

This similarity exists because the two lines are fed by water from the same tank and

the water is circulated to each line via the same motor or turbine driven pump, further

more each line contains similar valves.

The results of the main fault tree"AFWS" is given in table 5. The controlling

parameters are the same as for the previous case. The average AFWS unavailability is

1.3E-5. Similar study established by Joint Research Center Reliability Benchmark

Exercise[8] gives a result of 7.OE-4 to 2.5E-2 unavailability dispersion range for the

same AFWS circuit. WASH 1400 fault tree study of PWR[10] state the result of the

unavailability(Q) of different circuit of AFWS with a small pipe break scenario as

follows: Qmedian 3.7E-5, Qlower 7.0E-6, Qupper 3.OE-4.
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The mcs of order one are 1; of order three are 88; of order four are 648. No mcs of

order two are found. The unavailability of the mcs of order one(tank) is lower than

some of mcs of order four( pumpa + pumpb + turbina + turbinb). Also there are mcs

of order three(no 728 table 5) have lower unavailability than some mcs of order four(

no 17 table 5).

The effects of dependent failure! 14], human error, and common cause failure mode[15]

on the overall main AFWS unavailability are calculated as follows:

1- AFWS unavailability increases to l . lE-3dueto dependent failure of both motor

pumps resulting from loss of offsite power with failure rate 1.0E-3.

2- AFWS unavailability increases to 0.0036 due to failure of the main tank during

maintenance resulting from human error of failure rate 1 .OE-4.

3- AFWS unavailability increases to 0.015 due to common cause failure of valves

v6a, vlOa, v6b, vlOb of failure rate 0.001.

Table 1 TURBINA FAULT TREE RESULTS"MCS"

Numb
1
2
3
4
5
6

Unavailability
7.192954 E - 2
7.196545 E - 4
4.096 E - 9
3.316 E-12
3.316 E-12
2.6845 E- 15

Component
turbina
v 19a
checkv23a
check v23a
checkv20a
v24a

Component

checkv20a
v22a
v24a
v25a

Component

v21a
v25a
v22a

component

v21a

Table 2 FEED WATER TO STEAM GEN. #1"FWSG1"
FAULT TREE RESULTS"MCS"

Numb
1
2
3
4
5
6
7
8
9-22

23
24-45

46
47

Unavailability
2.5 E - 3
8.01 E - 4
2.84 E - 4
9.08 E - 5
6.4 E - 5
6.4 E - 5
5.18 E - 5
2.5 E - 5
2.5 E - 5
1.01 E - 6
9.36 E - 7
5.18 E - 7
4.1 E - 9
1.43 E - 1 0
1.62 E - 11

Component
pumpa
pumpa
motora
motora
checkv2a
checkv1 a
valv5a
valv9a
pumpa
motora
tank
valv5a
chekv4a
pumpa
motora

Component
turbiha
turpumpa
turbina
turpumpa

turbina
pumpa
vl9a
valvlOa

vl9a
checkv8a
checkv23a
checkv23a

Component

checkv20a
checkv20a
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TABLE 3 THE IMPORTANCE COMPONENTS OF
FWSG1 SUBSYSTEM

number
1
2
3
4
5
6
7
8
9

component
tank
checkv2a
checkvla
checkv4a
valv3a
valv6a
valv5a
motora
pumpa

import, val.
2.518362e2
2.518204e2
2.518204e2
2.526948el
2.526929el
2.526483el
2.525357el
2.517518el
2.44262 lei

numb.
10
11
12
13
14
15
16
17
18

component
checkv8a
valv7a
val v 10a
valv9a
v!9a
turpumpa
turbina
checkv20a
checkv23a

import, val.
1.099992el
1.099984el
1.099800el
1.099336el
1.099336el
1.077055el
1.028122el
1.0006222
1.0006222

Table 4 FEED WATER TO STEAM GEN. #2"FWSG2"
FAULT TREE RESULTS'MCS"

number
1
2
3
4
5
6
7
8
9-22

23
24-45

46
47

Unavailability
2.5 E - 3
8.0) E - 4
2.84 E - 4
9.08 E - 5
6.4 E - 5
6.4 E - 5
5.18 E - 5
2.5 E - 5
2.5 E - 5
1.01 E - 6
9.36 E - 7
5.18 E - 7
4.1 E - 9
1.43 E- 10
1.62 E - 11

Component
pumpa
turpumpa
motora
turpumpa
checkvl2a
checkv11 a
valvl8a
pumpa
valv!5a
val v 10a

tank
valvl5a
chekvl4a
pumpa
motora

Component
turbina
puinpa
turbina
motora

turbina
vl9a
puinpa
motora

valvlSa
checkv17a
checkv23a
checkv23a

Component

checkv20a
checkv20a

number
1
2
3
4
5
6
7
8
9
10
17
21
26
95
212
722
728

TABLE
unavailability
3.77 E-6
1.21 E-6
1.21 E-6
9.36 E-7
7.11 E-7
4.28 E-7
3.86 E-7
2.27 E-7
2.27 E-7
1.60 E-7
1.30 E-7
9.64 E-8
5.12 E-8
6.93 E-9
9.65 E-JO
1.18E-11
1.I8E-11

: 5 . MAIN AFWS FAULT TREE
component
pumpa
pumpa
pumpa
tank
pumpa
motora
pumpa
pumpa
pumpa
chekvlb
valv5b
chekvla
chekvllb
chekv17a
chekv2a
chekvlb
chekv12a

component
pumpb
pumpb
turpumpa

motorb
pumpb
turpumpa
motorb
turpumpa
pumpa
pumpa
pumpb
pumpa
pumpb
pumpb
valv6a
valv6b

component
turbina
turpumpb
pumpb

turbina
turbina
pumpb
turpumpb
motorb
turbina
turbina
turbinb
turpumpa
turbina
vl9b
vI9a
vl9b

component
turbinb
turbina
turbinb

turbinb
turbinb
turpumpb
turbina
turbinb

turbinb

turbinb
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CONCLUSIONS

1-The obtained result shows a good agreement with other similar published studies.

2-The present AFWS has a low unavailability due to:-

(i) redundancy of feeding lines,

(ii)diversity of the types of pump driven force.

3-Attention is to be paid to the unavailability value of the minimal cutsets rather than

its order.

4-Human error has a high effect on the system unavailability, especially for

components of low minimal cutsets order.

5-Common cause failure and dependent failure have a high contribution on system

unavailability, for those systems with high number of identical components.

6-The overall system unavailability is highly dependent on component failure modes.

7-Maintenance, and periodic testing are main factor for increasing component

availability of standby systems
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In nuclear industry, heat exchanger plays an important.
role in the transfer of heat from reactor core, where heat
is generated, to the Ultimate Heat Sink UHS, and then is
dissipated.

The actual design of heat exchanger not only relies on
thermohydraulic considerations but also on economical
aspects and radiological safety considerations. For
optimal design of heat exchanger for a specific
application a compromise should be made for
determining the important factors affecting the design.

In this paper, an optimization model is presented for
shell and tube heat exchanger, which could be
considered as a tool for computer aided design. A case
study is presented to explore the present adopted
model.
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ABSTRACT

In the nuclear industry, heat exchanger plays an important role in the transfer of heat
from reactor core, where heat is generated, to the Ultimate Heat Sink (UHS), and then is
dissipated.

The actual design of heat exchanger for nuclear applications not only relied on
thermohydraulic considerations but also on economical aspects and radiological safety
considerations. For optimal design of heat exchanger for specific application a compromise
should be specified for determining the important factors affecting the design.

In this paper, an optimization model is presented for shell and tube heat exchanger,
which could be considered as a tool for comjvitet aided design, A case study is presented to
explore the present adopted model.

KEY WORDS
Heat Exchanger, Shell-and-Tube, Optimization, Design, Nuclear Safety.

A = area of heat transfer, in ,.
Bj = correction factor to account for friction due to sudden contraction, sudden expansion, and

reversal of flow direction, dimensionless.
B o = correction factor to account for friction due to reversal of flow direction, recrossing of

tubes, and variation in cross section, dimensionless.
C p = heat capacity, Kj./ kg °k prime refers to process fluid.

CA,, = installed cost of heat exchanger per unit of outside-tube heat-transfer area, L. E/in2

Cj = cost for supplying. N.m. to pump the fluid through the inside of the tubes, L. E/m2.
Co = cost for supplying I m. N.m.. to pump the fluid through the shell side of the exchanger, L.

E/N.m.
CT = total annual variable cost for heat exchanger and its operation, L. E. / year.
Cu = cost of utility fluid, L.E. /kg.
D = diameter or distance, m.
Dc = clearance between tubes to give smallest free area across shell axis, m.
E = power loss per unit of outside-tube heat-transfer area, N.m. / h.m2.
Fi = Fanning friction factor for isothermal flow, dimensionless.
r = special friction factor for shell-side flow, dimensionless.
F c = friction due to sudden contraction, N.m./ kg.
Fe = friction due to sudden enlargement, N.m./ kg.
FT = correction factor on logarithmic-mean At for counterflow to give mean At, dimensionless.
G = mass velocity inside tubes, kg/m2.
G, = shell-side mass velocity across tubes based on the minimum free area between baffles across

the shell axis, kg/h. m2.
h = film coefficient of heat transfer, w/m2.k.
Hy = hours of operation per year, h/year.
K = thermal conductivity, w/m.k.

KF = annual fixed charges including maintenance, expressed as a fraction of the initial cost for
the completely installed unit, dimensionless.

L = heated length of straight tube or length of heat-transfer surface, m.
nd = number of baffle spaces = number of baffles plus one, dimensionless.
n,, = number of tube passes, dimensionless.
Nc = number of clearances between tubes for flow of shell-side fluid across shell axis,

dimensioniess.

182



Nr

NT

N v

q
R

So
t

T
U
V
V'
w
V
X

xL
XT

Greek Symbols:
A

P

Subscripts
b
c
Co

d
f

L
m
"o

oa
W
u
1
2

number of rows of tubes across which shell fluid flows, dimensionless.
total number of tubes in exchanger - number of tubes per pass. np< dimensionless.
number of rows of tubes in a vertical tier, dimensionless.
rate of heat transfer, (w).
temperature ratio for evaluating FY- dimensionless.
combined resistance of tube wall and scaling or dirt factors, [w/m2.k].
temperature ratio for evaluation F r dimensionless;.
cross-sectional flow area inside tubes per pass, m2.
shell-side free-flow area across the shell axis, m2.
temperature, °c, subscript 1 refers to the entering temperature, and subscript 2 refers to the
leaving temperature.
temperature of second fluid in a heat exchanger, °c.
absolute temperature °K
overall coefficient of heat transfer, w/m2.k.
velocity, m/h.
velocity, m/s.
mass flowrate, kg/h.
total mass flowrate of process fluid, kg/h.
length of conduction path, m.
ratio of pitch parallel to flow to tube diameter.
ratio of pitch transverse to flow to tube diameter.

At designates temperature-difference driving force, °c; At,
designate pressure drop; Ap = -AP.
Lagrangian multiplier, dimensionless.
absolute viscosity, Kg/(h) (m).
density, kg/m3.
correction factor for nonisothermal flow, diminsionless.
dimensional factors for evaluation of E: and En.

bulk
convection
conduction
dirt or fouling
across film or at average film temperature.
inside pipe or tube, based on average bulk temperature.
liquid at average liquid temperature.
mean.
per tube
outside pipe or tube, based on average bulk temperature.
original
overall.
tube or pipe wall, based on temperature at wall surface.
utility
inlet
exit

= t'2 - 1 , ; Atj = t7, -1{, AP and Ap

INTRODUCTION

In nuclear reactors, the amount of reactor power generation is limited by thermal rather
than by nuclear considerations. The reactor core must be operated at such a power level, that
with the best available heat- removal system, the temperature of the fuel and cladding any
where in the core must not exceed safe limits. Otherwise, accidents leading to fuel element
meltdown could happen causing radiological releases. Thus., the optimum design of reactor
cooling system would result on extracting heat from the reactor core without exceeding the
design SAFE LIMITS [1]. Heat generated in reactor core is transferred to the Ultimate Heat
Sink (UHS) through Reactor Cooling System (RCS). Figure. (1) present (RCS) for Egypt
first Research Reactor and Figure (2) presents as Schematic Idealization of a PWR Power
Generating System.
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The coolant in the RCS of most nonpower reactors serves more functions than just
efficient removal of heat [2]. The coolant can act as a radiation shield for the reactor, In
many designs the reactor coolant also act as a core moderator and reflector. The reactor
coolant system design is based on selecting among inter dependent parameters, including
thermal power level, research capability, available fuel type, reactor core physics
requirements and radiation shielding, [2],[3] and [4]. The Design Bases of the features of
RCS is to respond to potential accidents or to mitigate the consequences of potential
accidents.

Nuclear Regulatory Body has a stringent requirements for Construction materials and
Fabrication specification of safety related components and coolant quality requirements
operation and shutdown conditions including PH and conductivity as a minimum for giving
construction permit and operation permit for nuclear installations.

The essential components in RCS are:- heat source (reactor core), heat sink (heat
exchanger), pumps, piping, valves, control and safety instrumentation interlocks and other
related subsystems. Thus, heat exchanger represents one of the essential components in RCS,
and the optimal design for nuclear application is an optimi7ation between functional
requirements of heat exchanger, nuclear safety reqitiiements in the design and total cost of
production per unit of production or per unit time.

Heat Exchangers are in so many sizes, types, configurations and flow arrangements
according to its application. However, it could be classified according to either transfer
process, number of fluids, surface compactness heat transfer mechanisms, constructions and
flow arrangements [5] and [6]. The shell and iube l icl exchange is the most coirunon of the
various type of heat transfer equipment use in inoustr,. if is desirable for high pressure
operations. Fur an optimum, safe and economic, design most favorable conditions should be
chosen. The optimum economic design occurs at the conditions where the total annual costs
of Heat exchanger is a minimum [7] and [&].

The reactor coolant flow and temperatures is specified a prior from reactor core
thermohydraulics. Thus, the flow of secondary coolant and temperatures are depending on
the design of heat exchanger. In general, increased flow velocity results in large coefficient
of heat transfer and consequently less heat transfer area and whence lower heat exchanger
costs for a given rate of heat transfer. On the other hand, the increased fluid velocity causes
an increased in pressure drop and greater pumping costs.

The optimum economic design occurs at the conditions where the total cost is a
minimum. Therefore, the basic problem is to minimize the sum of the variables for annual
costs for the heat exchanger and its operation and maintenance [9],[10]. Thus, the main
objective of this study is to devise a procedure for an economical and safe design for heat
exchanger suitable foe nuclear installations.

RADIATIOiN EFFECTS

In principle, the overall safety objective for nuclear reactor is to protect individual,
society and the environment by establishing and maintaining an effective defense against
radiological hazards.

The more detailed radiation protection objective in design is to ensure that the
operation and utilization of nuclear reactor and its associated systems are justified
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(justification principle) to ensure that during operational states of the reactor the radiation
exposure of site personnel and the public remains below limits prescribed by national
authorities and is kept as low as reasonably achievable (ALARA) (optimization principle).
Also to ensure mitigation of radiation exposure in case of accidents (Intervention principle,)
[2]and[12].

So, the optimum design of heat exchanger equipment for nuclear reactor utilization
should ensure radiation optimization principle (ALARA) Optimization Principle and
Intervention Principle. Heat Exchanger in reactor cooling system is one of the equipment
important to safety (safety related) for which dynamic qualification should be performed.
This qualification is performed considering general design criteria for nuclear installation
bases, combining effects of normal and accident conditions with the effects of natural
phenomena such as earthquake.

SHELL AND TUBE HEAT EXCHANGER
The shell and tube heat exchanger is the most common of the various types of heat

transfer equipment used in industry. Although it is not especially compact, however it is
robust and its shape makes it well suited to pressure operation, it is also versatile and it can
be designed to suit almost any application. Figure (3) presents a schematic diagram for Shell
and Tube heat exchanger.

OPTIMUM DESIGN OF HEAT EXCHANGERS

The optimum economic design of heat exchanger occurs at the condition where
the sum of the total annual costs for the exchanger and its operation is a minimum.

The variable annual costs of importance are the fixed charges on the equipment,
the cost for the utility fluid, and the power cost for pumping the fluids through the
exchanger. The total annual cost for optimization, Therefore, Can be represented by
the following equation:

C, = AoKfCAo+ wuHyCu + AoEiHyCi + A0E0HyC0 (1)
The heat transfer area Ao could be related to the flow rates and the temperature

changes by an overall heat balance, and the rate equation. Therefore Ao could be
t'epresented as a function of h,, ho, and, A t2 as shown by the following equation:

q UOAO Ao
KD,h, h.

( D. , i g ) (3)
Dh K J

( ,

Power loss inside and outside tubes for conditions of turbulent flow and shell,
side fluid flowing in a direction normal to the flow are developed as follows [7]

Power loss inside tubes

where<D, = 1.02(^)0."

A0 = Nt7iD0L
f - 0 0 4 6 _ 0.046 (For turbulent flow in tubes.).
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= cross-sectional flow area inside tubes per pass

Power loss inside tubes :

Combining Eqs. (A), (B), and (C),
The mass rate inside tubes in given by:

k,

G =

\x, ) { k,

?[ k,
0.023£, [CiA

Substitute the value of Oj in Eq. (5), then

(1.02X0.023) gtD.9,P V!'

An,

(5)

(6)

(7)

Power Loss outside Tubes
-APo = B.}J"N,G] ( 8 )

The power loss outside tubes can be calculated from the following equation.
Eo = - A . P . w . _ -

where:

i = bo DvG, (For turbulent flow across tubes,)
I J

(9)

Combining Eqs. (8)and (9), Then:

f
The shell-side mass velocity across tubes is give by.

Gs =

Combining Eqs. (10) and (11), Then :

Eo = .4 75 A JVJVc 2b,aD?F^

For staggered tubes:
ao = 0.33 b = 0.23 + on

(10)

(12)
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For tubes in line:
8,,= 0.26 b = 0-08 JC.

( X r - 1)0.43+ U3tXl

All the terms in the brackets are set by the design conditions or can be
approximated with good accuracy on the first trial. The value of Bj and Bo/nb are not
completely independent of the film coefficients, but they do not vary enough to be
critical. As s first approximation, Bj is usually close to 1, and Bo is often taken to be
equal to or slightly greater than the number of baffle passes nb. The value of the safety
factor Fs depends on the amount of bypassing and is often taken as 1.6 for design
estimates.

The ratio tyN^N, depends on the tubes layout and baffle, arrangement. For
rectangular tubes bundles and no baffles, this ratio is equal to 1.0. For other tubes
layouts and segmental baffles, the ratio is usually in the range of 0.6 to 1.2.

The power loss inside and outside tubes are then represented as:
E, = % h "
Eo - % h,475

o

where:

(13)
(14)

and,

= B.N,N<
. 2 , 317 I.9STh N,

Equation (1) can be expressed in terms of the variables At2,1^ and Ao as
CT = A ok fCA 0

3'5 ho4"75 H y C o+ A *f h H C 4- /
*\> * i "i y ^ i * Ko * i "o A xy >^o

by using lagrange multiplier method [8 and 9] then,
CT = A o K F C A o +

4.75 Hy

, l , ) , n

K )
(15)

optimum value of ho.
The following relationship between the optimum values of hj is obtained by taking the

partial derivative of Eq. (15) with respect to hj and then with respect to h0, setting the results
equal to zero, and eliminating Ao and X:

kD.

• = o

(16)
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optimum value of hf.
The optimum value of hj can be determined by setting the partial derivatives of Eq.

(15) with respect to Ao and with respect to hj, setting the results equal to zero and
eliminating Ao and X. This gives a result with hi,opt and ho.opt as the only unknowns, and
simultaneous solution with Eq. (16) yields Eq.(17), where h iopt is the only unknown.

]-KFCA0

optimum value of Uo:
A trial-and error can be used to obtain hiopt from Eq (17). Then, by Eqs. (2) and (16),

the value of Uoopt can be determined as:

optimum value of At2:
At2,Opt can be determined by setting the partial derivatives of Eq.( 15) with respect to

At2 and with respect to Ao equal to zero and eliminating X. The result can be combined with
Eqs. (3), (13) and (14) to give.

C^KfC^ + E^HJC, + E.^C.) " ['+ Ati- At2apJ I At, At^

Optimum value of A,,:
Since At2,opt and, therefore, Atm,op, are now known, Aoopt can be determined from Eq.

(3)

Optimum value of G and Gs:
Equations (6) and (11) give Gopt and Gsopt, respectively, in terms of h iopt and hoopt.

Optimum value of wu:
The flow rate of the utility fluid (wu) is set by the value of At2. Therefore, when At2,opt

is known, wuopt can be calculated from the Eq. [7]:
w^ = ' j? (20)

Optimum values of Sj and Nt. The optimum flow area inside the tubes per pass can be
calculated from the following equation:

5 mJHL (21)
I,opt fi

The optimum total number of tubes in the exchanger is

v (22)

Optimum value of L:
The optimum length per tube is set by the optimum heat-transfer area and the total

number or tubes. Thus, for a given tube diameter
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(23)

Optimum values of So, No and nb:
The following equation gives the optimum shell-side free-flow area across the shell

axis:-

5 = J i - (24)

The number of clearances Nc for flow between tubes across the shell axis is determined
by the number of tubes in the shell, the pitch of the tubes, and the arrangement of the tubes.
For the common case of a cylindrical shell and trans-verse clearances giving the minimum
free area, the following equations can be used to obtain an approximation of Ncopt

With square pitch and Nt greater than 25

AU=^K^p (25)

With equilateral triangular pitch and Nt greater than 20

(26)

(27)

0.907 )

The optimum number of baffle spaces can be estimated from the Eq. [7]:

Using the above methods a computer program for optimum design of heat exchanger is
developed (flow chart schematic 1).

CASE STUDY

The optimal design case study is given below for a heat exchange cooling gas by water:

1- Heat Exchanger specifications
cross flow steel shell- and tube with one pass.
waters as cooling agent passes on shell side.
Tubes outside diameter = 25 mm
Tubes inside diameter = 20 mm
Triangular pitch of
Staggered tube = 24 mm
Installation cost = 0.15 total cost
Annual fixed charge = 0.2 total cost
Cooling water cost (including pumping cost) = 0.50 L.E. / M3

Energy cost =25P.T/KWH.
Annual working hour = 7000 hr.

II: INPUT DATA:
Gas is to be cooled with water.

- Exit cooling water temperature = 43 °C.
- Average At over cooling-water film =0.1 total At
- Average At over air film = 0.8 total At
- Inlet air temperature = 66 °C.
- Exit air temperature =38°C.
- Gas mass flow = 2.5 kg / sec.

- Tube side fluid
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= 45 tube.

,

1

— i>
*

.26 m
8.000 L.E.
S3 w / m". K
!2 w / ' i i 2 . K

.2m2.

- Density =10.88 kg /m3.
- Specific heat = 1.04 kj/kg °k.

- shell side fluid
- Density =1000kg/m3 .
- Specific heat =4.18 kj/kg °k.

- General
- Correction factor to account for friction, sudden

contraction =1.2
- Na of clearance between tubes X n2 of rows / total no of

tubes = 1
- Clearance between tubes =0.61 E-2

III: Output Results :
- Number of Tubes
- Tube length
- Installed cost
- hi, opt.
- (Jo, opt.
- At2, opt.
- A0) opt.

SUMMARY AND CONCLUSIONS

1- An optima! design of heat Exchanger for nuclear installation based upon
Ihefiiiuhydrautic considerations, economical &:-.-r-i ols and radiological safety
considerations is piesented.

2- The presented design of shell and tube heat exchanger is optimized analytically.
3- A computer program: based upon the presented analytical optimization analysis is

developed for computer as a computer aided design package.
4- A case study for optimal design of shell and tubes heat exchanger based upon the

devised computer program is presented.
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Behavior of Chlorine During Treatment
of Cooling Water

M. F. Hamoda
Professor of Environmental Engineering Faculty of Engineering

and Petroleum, Kuwait University, P.O. Box 5969, Safat 13060, Kuwait

Irlicroorganisms such as bacteria, algae and fungi are often found
in cooling water systems. They enter a cooling system through the
makeup water supply or with the air passing through the cooling
tower. Continued accumulation and growth of microorganisms in a
cooling water system cause a number of operational and
environmental problems. Many heat exchangers were observed to
be fouled by microbial activity. This not only reduces the efficiency of
the cooling system operation, but adds substantially to the operating
cost of the industrial plant. Also microbiological growth cause other
direct problems, among them odors and environmental pollution.
Therefore, treatment of cooling water microbiocides is considered
essential for microbiological control of water quality.

This paper examines the microorganisms found in cooling water
systems, problems caused by microbial activity, and factors
affecting the selection of a microbiocide. It also presents the
experimental results obtained using chlorine as a microbiocide for
the treatment of fresh water and treated wastewater effluent used in
cooling systems and discusses the most important environmental
concerns.

Analysis of the obtained results indicates that chlorine is a very
effective mcrobiocide but the amount of chlorine required in an open
cooling water system varies depending upon a number of factors
such as temperature and pH of the water. The results also revealed
that decay of microorganisms during water chlorlnation follows a
first-order kinetic model. However, residual chlorine discharged with
cooling tower bleed off can continue to! react with some
contaminants in the receiving stream such as ammonia, nitrogen
and phenols posing environmental concerns, This calls for proper
control of chlorine dosages during the treatment of cooling water.
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ABSTRACT

Microorganisms such as bacteria, algae and fungi am often found in cooling water systems. They enter a
cooling system through the makeup water supply itself or be in (lie air passing through the cooling
lower. Continued accumulation ami growth of microorganisms in a cooling water system causes a
number of operational and environmental problems. Many heat ;;.;kaag;!s have bee;: fouled h«
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phenols posing environmental concerns ''"his - -f's for n-'oper :• i!!i(J of rliiorinc uosae.es during the
treatment of cooling watei.
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1. INTRODUCTION

The need to remove unwanted heat is a common occurrence in industrial manufacturing processes. Water
is the most commonly used medium for removing unwanted heat. As a result, large quantities of water
are used for industrial and institutional cooling purposes. Early plant cooling systems were of the once-
through type in which the water for cooling is used only once and then discharged. Currently prevailing
designs utilize recirculating cooling methods in open "evaporative" or closed systems which require
limited makeup water. It is anticipated that water consumption will continue to increase with industrial
growth. Cooling water systems designed to re-use water are therefore growing in popularity, a trend
which will continue. In addition, environmental regulations on the discharge of process materials and
heat to rivers, lakes, and seas may require the installation of pollution control equipment to limit their
discharge.

Microorganisms, which are found everywhere in nature, affect many industrial processes. Some
microorganisms are beneficial, while others, called pathogens, cause diseases. The nature of the
particular microorganism and industrial process will determine whether the relationship is beneficial or
destructive. The microorganisms which inhabit commercial or industrial cooling water systems can
adversely affect the efficiency of the operation either by metabolic waste products generated or deposits
created. An effective, well-designed water treatment program can reduce many of the problems incurred
[2], |4J. This discussion will focus on problems created by microbial infestations in cooling water
systems and the control procedures used to prevent them.
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2. IMPACT OF COOLING WATER MICROORGANISMS

Microorganisms enter a cooling system tlirough two main sources. They may be in the makeup water
supply itself or be in the air passing through the cooling tower. Such microorganisms include bacteria,
algae and fungi.

As an isolated single cell, a microorganism presents no problem to a water supply to be used for cooling
purposes. However, systems which store water may provide a potential environment for their
uninhibited growth. The cooling tower is an excellent example of a contained water system that provides
optimum conditions for microbial growth. Temperature and pH are usually within the ideal ranges, and
generally there is an abundance of nutrients required for their growth, organic matter, inorganic salts and
sunlight. Significance is often attached to the fact that microorganisms, like mineral salts, will
concentrate in open evaporative systems. This arithmetic increase is inconsequential, however, when
compared to the natural microbial logarithmic reproduction cycle [2]. Although mineral salts may
concentrate six times in a lower, it is conceivable that bacterial concentrations may increase by six
million times during an equal lime span.

Continued accumulation and growth of microorganisms in a cooling water system would result in some
changes of cooling water quality and lead to a number of problems. Typical characteristics of cooling
water makeup are shown in Table 1. Many microorganisms found in cooling water utilize hydrogen in
their metabolic processes, which often results in the cathodic depolarization of the corrosion reaction.
The release of hydrogen from the surface of a metal thereupon supplies means for continuation of the
corrosion reaction. Some microbial species present special corrosion problems, in addition to those
inherent in the basic nature of their actions. Examples are sulfate-reducing bacteria, sulfur-oxidizing
bacteria and nitrifying bacteria.

Table 1. Cooling water characteristics

ChemicalXonstituent ^Concentration (mg/1)

Total hardness (as CaCO3) 160
Calcium (as CaCO3) 120
Magnesium (as CaCC>3) 40
Total AJkalinity(as CaCO3> 100
Chlorides (as Cl) 50
Sulfate (as SO4) 40
Silica (as SiC>2) 25
pH 7.3*
Total Dissolved Solids 500
Langelier's Index^ -0.60*

*These values are not in mg/1.

Slime-encapsulating bacterial growth can become very adhesive causing deposit problems, especially
under heat transfer conditions. Iron bacteria produce ferric hydroxide deposits many times the size of the
bacteria themselves. Algae can plug the holes in the distribution deck of a cooling tower, resulting in a
serious loss in efficiency. The accumulation of biomatter on the internal sections of a cooling system
lead to physical problems in the system, culminating in loss of efficiency, heat L uisfer and production.
Microbiological growth in general may be a particularly troublesome foulant in the makeup water
supply. Deterioration of wood, the primary construction material used in cooling towers, may be caused
by biological and chemical attack which is linked to microorganisms.

3. CONTROL OF MICROBIAL CONTAMINATION

Microbiocides are used to inhibit microbial growth in cooling water. The selection of a microbiocide
involves several factors. First, it must be effective in inhibiting almost all microbial activity, as
determined by the proper laboratory screening procedures. Second, it must be economical in a treatment
program. This is often accomplished by combining a small amount of an expensive, but highly
effective, microbiocide with another less expensive one, resulting in broad spectrum control at reasonable
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costs. The use of oxidizing biocides (e.g. chlorine) is common in many cooling water applications.
However, their success is contingent on proper control of frequency of application and dosage level. If a
controlled feeding program is impractical, the use o f these biocides may be limited by the potential for
lumber deterioration. In this situation, the inicrobiocide choice would best be limited to non-oxidizers,
(e.g. chlorinated phenolics), which can provide effective control while leaving the wood unaffected.
Environmental discharge and disposal considerations constitute another factor which determines the
choice of microbiocides. Disposal problems caused by toxicity have limited the use of certain
microbiocides in many areas. Some microbiocides also have noxious or unpleasant odors. The
inicrobiocide chosen must be easily detoxified before cooling system bleedoff reaches receiving streams.

Microbiocides inhibit microorganisms in a variety of ways. Some alter the permeability of the cell
walls, thereby interfering with the vital life processes of the microbe. Heavy metals penetrate the cell
wall and enter the cytoplasm, destroying protein groups essential for life. Surfactants damage the cell by
reducing its permeability, disrupting the normal flow of nutrients into the cell and the discharge of its
wastes; this denaturizes the protein, causing the organism to die 12], [9]. Cationic surfactants, such as
the quaternary ammonium compounds, adsorb to the cell membrane, chemically reacting with the
negatively charged ions associated with the cell wall. Anionic surfactants reduce cell permeability and
eventually dissolve the entire membrane. Chlorinated phenolic compounds penetrate the cell wall
forming a colloidal sus|>ension with the cytoplasm. The colloidal suspension eventually precipitates
protein. Other such chemical agents as the organosulfer compounds inhibit enzyme-substrate metabolite
reactions. Oxidizing chemicals irreversibly oxidize protein groups, resulting in a loss of normal enzyme
activity, and subsequently the rapid death of the cell.

A number of factors will determine the choice between an oxidking and a non-oxidizing microbiocide.
The formulation chosen must be capable of broad range microbial control and the product of choice
should be that which works best, regardless of its inhibitory mechanism. The operating parameters of
the cooling water system will also affect the choice of a inicrobiocide. Temperature, pH and system
design are fundamental considerations in a decision involving oxidizing or non-oxidizing toxicants.
Temperature may affect microbiocides. Quaternary ammonium compounds are sensitive to high
temperatures, becoming less effective as temperature increases. The pH of the recirculating water is
extremely important to the efficacy of the formulation. Above pH 8.0, toxicants such as copper salts
precipitate, methylene bithiocyanate hydrolyzes, chlorophenols ionize to the less active salts, and
chlorine hydrolyzes to the less active hypochlorite ion [6]. On the other hand, some toxicants as organ-
sulfurs and quaternary ammonium compounds work best in an alkaline pH range. High levels of
hardness in cooling water can inhibit the effectiveness of quaternary ammonium compounds.

4. CHLORINATION OF COOLING WATER

Chlorine is the single most prevalent industrial microbiocide used today [9]. It is an oxidizing toxicant
that has long been used as a disinfectant for domestic water supplies. It is also the most effective of all
the halogens used in water disinfection since it is an excellent bactericide, algaecide and fungicide. A
number of factors determine the amount of chlorine required in an open cooling water system. These
include chlorine demand, contact time, pH and temperature of the water, the volume of water to be
treated and the amount of chlorine lost by aeration as the treated water passes over the cooling tower.

When chlorine gas encounters water, it hydrolyzes to form two acids, hypochlorous and hydrochloric
respectively.

C1 2+ H 2 O->HOC1 + HC1 (1)

hypochlorous acid will ionize according to this reversible reaction:

HOC1 -> H+ + OCl" (2)

The amount of hypochlorous acid, as opposed to hypochlorite ion, determines the biocidal efficacy.

Hypochlorous acid is an extremely powerful oxidizing agent. It easily diffuses through the cell walls of
microorganisms, and reacts with the cytoplasm to produce chemically stable nitrogen-chlorine bonds
with the cell proteins. Chlorine oxidizes the active sites on certain coenzyme sulfhydryl groups which
constitute intermediate steps in the production of adenosine triphosphate, which is essential to
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respiration. Hypochlorous acid is estimated to be twenty times more reactive (effective) as a
microbiocide than the hypochlorite ion [6], [7].

The pH of the cooling water is directly responsible for the extent of ionization of hypochlorous acid.
The acid state is favored by low pH. As shown in Figure 1, at pH 5.0, there will be very little
ionization. At pH 7.5 there will be approximately equal amounts of acid and hypochlorite ion. Chlorine
becomes ineffective as a microbiocide at pH 9.5 or greater, as a result of total ioniation. A pH range of
6.5-7.0 is considered practical for chlorine-based microbial control programs, since lower pH values
would increase system corrosion.
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Figure 1. Effect of pH value on form of free available chlorine in water

The newest cooling water treatment programs usually operate in an alkaline pH range. This is possible
because the newer, more sophisticated antifoulants are available for scale control and corrosion inhibitor
formulations have been developed which are effective over a wide pH range. As effective as alkaline
programs may be in controlling scale and corrosion, they can weaken a chlorine-based microbiological
control program.

There are a number of basic types of chlorinalion programs, among them prechlorination and
postchlorination, terms refer to the point at which the system is disinfected. In cooling water systems,
the most prevalent program is called "breakpoint" chlorination. Chlorine is dosed to the system initially
to satisfy the demand of the system and then to attain the desired free residual chlorine level.

"Chlorine demand" of the system refers to the amount of chlorine which will react with contaminants
before any chlorine is left unreacted. Organic matter, including algae and slime, tower lumber and
chemicals such as hydrogen sulfide, sulfur dioxide and certain nitrogen compounds, all exert a chlorine
demand which must first be satisfied if a suitable concentration of residual chlorine is subsequently to
exist in the water.

Since chlorine produces acids when added to water, there is a corresponding reduction in the alkalinity of
the water. For every ppm of chlorine gas added to the supply, 1.2 ppm of alkalinity is neutralized.
When chlorine reacts with iron or hydrogen sulfide, there is also reduction of alkalinity.

The amount of free residual chlorine required for proper control is a function of pH. Between pH 6.0 and
8.0, 0.2 ppm free residual chlorine will usually suffice. At pH 8.0 to 9.0, the residual must be raised to
0.4 ppm. Finally, at pH 9.0 to 10.0,0.8 ppm of available residual chlorine are required.

There are two basic chlorine feed systems. Dry gas chlorinators apply chlorine gas to the system
through suitable diffusers. Solution-feed chlorinators mix chlorine with water then discharge into the
system. Either design is available with manual or automatic operation. Gas chlorination equipment is
costly and generally requires a relatively large capital investment for many smaller plants. Chemical
usage costs also contribute to the cost of chlorine programs. High chlorine usage results from
recirculating waters contaminated by ammonia, phenol and organic matter [9].
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Chlorine in solution will eventually form chloride ions, which are relatively harmless. However,
residual chlorine discharged with the tower bleedoff can continue to react with such contaminants in the
receiving stream as ammonia nitrogen and phenols, to produce chloramines and chlorinated phenolics
which are toxic to fish.

Many plants have found it advantageous to chlorinate their recirculating systems at night, in an effort to
prolong their chlorine residuals since sunlight (ultraviolet light) breaks down chlorine. Because chlorine
is destroyed by sunlight and lost by aeration as it passes over the cooling tower, the feed is generally
downstream from the tower, just before the heat-exchange areas. Feed can be continuous or intermittent,
although the latter is usually preferred, since it gives control at more reasonable cost [2].

The cooling water system is exposed to a free residual for a certain period of time. Generally, free
residual chlorine levels are kept below one or two ppm lo reduce deterioration of cooling tower lumber.
Chlorine levels should be monitored at the end of the system; existence of a residual at that point assures
the presence of a residual throughout the system. Because the amount of chlorine added to the cooling
water system is directly proportional to the alkalinity reduction, many plants find it necessary to suspend
acid feed during chlorinaiion periods in order (o avoid low pH excursions.

5. EXPERIMENTAL RESULTS

From a practical slandpoin) the subject of (Jilorine dissipation vUI> tine is 01 great importance especially
in the case of cooling water chlorinatiou. An attempt was made in this study to investigate the kinetics
of chlorine dissipation in cooling waters which affect the presence of a chlorine residual throughout the
cooling system. For comparison, dechlorinated tap water with and without the addition of ammonia or
urea were studied in parallel with tertiary treated wastewater effluent under similar experimental
conditions at room temperature (20 ± 1°C). These tests were performed in order to simulate different

and treated wastewater effluents used in cooling systems.

The experiments were conducted using dechlorinated tap water so that chlorine concentrations of 1 mg I1

could be added to water of uniform composition. The treated effluent, ammonia or urea was added to the
dechlorinated tap water (on the basis of nitrogen concentration equivalent to 1 mg I1 chlorine) followed
by chlorine. The tertiary-treated effluent was obtained from Al-Ardhiya wastewater treatment plant in
Kuwait. Chlorination of these different waters was carried out and progressive disappearance of chlorine
was examined as shown in Figure 2. Chlorine measurements were conducted following the procedure
outline in Standard Methods [1].

Analysis of results obtained (Fig. 2) indicate that, for the conditions studied, chlorine dissipation can be
described by first-order Kinetics as follows:

dC-sr-KC (3)
dt

where, C is the total chlorine concentration (mg I 1 ) ; t is the elapsed time (min.); and K is the
dissipation rate constant (min1).
This equation can be rearranged by integration between definite limits to give:

l n _ J - = - K t or l o g ^ = -K'l (4)

where, Co and Q are the initial and progressive (after time t) total chlorine concentrations, respectively
t/-

(mg I"1); K' is the dissipation rate constant, base 10 (min"1) = z~rrr .

The straight-line plot of this relationship gives the value of K' as the slope of the line (Fig. 2) with high
correlation coefficients as shown in Table 2.
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Figure 2. Dissipation or residual chlorine in water

Various nitrogenous compound added showed different dissipation rates as found in Table 2, with the
highest rate obtained for chlorine alone. Progressive dissipation of chlorine in the treated effluent lies
somewhat between those of ammonia-containing and urea-containing waters. This may be explained as
follows. In the case of chlorine dissipation in the presence of ammonia it is thought that ammonia
would stabilize chlorine by forming chloramines which persist over a much longer period since they are
less reactive than free chlorine. In the case of urea, organic-chloramine compounds may be formed that
are much less reactive. It is conceded that, in the wastewater effluent containing both ammonia and
organic nitrogen, the ammonia-chloramines formed by ammonia would hydrolyze to form organic-
chloramine by reacting with organic nitrogen compounds.

Table 2 Chlorine dissipation rates

System
Water + Chlorine + Urea
Wastewater Effluent + Chlorine
Water + Chlorine + Ammonia
Water + Chlorine

Rate, K (min"1)
0.028
0.044
0.065
0.088

Correlation Coefficient
0.98
0.96
0.99
0.97

These results confirm that chlorine can react with various nitrogenous compounds virtually leaving no
free residual chlorine. In a natural environment, chlorine dissipation will usually be a function of the
available sunlight and some other environmental factors. Moreover, chlorine of polluted cooling water
may alter the character of the organic materials present. Chlorine can react and oxidize organics forming
stable chlorine-containing organic compounds some of which may have detrimental ecological and health
effects [3], [5], [8].
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Chlorine reacts with ammonia in water lo form chloramines as follows:

HOC1

HOC! + NH2CI -+ H2O + NH

HOC1 + NHC1,

H2O + NH2C1 (monochloramine)

(dichloramine)

(Irichloramine)

(5)

(6)

(7)

The chloramines formed depend on the pH of the water, the amount of ammonia available, and the
temperature. The fonnation of chloramines contributes to the combined chlorine residual. There is
widespread belief that chloramines are more harmful environmentally than chlorine itself. These
compounds do have toxicity but will not be effective until a pH of 9.5 or greater. Only hypochlorous
acid and hypochlorile ion can produce free residual chlorine. Most programs aim to have some free
chlorine as a ready disinfectant in the event of increased microbial activity [9].

Further experiments were carried out using dechlorinated tap water to which an ammonia concentration of
0.5 mg I 1 (as N) was added initially and successive chlorine dosages were applied while chlorine residual
was measured after 10 minutes contact at pH 7.3-7.5, room temperature (20 ± 1°C), and various chlorine
to aninonja-nitrogeri ratios. "Hie chlorine dosage-residual curves obtained are displayed in Figure 3.
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Figure 3 Chlorine dosage-residual curves for ammonia contaminated water

The results shown in Fig. 3 present a break point chlorination curve for the chlorination of a water
containing ammonia nitrogen to simulate cooling waters. If the ratio of chlorine to ammonia-nitrogen is
less than 5:1, monochlorainines will form. This is represented on the curve by the area labeled NH2CI.
If the ratio is greater than 5:1, dichloramines and nitrogen trichloride start to form and will continue until
the ratio reaches 10:1; this is shown by the area labeled NHCI2 and NCI3. During this reaction, there is
a decrease in the residual chlorine within the system. After this "breakpoint", any further addition of
chlorine results in a "free residual chlorine", a technical term which merely refers to that unreacted
chlorine in the system.

6. CONCLUSIONS

1. Chlorine is a very effective microbiocide for cooling water. Proper control of chlorine dosages
during the treatment of cooling water is necessary.



2. Dissipation of chlorine in cooling water follows a first-order kinetic model. The rate of
dissipation varies according to the nature of (he nitrogenous compounds present in the water.

3. Chlorine can react with nitrogenous compounds virtually leaving the cooling water with only a
combined residual chlorine which is less effective as a disinfectant.

4. Residual chlorine discharged with cooling tower bleed off would continue its reaction with
nitrogenous pollutants in the receiving stream forming chloramines.
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Corrosion and Fouling of Steam Power Stations
Condenser Tubes
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1 his paper presents the method used in selecting condenser
tube materials for a power plant. It also, discusses how a
combination of materials could be chosen without altering the
performance of such equipment. Brass, copper-nickel and
aluminum- brass alloys are taken as examples of the
construction materials. The counter measures practicized in
the power plant to prevent corrosion of such tube materials
including : ferrous ion dosing and cathodic protection are
thoroughly discussed. Protection against fouling and
lodgment of foreign bodies through chlorination, sponge ball
cleaning and modified screen systems are described. The
relation between corrosion rate and fouling factor is
investigated. Finally, the method of selection of tube materials
on the bases of cost and counter measure expenses is
presented.
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Corrosion and Fouling of Steam Power Stations
Condenser Tubes

A. AbdElAziz* andMohie M. Aly**
Egyptian Electricity, Authority ,Abu Qir,Egypt

**Atomic energy Authority ,Alexandria Branch, Egypt

Abstract:
This paper presents the method used in selecting condenser tube materials Tor a
power plant. It also, discusses how a combination of material could be chosen
without altering the performance of such equipment. Brass ,copper -nickel and
aluminum -brass alloys are taken as examples of the construction materials. The
counter measures practicized in the power plant to prevent corrosion of such tube
materials including :ferrous ion dosing and cathodic protection are thoroughly
discussed .Protection against fouling and lodgment of foreign bodies through
chlorination, sponge ball cleaning and modified screen systems are described .The
relation between corrosion rate and fouling factor is investigated .Finally ,the
method of selection of tube materials on 0«e b̂ sc.v of cost and counter measure
expenses is presented.

1-Introduction:

The failure rate of Al-brass condenser tubes have successfully been decreased
by injection of ferrous ion into the clean sea water. Mechanism of beneficial
effect of ferrous ion injection is explained by the enhanced formation of
protective film of ferric hydroxide which is especially useful to prevent malignant
impingement attack. However the leakage troubles by local erosion corrosion
due to lodgement of foreign bodies have not been solved by injection of ferrous
ion. In case of using polluted sea water as the case of ABU QIR Gulf, Al- bronze
tubes (Cu-8% Sn-1% Al-0.1 %Si) have been developed and the results in many
location in the world have been found to be satisfactory. If chlorination and
ferrous sulfate injection are becoming by time prohibited due to environmental
restrictions, one counter measure is to use titanium condenser tubes which is
excellent corrosion resisting material but expensive .Another conventional and
alternative tube material is the 10% , 30% copper-nickel alloy which was used
for units 2,3,4, and 5 in ABU QIR units.

To solve the corrosion problemes of such alloys ,some counter measures are
practicized including: Chlorination, Frrous sulfate injection ,Cathodic protection
,Sponge ball cleaning and modified screen system . Back wash system is applied
depending on the characteristics of alloy tubes and the condition of operation
expected.



2-Erosion Corrosion of Copper Alloy Tubes

2.1-Inlet attack

The surface shear stress is devloped on the inside surface of condenser tubes
by flowing sea water. The surface shear stress developed by turbulent flow is
given by Brasius, law ( '

Tmax = 0.03956 p U 2
m Re 0 2 5

where
Re = 3*103 to 105 Which is Ryanold No
u m = mean velocity in the tube
p = density in gm/cm
(Fig .1) shows the surface shear stress along the tube length. The stress at the
inlet portion is about two times as much as the one at another portion.lt is to be
noted that the increased shear stress in the inlet portion of condenser tube is the
main cause of inlet attack .The value of shear stress measured by EFIRD
showed that for Al-brass (i.e.ABU QUR Unit 1) is 192-200 dyne /Cm2 which is
the dominant value the shear stress at the inlet portion under the velocity of 2m /
sec without ferrous ion injection .The beneficial effect of ferrous ion injection on
the prevention of the inlet attack is shown on Table. 1

Table (1) effect of ferrous ion injection on the critical shear stress of aluminum
brass tube

Velocity
in tube
(Cm/sec)

1.0

2.0

3.0

3.8

Wall shear stress

position

inlet
non inlet
inlet
non inlet
inlet
non inlet

inlet

non inlet

*w

m 2 )
54.6
32.1
184
108
374

220

564

332

FeJ+ injection &errosion corrosion
(PPM)
none

o
0

x/A
o
X

o/A
X

o/A

0.01

o
0

o
o
o
0

0

o

0.03

0

0

o
o
o
o
o
0

0.05

0

0

o
o
o
0

0

0

O None of erosion corrosion.
A Moderate erosion corrosion.
x Severe erosion corrosion.

The shear stress was found to increase due to ferrous ion dosing to more than
560 dyne/cm2 by continuous dosing of 0.01-0.05 PPM of ferrous ion under
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chlorination condition . Injection of sulfate to chloride ratio 4:1( continuous
injection of sodium hypo chlorite of 2 PPM in the sea water).

Erosion corrosion is the increased electrochemical reaction followed by film
breakaway by some mechanical force .That is why inlet attack can perfectly be
prevented by cathodic protection.

Cathodic protective current supplied from the anode installed in the condenser
water box flows into the condenser tube and results in the cathodic polarization
E at the point x from inlet end .Figure 2 shows the distribution of potential
along the tube length .Prevention of inlet attack can be made by applying
suitable amount of cathodic current tubes to be protected .

where:
E is cathodic protection
Io is current in m.A/ one tube
R is Polarization resistance in ohm.cm"
p is resistivity of sea water
r is inside tube radius
( fig .2) is showing such potential distribution using equation 2

U-Local Erosion-Corrosion by Lodgment

Lodgement mean some foreign bodies such as mussels ,stones , sand and wood
blocks which lodge iu the condenser tubes .If this happens water will be
throttled at the portion of the blockage (lodgment),and increases the pressure
difference between up and down positions of the blockage, and this will create
abnormal flow of high velocity along the channel between the tube wall and the
lodgment .That increased velocity and the strong turbulence around the
blockage will produce increased surface shear stress against the tube wall which
tend to remove the protective film .Consequently local erosion corrosion occurs
around that portion of the lodgement.From hydrodynamic principle:
max. velocity Amax =(A / a) (3)

y = / AP« (4)
m J l/2p(/f/a)2+2C D/lp V ''

t „,„.'« 0.0395056 p U2
max *Re0 2 5 *CL •• (5)

where: A is flow area (Cross section area of the tube )in cm
a is flow area at the lodgement in cm2

AP . 2
o is pressure difference between inlet and outlet water box in dyne/cm

D inside diameter of the tube in cm
L is total length of the tube in cm
Cf is frictional factor f (Re) = 0.079 Re ° 25



C, is correction factor around the lodgement
taking ABU QIK tubes as an example L=l 5 m,tube outside diameter 25.4mm
and 1.25mm thickness and water velocity m 2m/sec ,Figure 3 was plotted
between the ratio (a/A)and the mean velocity Um and the max. velocity at Aroax

.at the lodgement . That the max velocity will never exceed 7.7 m/sec under the

above condition . Calculating the maximum shear stress Tm a x assuming A/a =
10> uma,i = 7-1 m/sec,Re = 50000, CL=2, it was found that Xmax = 2600 dyne/cm2

This calculation means that to avoid the sudden failure of condenser tubes by
local erosion corrosion due to foreign bodies ,the material of condenser tubes
shoud have a critical surface shear stress of more than 2600 dyne/cm

2.3-Sand Erosion

Experiments have shown that the effect of sand particles in the sea water on
the attack of the tubes can be classified into four different stages / to IV as shown
in (fig. 4 ). At stage 1, low content sand particles has no effect on the tube and so
it , has no erosion corrosion effect. At stage 11 rate of erosion corrosion increases
with the increase of sand content as break down of the protective film takes
place. At stage III , erosion corrosion continue at constant rate regardless of sand
content. At stage IV, rate of attack increases very severely with the increase of
sand content, and here attack is regarded as mechanical erosion. In most
practical cases the sand content is less than 1000 PPM and the size of sand
particle is in the range of 50 to 250fiin.So for (fig.4) stages l-III only appear in
the industry .One experimental data is shown in (fig.5) are the effect three mode
of sand content on the corrosion of aluminum brass tubes are shown .It also
shows that the injection of ferrous ion into sea water is very helpful to prevent
sand erosion caused by 40ppm of 50|am sand .It shows that the injection is
useless to prevent erosion in case of partical 250fxm .Tests on 1000 PPM of sand
particle (less than 30n.ni in diameter) showed no effect on sand erosion as given
in (fig.6).In units (2-5) of ABU QIR copper nickel was used and the resistance of
copper nickel alloys' ' ' ' ' to sand erosion showed that if this alloy is modified by
chromium or iron (Fe),it will have much better resistance to sand erosion if
compared with the conventional copper nickel as show in (fig.7)

3- Fouling of Condenser Tubes

The fouling of condenser tube often lead to appreciable reduction of heat
transfer and loss of vacuum in the condenser.Two different type of fouling are
known .Namelly corrosion fouling and biological fouling .Corrosion fouling
occurs on Cu- alloy tubes as a result of formation thick layer of corrosion
product . Rate of corrosion fouling increases with the increase of the corrosive
nature of sea water. The second type of fouling , is the biological one which
happens in clean sea water attacking algae, mussels, and barnacles in the
condenser tube.



Copper alloys have a toxic nature to marine organisms as compered to
titanium tubes .(Fig.8) shows the effect of the sea water velocity and sponge ball
cleaning on the biological fouling <8'9'l01213)

4- Control of Corrosion and Fouling in Copper Alloy
Tubes

The corrosion resistance of copper alloy tubes against sea water is dependent
upon the formation of protective film which is made by the mixture of corrosion
products of the alloy and the different suspended materials contained in sea
water. (Fig.9) shows the relationship between the corrosion rate, the fouling
factor (i.e. the reciprocal of heat transfer rate) and the amount of deposit on the
Al-brass tube surface in clean sea water.

The amount of deposit on the Al-brass tube surface hi clean sea water on the
tube inner surface shoud be controlled in the range of ?• to 4 nig/ens , which
could be achieved by the iiije;'),;:• uf letTOU- sisiiate (tr iarr^ase) and by sponge
ball cleaning (to decrease thickness). Polarization resistance, R (in ohm. Cm. ) as
defined by equation (2) and the heat transfer characteristic from the thermal
performance of the condenser are the useful indications of allowable minimum
and maximum limit of amount of deposit, and with these two, the surface
condition of the tubes could be monitored.

It is clear that the corrosion rate decreases and the fouling factor increases
with increasing the amount of deposit on the tube inner surface. (Fig. 10) and
(Fig. l i ) show two dosing plants for ferrous sulfate along with the necessary
equipments and connection. It is recommended that the ferrous sulfate solution
be injected into the sponge ball return line after the ball recirculation pump and
the ball collector and as near as possible to the ball injection points( S>1



Conclusion
• Sulphate injection is an important method for control corrosion erosion in

Al-brass alloy.
• Selection of material which have shear stress not less than 2500 dynelCm2

which is not effect by lodgment stress.
• The best material used to resist sand erosion is copper as shown by results of

EEA plants:
• Copper alloy is the best used to reduce biological fouling which is toxic

nature to Marine organisms.
• Point to control corrosion resistant are:

1- Cathodic protection
2- Chlorination
3- Ferrous sulphate injection
4- Sponge ball cleaning
5- Modified screen system
6- Backwash system
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Ferrous sulphate dosing plant ( FeSo4)

Circulating pump :10 mJ / hr .

dosing pump :max rate 437 or 921
l/hr forFe

max.rate 125 or 351 l/hr. for water

(Fig.10)

Ferrous sulphate dosing plant
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