
• J N'J 5

t
AECL-7165

ATOMIC ENERGY

OF CANADA UMITED

L'̂ NERGIE ATOMIQUE

DU CANADA LIMITED

AN OVERVIEW OF HEAT EXCHANGER TECHNOLOGY
IN THE CANADIAN NUCLEAR PROGRAM

Vue d'ensemble de la technologie des 6changeurs de chaleur
dans le programme nucllaire Canadian

L.N. CARLUCCI, D.G. DALRYMPLE, P.L. KO,
R. PATHANIA, M.J. PETTIGREW and D.A. SCOTT

Paper to be presented at the "Advancement in Heat Exchanger*" Seminar,
Dubravnik. Yugoslavia, 7-11 Sept 1981.

Chalk River Nuclear Laboratories Laboratoires nucle'aires de Chalk River

Chalk River. Ontario

June 1981 juin



ATOMIC ENERGY OF CANADA LIMITED

UN OVERVIEW OF HEAT EXCHANGER TECHNOLOGY
IN THE CANADIAN NUCLEAR PROGRAM

by

L.N. Carlucci, D.G. Dalrymple, P.L. Ko,
R. Pathania, M.J. Pettigrew and D.A. Scott

Reprint of paper to be presented at the "Advanaement in Heat
Exchangers" Seminary Dubrovnik, Yugoslavia, September 7-11,
1981. Permission to reprint the paper as an AECL report has
been granted by Hemisphere Publishing Corporation.

Chalk River Nuclear Laboratories
Chalk River, Ontario KOJ 1J0

1981 June

AECL-7165



L'ENERGIE ATOMIQUE DU CANADA, LIMITEE

Vue d'ensemble de la technologie des ëchangeurs de chaleur
dans le programme nucléaire canadien

par

L.N. Carlucci, D.G. Dalrymple, P.L. Ko,
R. Pathania, M.J. Pettigrew et D.A. Scott

Résume

Ce rapport donne une vue d'ensemble de la façon

canadienne d'aborder l'amélioration de la fiabilité et

de l'aptitude au service des échangeurs de chaleur

utilisés dans les centrales nucléaires et dans les usines

d'eau lourde. On décrit les travaux actuellement effectues

pour prédire les vibrations et le frottement. On décrit

également les analyses hydrauliques et les études faites

sur la corrosion. Enfin, on donne un aperçu des inspec-

tions effectuées en cours de service, du remplacement

des tubes in situ et du nettoyage chimique des produits

de corrosion.
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Atomic Energy of Canada Limited (AECL)
Chalk River Nuclear Laboratories
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1. INTRODUCTION

Heat transfer equipment such as steam generators, condensers and heat
exchangers are critical components of CANDIP nuclear power stations and heavy
water plants. The maintenance and repair of such components generally involve
costly station shutdowns because of lost production and, in some cases,
radiation exposure of maintenance personnel. Thus, there is a high incentive
to ensure the long-term integrity of these components. Further, in the event
of component failure, it is important to have available effective troubleshooting
and repair techniques. We are pursuing several research and development programs
designed to help achieve these goals.

Our vibration and fretting program is providing a more rational basis for
establishing tube support configurations which result in acceptable wear over
the life of a component. The thermal-hydraulic analysis work is proving useful
in optimizing steam generator performance as well as in pinpointing high
velocity (vibration-prone) and stagnation (corrosion-prone) regions. Our
corrosion research is concerned primarily with evaluating tube and tube-support
materials and specifying water chemistry to minimize corrosion, material
deposition and pitting on the shell side.

Detailed procedures have been developed for the effective maintenance and
repair of components. These include: in-service eddy current inspection of
tubes, in-situ tube replacement using a hydraulic expansion method, and
chemical cleaning of corrosion products.

1 CANDU - CANada Deuterium Uranium
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2. FLOW-INDUCED VIBRATION AND FRETTING-WEAR

Heat exchanger tubes may be vulnerable
to excessive flow-induced vibration. Vibra-
tion may cause tube failures due to fretting-
wear or fatigue. Such problems may be
avoided altogether by proper flow-induced
vibration analysis of heat exchangers at
the design stage [1], Fretting-wear
damage predictions are now becoming possible
to complement vibration response analyses.
Figure 1 outlines our approach in this area.
It consists of avoiding large vibration
amplitude due to excitation mechanisms
such as fluidelastic instability and
periodic wake shedding resonande while
making sure that low amplitude vibrations
due to other sources do not cause excessive
tube damage.
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2.1 Flow-Induced Vibration Mechanisms

Fig. 1 Vibration and Fretting
Program: Heat Exchanger and Steam
Generator Tubes

Fluidelastic instability, periodic wake shedding and random turbulence
excitation are the main flow-induced vibration excitation mechanisms in heat
exchanger tube bundles subjected to cross-flow [2]. Axial flow-induced vibra-
tion is normally not a problem in heat exchangers.

Fluidelastic. instabilities. Fluidelastic instabilities are possible when
the dynamic fluid forces are coupled to the relative motion between tubes.
Instability occurs when, during one vibration cycle, the energy absorbed from
the fluid exceeds the energy dissipated by damping. Fluidelastic instabilities
may be formulated in terms of dimensionless flow velocity Vy/f^d and dimension-
less mass or damping mS/pd2, in which: Vr is the reference gap velocity between
the tubes, £± the tube frequency, d the tube diameter, m the mass per unit
length, 6 the logarithmic"decrement of damping and p the fluid density [3].
These two dimensionless terms are related by an instability factor K which is
determined from experimental data. Many tests have been done on different tube
bundle configurations [2], The results show that for tube bundles in liquid
flow, the instability factor K is generally higher than 5 regardless of tube
diameter, pitch or configuration. To allow for a realistic safety margin, a
fluidelastic instability factor of 3.3 is recommended in vibration analyses of
heat exchangers.

Periodic wake shedding. Periodic wake shedding can generate periodic
forces in tube bundles. If tube natural frequencies coincide with periodic
wake shedding frequencies, resonance and large vibration amplitude may result.
Periodic wake shedding excitation is formulated in terms of a Strouhal number
S and a dynamic lift coefficient CL. S is defined as fs/dVr where fs is the
shedding frequency. S is generally between 0.34 and 0.67 for tube bundles in
liquid flow [2].

In practice, resonance may be avoided if the dimensioriless numbers f^d/Vr
for tube bundles are kept above unity. This allows adequate separation between
tube and wake shedding frequencies to prevent possible "locking-in" of the
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wake. In many cases where localized high flow velocities exist, avoiding
periodic wake shedding resonance altogether may lead to overly conservative
designs. Hence, it is often necessary to consider resonance when fid/Vr is
less than unity. Then the amplitude at resonance is calculated from the lift
coefficient. The lift coefficient based on the reference gap velocity Vr is
generally less than 0.07 rms [2], As a design guideline we recommend keeping
the resonance amplitude below 2% of the tube diameter. Below this level it is
unlikely that the tube motion would be sufficient to control and correlate
wake shedding along the tube.

Vibration response to flow turbulence excitation. Flow turbulence in a
tube bundle induces random excitation forces. These are formulated in terms of
the statistical parameters of the random pressure field acting on the surface
of the tubes. Knowing the random excitation, the vibration response may be
estimated from expressions such as those formulated in [3], The problem is to
obtain random excitation data. We have deduced some tentative information from
the vibration response of several tube bundles [2], It is difficult to specify
a maximum tolerable tube response as a design guideline. We have recommended
[3] 250 ym rms as an outside value with the suggestion that 100 ym rms would be
preferable. Clearly, the maximum tolerable tube response depends on the
l-esulting fretting-wear damage. Hence, the latter must be evaluated taking into
account materials, environment, etc. (see section 2.3).

2.2 Vibration Analysis

From a mechanical dynamics point of view, heat exchanger tubes are simply
multi-span beams clamped at the tubesheet and held at the baffle-supports with
varying degrees of constraint. The dynamics of multi-span tubes and the
formulation of vibration excitation mechanisms form the basis of a computer
code called "PIPEAU" which predicts the vibration response of heat exchanger
tubes [3]. The program first calculates the mode shapes and the natural fre-
quencies fj, then the vibration response and the critical velocities for
fluidelastic instabilities.

Recently we have reviewed the
operating performance of ten heat
exchangers from a fluidelastic
instability point of view with the
code PIPEAU [4]. Both failures
and satisfactory performances were
considered. The results are pre-
sented in terms of dimensionless
parameters in Figure 2. All tube
failures occurred for values of
fluidelastic instability constant
K larger than 4.4. Thus our
recommended guideline of K = 3.3
appears realistic in practice as
it gives a reasonable safety mar-
gin. Vibration excitation mech-
anisms other than fluidelastic
instability could also explain some
of the above failures. However, it
shows that a simple vibration
analysis could prevent many
problems.
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Fig. 2 Non-Dimensional Presentation of
Fluidelastic Instability Data
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2.3 Fretting-Wear

Unfortunately, flow-induced vibrations cannot be eliminated altogether;
tube vibration due to random turbulence excitation always exists. The question
is: "How much vibration is tolerable without excessive fretting-wear damage?".
The prediction of fretting-wear damage is therefore necessary.

Tube fretting is a result of the tube impacting and rubbing on tube supports
or with adjacent tubes. Tube fretting studies have been underway at the Chalk
River Nuclear Laboratories for nearly ten years. Our objective is to translate
the results of vibration analyses into wear damage prediction. Earlier studies
showed that fretting damage correlates well with the impact forces resulting
from the dynamic interaction between tubes and tube-supports. These impact
forces, therefore, appear to be a useful parameter linking vibration response
and fretting-wear. Thus, our ̂ fretting program may be divided into three parts:
(1) analytical techniques to predict the dynamic interaction between tube and
tube support, (2) basic fretting-wear mechanisms, and (3) correlation of tube
fretting-wear to tube motion and other parameters.

Tube-support impact force predictions. Support impact forces can be
measured during fretting tests. In steam generators and heat exchangers, how-
ever, analytical techniques are needed to estimate these forces from flow and
vibration information. An analytical model in the form of a computer code
called VIBIC has been developed for this purpose [5]. This model considers
non-linearities due to clearances between tubes and tube-supports. The model is
essentially a time-domain numerical simulation of the dynamics of heat exchanger
tube-to-support interactions.

The above analytical model was validated against impact force measurements
from an experimental apparatus simulating a multi-span heat exchanger tube. The
agreement between predictions and measurements was good [6].

Fundamental experiments. Our fretting-wear test rig consists essentially
of a cantilevered tube and a tube-support specimen. Excitation is provided by
a vibration generator consisting of two stepping motors rotating two eccentric
masses in opposite directions. Some test rigs are enclosed in autoclaves for
operation at high temperatures under controlled environments. Others are open
to atmosphere for operation at room temperature;. We have conducted a large
number of fretting-wear .tests using the room temperature rigs to investigate
different tube and tube-support materials with various motion parameters. The
results have provided some insight into
fretting mechanisms, as discussed in [7,8].
It is often necessary to know the fretting-
wear behaviour under realistic operating
conditions to make valid fretting-damage
predictions. We now have seven high
pressure autoclaves in operation for
such tests. Figure 3 shows a picture of
six of these. The effects of temperature,
oxygen content, pH, chemistry control
additives on fretting-wear rate are being
studied. The tests are done for differ-
ent tube and tube-support material com-
binations, tube-to-support clearances,
tube-support geometries, impact force
levels, etc. Both short- and long-term

tests are underway. _. „_,..., „., , „
Fig. J Typical High Pressure
Autoclaves
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Wear correlation. It has been shown
[7] that for short duration tests where
the tube/support clearance does not
change significantly during the tests,
the wear rate increases fairly linearly
with support impact forces. However,
when tube/support clearance and other
parameters such as tube motion start to
change, the rms impact force alone is not
sufficient to correlate accurately the
wear rate. For these situations, a
correlation involving all these para-
meters as well as a detailed analysis
of the force signal is needed. Much of
our recent efforts have been directed
to determine the interrelationship of
these various parameters. Both the
support impact forces and the surface
profile of worn areas are analysed
statistically.

Fig. 4 Large Circular Traces: Cross-
Sectional View of Worn Tube Specimens,
Inside Oscilloscope Traces: Fy - Fx

Plots of Measured Impact Forces

Figure A illustrates this approach. The figure shows wear patterns pro-
duced by four ratios of the excitation force components'fy and fx. The pattern
of wear depth around the tube circumference is established by taking multiple
longitudinal surface profiles of the worn tube. The corresponding oscilloscope
trace of a Fy - Fx plot of filtered support impact forces that produced the worn
tube are superimposed on the same plot. It is interesting to note that the
depth of wear along the tube circumference varies according to the shape des-
cribed by the two orthogonal impact force components. When the tube motion is
almost unidirectional, wear occurs only along two opposite sectors, and the
wear depth is much less than those shown in Figures 4(a) and 4(b) although the
magnitude of the larger impact force component (i.e., Fy) is about the same in
all four cases. Statistical analysis of the force signals indicates high wear
is not caused by some high force components that have a low probability of
occurrence. Rather, it is primarily influenced by the high probability density
of some intermediate force components.

2.4 Summary

Large vibration amplitudes due to fluidelastic instability or periodic
wake shedding resonance can be avoided by a thorough vibration analysis at the
design state. Fretting damage due to tube vibration response to random tur-
bulence excitation can be estimated. This requires predicting the dynamic
interaction between tube and support. The latter is correlated with fretting-
wear damage using experimental data.
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3.1 Background

Steam generators are the most important heat
exchangers in a CANDU nuclear power station. A
typical CANDU unit (Figure 5) contains thousands
of tubes which provide the interface between the
reactor heavy water primary side and the light
water secondary side. It is imperative to main-
tain the long-term integrity of these tubes. At
the same time, the thermal-hydraulic performance
of the steam generator should be optimized so that
unit costs and heavy water inventory can be
minimized.

To help meet the above objectives, we have
developed the THIRST1 computer code [9,10].
THIRST models the three-dimensional steady-state
thermal and hydraulic characteristics of a re-
circulating steam generator. Specifically, the
code calculates: flow, pressure and enthalpy
distributions for both shell and tube sides;
local tube wall temperatures, heat flux and
mixture density; and global parameters such as
recirculating ratio (downcomer flow/steam flow)
and overall heat transfer rate.
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Fig. 5 Typical CANDU Steam
Generator

3.2 Governing Equations and Code Statistics

THIRST employs a "mixture" or "homogeneous flow" model to solve five
secondary side conservative equations of momentum, mass and energy and one
primary side energy equation. The presence of tubes, tube-supports and other
obstacles in the modelled reg- ̂ are accounted for by using porous media con-
cepts first applied to heat exchange equipment by Patankar and Spalding [11].
The conservation equations are converted to finite difference analogues and
solved iteratively using the tri-diagonal matrix algorithm.

At present the code can handle about 5,000 grid nodes requiring 300,000
octal words of core. The number of iterations required to attain convergence
depends largely on the complexity of the design and the operating conditions.
Satisfactory convergence has been attained with as few as 30 iterations. When
the full grid complement is used, each iteration takes about 6 cpu seconds on
a CDC CYBER 170 Model 175 computer.

Typical plots of predicted velocity and quality distributions are shown in
Figures 6(a) and 6(b), respectively. These distributions correspond to the steam
generator design illustrated in Figure 5.

3.3 Features and Application

A prime consideration in developing the code was to provide designers with
a tool which would realistically model many of the complex geometric features
of a steam generator without extensive user manipulation. This led to several

1 THIRST - Thermal Hydraulrcs Jji ̂ circulating j>Team Generators
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sub-program packages, each
designed to treat a particular
region of a steam generator.
As a result, predictions of
flow and enthalpy in the U-bend,
tube-free areas and the econo-
mizer are considered much more
plausible.

The code contains other
features which result in im-
proved convergence and greater
accuracy. These include: ex-
tension of the modelled region
to include the downcomer, cal-
culation of the recirculation
ratio, expression of primary
and secondary fluid properties
as functions of local temper-
ature and pressure, and use
of "wedge" and "ring" block
adjustments-*- to enforce con-
tinuity.
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Fig. 6 (a) Flow Velocity Vectors, (b)
Quality Contours

Steam

Most of these features were developed as the code was being applied to
different designs. To date, THIRST has been used to analyse 11 designs in-
cluding several used in American pressurized water reactors [12-14]. These
designs reflect a wide range of geometric features and operating conditions,
for example: single and divided (hot and cold leg) downcomers, one- and two-
level downcomer window entries, cross-flow and parallel flow preheaters,
spherical and square-elliptic U-bends, triangular and square pitch tube layouts,
thermal ratings of 140 MW to 1900 MW, secondary side pressures of 4.0 MPa to
7.5 MPa.

3.4 Current and Future Developments

A user's manual which fully documents the THIRST code has been written
recently [10] and no further development work is anticipated with the present
version of the code. Currently, there are two major projects underway:
development of a multi-dimensional two-fluid model and modelling of moderator
fluid circulation in a CANDU calandria vessel.

Preliminary work done with the two-fluid model indicates existing solution
methods for multi-dimensional flows do not guarantee strict mass conservation
of each fluid [15]. A new method has been suggested which yields better indi-
vidual conservation of the two fluids. The method is being applied to describe
the flow of two-phase air and water in a large radius elbow. If the scheme
proves successful, it will provide the basis for a two-fluid model for steam
generators.

Other codes enforce continuity over horizontal planes or slabs. In THIRST
the horizontal planes are subdivided into wedge or ring elements on alter-
nate iterations, hence the type of adjustment is more local. It has been
found to be extremely effective in accelerating convergence in the lower
part of the steam generator where the economizer flow on the cold side is
independent of the hot-side flow.
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The numerical scheme used in the THIRST code
has been applied to model the single-phase flow
and temperature distribution of the heavy water
moderator in a CANDU reactor calandria vessel
(Figure 7). This is a complex flow situation
involving jetting and strong buoyancy effects.
The k-e turbulence model has been applied to
effectively model the jet entrainment process.
Code predictions of the flow field for the iso-
therm case are in excellent agreement with
measurements taken in a full scale mock-up.

It is planned to use the THIRST numerical
scheme to model the flow and heat transfer char-
acteristics of a range of process heat ex-
changers. The experience gained in modelling
complex steam generator geometries and turbu-
lence phenomena will provide a useful starting
point.

OUTLET

Fig. 7 Cross-Sectional View of
CANDU Reactor Calandria Vessel

4. CORROSION AND WATER CHEMISTRY

Since 1971, AECL has conducted surveys of world experience with steam
generator tube fa i lu res in water-cooled nuclear power reac tors [16,17], These
surveys show that approximately 90% of tube defects have been caused by cor-
rosion at the secondary side [17] . Corrosion occurred in the form of s t r e s s
corrosion cracking (SCC), phosphate wastage and denting (cons t r ic t ion of tubes
by growth of oxide on tube-support p l a t e s ) . Corrosion was observed in regions
of low flow in steam generators ( e . g . , in tube-to-tubesheet c rev ices , within
the sludge above the tubesheet and in tube-to-tube support p l a t e c rev ices ) .
Impurit ies can concentrate by several orders of magnitude in such crevices and
the concentrated solut ions a t tack the steam generator ma te r i a l s .

CANDU steam generator service experience and design data have been d i s -
cussed in previous reports [18,19] . The excel lent performance of CANDU steam
generator tubes i s evident from the table below. The tube defect r a t e (percen-
tage of tube defects) in CANDU steam generators i s about 1% of that in other
types of r eac to r s . Design factors such as high r ec i r cu la t ion r a t i o s and well
flushed tube to tube-support p l a t e crevices have contr ibuted to the exce l len t
r e l i a b i l i t y of CANDU steam generators . The object ive of our research programs
in corrosion and water chemistry i s to minimize corrosion and deposit ion pro-
blems in present and future designs of steam generators .

STEAM GENERATOR TUBE PERFORMANCE [17]
( t o 1979 December 31)

Type of
Reactor

CANDU

PWR & BWR1

N o . o f
Reactors

12

81. 1

No. of
Tubes

300,599

,014,374

No
Tube

20

. of
Defects

61

,504

1 PWR - pressurized Water jteactor
BWR - Boiling Water Reactor

% of. Tubes
with Defects

0.02

2.0
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4.1 Corrosion

Stress corrosion cracking, caused by locally high concentrations of free
hydroxides, is an important tube failure mechanism. A comprehensive study of
SCC behaviour of steam generator tube materials (Incoloy-800, Inconel-600,
Monel-400) in concentrated sodium hydroxide at 300°C was carried out [20]. This
shower", that applied stress and sodium hydroxides concentration had a significant
effect on SCC. The ranges of stress and concentration where cracking could
occur were defined. SCC of Inconel-600 occurred at concentrations _> 10 g NaOH/kg
H2O. SCC of Incoloy-800 and Monel-400 was observed in solutions containing
>_ 40 g NaOH/kg H2O.

Condenser leaks can introduce potentially corrosive cooling water into steam
generators. The effect cf leakage of sea water and river water on the corrosion
of steam generator materials was studied under heat transfer and isothermal
conditions [21]. Sea water ingress caused rapid corrosion of carbon steel in
heated crevices, whereas leakage of river water resulted in negligible corrosion.
Shallow pits were observed on Incoloy-800 and Inconel-600 tubes; however, these
pits did not propagate significantly with time. Corrosion tests were also
carried out to evaluate the use of sodium phosphate as a denting inhibitor dur-
ing leakage of sea water into a steam generator [22]. These tests, at a heat flux
of 34.2 kW/m2s showed that denting under carbon steel crevices could be pro-
duced by addition of sea water (30 mg Cl/kg H2O) and suppressed by addition of
sodium phosphate (0.3 mg PO^/kg H2O). No denting occurred under sleeves of 304
stainless steel or Inconel-600. There was no significant corrosion of Incoloy-
800 tubes in these tests. Concentration factors* in the crevices were estimated
to range from 4000 - 7000. Further tests are in progress at higher heat fluxes.

4.2 Chemistry

A model has been developed to predict the effect of leakage of various
condenser cooling waters on steam generator chemistry {23,24]. This model shows
that ingress of sea water produces acidic chloride solutions in heated crevices
whereas leakage of river or lake water leads to alkaline chloride solutions.
Some predictions of this model have been verified by model boiler tests.
Experiments are in progress to refine the model.

A radiotracer technique was used to study the concentration factors which
can be attained within heated crevices of various designs [25]. These tests
were carried out at approximately 100°C and ambient pressures. Concentration
factors in broached tube to tube-support plate crevices were found to be signi-
ficantly lower than those in cylindrical crevices. When the crevices were
packed with stainless steel wire gauze to simulate magnetite deposits, the con-
centration factors increased in both types of crevices. Further experiments at
temperatures and pressures similar to those in steam generators are planned.

5. IN-SERVICE INSPECTION

5.1 Historical Review

Eddy current testing is the widely accepted non-destructive test method for
large-scale in-service inspection of heat exchanger tubes. It has advanced
rapidly in the past decade as a result of applied research and development

1 Concentration factor - concentration relative to the bulk value.
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throughout the world, largely to meet the needs of the nuclear industry. Our
involvement in eddy current testing of heat exchanger tubes began in 1969. The
first in-service inspection of a CANDU steam generator was done in Pickering
NGS1 in 1974. The use of eddy current testing has grown rapi'dly in Canada since
then, consistent with the growth of the Canadian nuclear industry and catalyzed
by continuing applied research and development by AECL and Ontario Hydro.
Advanced level training courses developed by AECL [26] will permit the Canadian
non-destructive testing industry to continue to meet the needs of Canadian
utilities for credible, cost-effective heat exchanger inspection in both nuclear
and fossil-fired plants. In addition, continuing growth in demand for in-service
heat exchanger inspection outside the electrical generating industry is antici-
pated. National certification of advanced level eddy current inspection per-
sonnel is in hand and hopefully will be in place by 1982.

5.2 Canadian Practice

Since eddy current testing of heat exchangers in Canada to date has been
strongly influenced by AECL and Ontario Hydro, a high degree of consistency
exists in Canadian industrial practice. Thus, most heat exchanger inspection
is done with single frequency excitation, using absolute probes [27,28].

Absolute probes are generally preferred over differential2 probes because;
1) gradual variations in tube wall thickness can be detected, and 2) signal
analysis is simpler [28]. For most heat exchanger tube inspection, single-
frequency excitation is believed to provide more cost-effective inspection than
multri-frequency excitation; however, selective re-inspection at different fre-
quencies is encouraged to aid signal analysis [29]. The optimum frequency for
heat exchanger tube inspection with absolute probes, fgg, is that at which the
signals due to fill factor (i.e., lift-off) and external defects are separated
about 90° on the impedance plane display. For non-ferromagnetic or magnetically
saturated tubes, fag = 3000 p/t2 (Hz) where p is the tube resistivity (microhm-
cm) and t is the tube wall thickness (mm) [26].

Since many heat exchangers in Pickering NGS have tubes of Monel-400 (which
is slightly ferromagnetic at shutdown temperature) considerable development of
magnetic saturation probes has been done [27]. These probes are now manufactured
by Andec Limited, Toronto, under license from AECL.

Specially designed surface (pancake) probes are used for some detailed
investigations [30]. These are useful for detecting circumferential cracks, for
inspecting in the vicinity of a change in tube diameter, and as a complement to
bobbin (i.e., circumferential) coil testing for signal analysis. An ultrasonic
technique to complement eddy current testing of heat exchanger tubes was recent-
ly investigated [31], mainly for use within the tubesheet where magnetic effects
predominate and eddy current inspection is not feasible.

1 NGS - tJuclear Generating Station

2 Eddy current probes usually have two coils connected in a bridge circuit for
temperature compensation. In a differential probe both coils are active and a
signal is generated by each as the probe passes a defect. In an absolute probe
only one of the coils is active and only one signal is generated in response
to a defect.
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•The principal constraints imposed on nuclear heat exchanger design by eddy
current inspection considerations are: 1) tube materials should be non-magnetic
or weakly magnetic, and 2) tube support plates or baffle materials should be
ferromagnetic (to facilitate measurement Df fretting wear), and 3) tube quality
should be good to avoid false indications. The only other constraint pertains
to access — including U-bend radius, tubt; ovality at U-bends, and tube-end
constriction at seal welds.

5.4 Automated Inspection

The cost-effectiveness of heat exchanger tube inspection has been limited
significantly by lack of an effective, commercially available probe drive. The
main problem is the probe drive cable which has to be up to 30 m long, and meet
conflicting requirements such as: 1) be sufficiently flexible to negotiate
U-bends, 2) exert up to 40 kg force in tension and compression, 3) have suffic-
ient axial stiffness to permit probe position to be monitored within + 5 cm by
encoders at the drive unit, and 4) have a reliable operating life corresponding
to uninterrupted inspection of at least 1000 tubes. The probe drive unit itself
should have a minimum maintenance-free operating capability corresponding to
3000 tubes, and be capable of driving probes in either direction at constant,
reproducible speeds of up to 50 cm/s.

Probe drive problems were one of the major obstacles encountered in develop-
ing of the CANSCAN automated in-service inspection system for the Pickering
steam generators [32], Here the design objective was to test the 2600 U-tubes
(Monel-400, 20 m average length) in a steam generator, in 48 hours. This led to
a simultaneous twin-drive approach with microprocessor control of probe indexing
and probe drive, and computer control of event identification, data reduction,
storage and display. Preliminary analysis of inspection data is done in real
time (i.e., one tube/min) by an analyst seated at the display console in the
mobile inspection centre outside reactor containment.

Laboratory demonstrations indicated the design objective had been achieved
when the system was delivered to Ontario Hydro in 1980 March. At time of
writing (1981 March)•the first application of the system to inspect an in-service
steam generator was scheduled for 1981 April.

Following delivery of CANSCAN, a semi-
automated system for more general application
in in-service inspection of heat exchangers was
developed at Chalk River Nuclear Laboratories
[33]. The system includes a recently developed
probe drive system with microprocessor control,
and 'separated feature' display of the imped-
ance plane signal derived from the eddy cur-
rent instrument. A3 illustrated in Figure 8,
eddy current data for each tube is displayed
as a series of discrete impedance plane plots. '
Each includes the signal representing one
baffle plate spacing. The signal display is
indexed by the display controller on the basis
of encoder indication of probe position. A
prototype semi-automated system was used in
1980 November for in-service inspection of a
Glace Bay Heavy Water Plant process heat
exchanger.

Fig. 8 Typical Impedance Plane
Oscilloscope Traces
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5.5 Current Research and Development Programs

The Canadian strategy for in-service heat exchanger inspection has put first
priority on developing a strong basic capability in eddy current testing. This
has essentially been achieved. Current programs include ongoing development of
automated inspection systems, and applied research in: 1) automated signal
analysis, 2) inspection of more strongly magnetic materials, 3) inspection of
tubes manufactured by a pilgering process.

6. TUBE-TO-TUBESHEET EXPANSION TECHNIQUES

Several methods exist for expanding tubes into the tubesheets of steam gener-
ators and heat exchangers. Any of these techniques result in residual stresses in
the tube wall after expansion. If the stresses are tensile and high enough in
magnitude, the tube becomes susceptible to stress corrosion cracking. Thus, to
ensure the long-term integrity of the tubes it is important to keep these stresses
at tolerable levels. To achieve this, some manufacturers routinely subject the
component to a heat treatment process at the manufacturing stage. In situations,
such as in-situ re-build or repair, it is impractical and often impossible to
carry out a thermal stress relief operation. For these cases, it i.3 desirable to
produce tube-to-tubesheet joints with low residual stresses. The hydraulic ex-
pansion technique is Considered by many to be a promising approach. Because the
method is relatively new, however, little is known about the magnitude or distri-
butions of the stresses produced. Accordingly, an extensive experimental and
theoretical program was undertaken to quantify the characteristics of these
stresses [34].

6.1 Experimental Work

Tubes can be expanded into a tubesheet
using the so-called "bladder" method or the
O-ring method. In the former, a bladder is
inserted into the tube, covering the region
to be expanded. Hydraulic pressure is then
applied inside the bladder, expanding it
and thus expanding the tube. In the latter,
a mandrel with two O-rings placed at appro-
priate locations (Figure 9) is inserted
into the tube. Hydraulic pressure is then
applied between the O-rings causing the tube
segment in that region to expand. Because
of its simplicity and easy procurement, the
O-ring method was chosen to produce all of
the test specimens.

Fig. 9 Typical Mandrels used for
Hydraulic Expansion

A large number of specimens was produced. Each specimen was tested exten-
sively to determine: residual surface stresses, pull strength, length change
and thermal cycling effects. The surface stresses were measured or inferred
using X-ray diffraction, strain gauges and magnesium chloride stress corrosion
cracking tests. The agreement between these different methods was generally
quite good.
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6.2 Theoretical Model

A finite element program was used to
predict the stress distribution in the tran-
sition zone . The model uses axisymmetric
elements sized according to the expected
stress gradient, the smallest element being
0.1 mm x 1.1 mm. The program can accurately
model the gap which initially exists between
the tube and tubesheet as well as the
yielding and subsequent strain hardening
of the tube as it is expanded.
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Fig. 10 Finite Element Predic-
tions of Stresses and Expanded
Tube Profile

The model proved particularly useful in
establishing the effects of parameters such
as: expansion pressure, material proper-
ites, initial tube-to-tubesheet gap, axial
loads, work hardened surface layer and the
presence of initial stresses due to shot-
peening. Typical predictions of the residual hoop stress and axial stress dis-
tributions in the transition zone as well as the expanded tube profile are shown
in Figure 10. The predicted stresses are in reasonable agreement with those
measured.

6.3 Conclusions and Current Developments

Several important conclusions were drawn from the above investigation:
(1) hydraulic expansion produces residual stresses which are acceptable from a
corrosion point of view, (2) there is reasonably good agreement between the
different residual stress determination methods used, (3) ground tubing should
be annealed or pickled to remove the work hardened surface layer, (4) although
the expansion process is ideally axisymmetrical, there can be large variations
in the stress around the tube, and (5) the pull strength of hydraulically
expanded joints is significantly less than rolled joints.

Currently, an in-depth study of the most commonly used tube-to-tubesheet
joints (i.e., rolled joints, explosive forming) is underway. The main objective
is to determine the method which: gives acceptable levels of residual stresses,
produces a minimum crevice on the shell side and is acceptable from a production
point of view.

7. CHEMICAL CLEANING

Deposition of corrosion products on steam generator tubes can increase the
risk of corrosion and decrease the heat transfer across the tubes, thereby de-
creasing the steam output. Corrosion products caused a reduction in the
output of the Nuclear Power Demonstration (NPD) reactor at Rolphton, Ontario,
from 25 MWe to less than 18 MWe. AECL and Ontario Hydro launched a cooperative
research program to develop a chemical cleaning process for the NPD steam genera-
tor. The deposit was a mixture of magnetite, cuprous oxide and metallic copper.
A two-step process to remove copper and iron was developed within 2 months [35].
The process was then used to clean the NPD steam generator. About 500 kg of

The region between the expanded and unexpanded sections of tubing,
approximately 2.5 mm long.

It is
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magnetite, 200 kg of copper and 200 kg of other materials (calcium, phosphate,
etc.) were removed and the output of the reactor was restored to 25 MWe. This
is the first time chemical cleaning has been used successfully on a steam gener-
ator of a commercial nuclear power reactor. Further studies are underway to
develop chemical cleaning processes for other types of deposits and sludges.
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