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EXECUTIVE SUMMARY

The buildup of magnetite in the steam generators of some pressurized
water reactu~s (PWRs) has led operators to propose chemical cleaning to remove
this product. In some cases, the volume of magnetite formed by the corrosion
of the carbon steel has been sufficient to cause "denting" or reduction of the
outer diameter of the tubes where they pass through the support plates.
Moreover, when the magnetite is removed by a chemical cleaning process, the
diameter of the hole in the tube support plate is increased. The U.S. Nuclear
Regulatory Commission (NRC) has expressed concern that the resulting increased
clearances may allow an increased level of flow-induced vibrations in chemi-
cally cleaned steam generators that may, in turn, lead to high tube wear rates
and unacceptable levels of tube failure.

The Pacific Northwest Laboratory (PNL) is supporting the NRC staff in
addressing the effects of increased tube/tube-support clearances. The objec-
tive of PNL's work is to provide NRC with criteria with which to evaluate
licensees' specific proposals for chemical cleaning of steam generators.

Research has been performed in both the !/.S. and Canada on vibration and
wear of PWR steam generator tubes. However, most of the work performed in the
U.S. is currently classified as proprietary by its sponsors and is unavailable
for general use.

In Canada, P. L. Ko and co-workers have been investigating wear in CANDU
steam generators for over 10 years. Their work has included experimentation
to determine the fretting wear mechanisms involved, development of analytical
techniques to predict impact forces at the tube supports, and the correlation
of tube wear and tube motion parameters. However, this work was not predicated
on tube motions and tube support impact forces that were experienced within an
actual reactor operating environment. Rather, a computer code (VIBIC) was
developed to simulate the motion of a cantilevered beam impacting against
supports with clearance, and to predict the midspan displacements and the
support impact forces. The difference between the experimental and analytical
results using this code was found to be greater for those tubes tested in the
presence of water than for those tested in air, The VIBIC code considers only
tube motion in air. The fluid damping effect in the tube/support clearance
space and the film effect of the water at the contact surface had not been
included in the VIBIC simulation used in Ko's work.,

In the U.S., the Electric Power Research Institute [EPRI) is currently
sponsoring a research project to quantify tube/tube-support plate interaction
characteristics of multisnan steam generator tubes and to gain a better
understanding of their dynamic characteristics. Measurements were recorded in
air and in cold stagnant water environments for different tube alionment
conditions and for different support clearances. The data were recorded over
a range of sinusoidal and random excitations and then digitally analyzed to
compute statistical force and sliding distunce parameters. These data provide
the basis for wear tests being conducted in an autoclave by Kraftwer~k Union AG
in Cermany.



The investigation undertaken by PNL extends the previous research. Flow
tests at prototypic Reynolds number, with tube clearances at the flow entrance
region representative of as-built and of post-cleaned conditions, were per-
rormed at elevated temperature and pressure, using a full-length scale model
of a steam generator tube bundle. The tests were performed to 1) establish
the forcing boundary conditions and 2) determine if an environment conducive
to fretting wear actually exists under both tube clearance conditions at the
instrumented support location.

From the flow test results, PNL researchers concluded that a tube clear-
ance of 10 mils or greater in excess of design clearance would not tend to
increase tube wear rate at the instrumented tube support location. The tube
support plate was shown to be considerably less active at this clearance than
at the design clearance when fluid flows at 400°F ranged from 50% to 150% of
the flow reauired for prototypic Reynolds number. Tube motion was elliptic
inder these conditions, and vibration amplitudes were greater than for the
arsign clearance case, suggesting that the tube in this case was restrained by
it. stiffness rather than by the support plate. It was evident that frequent
tube contact did occur at design clearance conditions. Based on these
resuits, a forcing function for accelerated wear tests cannot be defined, It
was further concluded that the data did not justify further testing at tube
clearance conditions in excess of 10 mils over design clearance, and that
accelerated wear testing was not justified.

The tube excitation force expected under field conditions would be even
less than what was imposed by the test conditions. Moreover, based on the
results of chemical cleaning tests performed by other researchers, the post-
cleaning tube/tube-support plate clearance is expected to remain at no less
than 10 mils over design clearance, and will likely be even larger. Hence,
PNL concluded that under normal operating conditions there is little potential
for increased tube wear rate as a result of chemical cleaning at tube support
locations within a steam generator where conditions are similar to those at
the instrumented tube support location.

jv



ACKNOWLEDGMENTS

This project was funded by the U.S. Nuclear Regulatory Commission under
NRC FIN B2858, Dr. Joseph Muscara was the NRC Project Manager. Mr. Lowell
Strope of PNL was responsible for instrumentation and data acquisition. Mr,
John Baugh of PNL was responsible for data reduction and evaluation. Ms, J.

A. Bamberger of PNL performed design calculations and flow loup modification
and participated in flow loop operations.






3.3

4.0 TEST
4.1
4.2

5.0 CONCL

REFERENCES

FLOW TEST MODELING . .
3.3.1 Hydrodynamic Similitude
PERFORMANCE

DATA REDUCTION AND EVALUATION .

INTERPRETATION OF RESULTS
USTONS

14
14

21
24
37
39




gth Scale Model of

| nar Crham -
LOO} chematic

umented Tube Support

strumentatio

”~

yordinate

{ 2am ]
acement J » ceme

nvelo
r':"f C]

1
spilaceme

[ ower




3.1
3.2

TABLES
Principal Flow Test Assembly Dimensions

Steam Generator Bulk Design Data

10
17






tube supports, and the correlation of tube wear and tube motion parameters.
Ko et al, developed a bench-scale tube fretting apparatus in which they
extensively studied the effects of various tube/support plate parameters on
tube wear. These researchers found that high wear was caused not by the
high-force components such as impact motion that have low probability of
occurrence, but instead by the high probability intermediate-range force
components (usually combined impact and rubbing motions). The amount of wear
was observed to increase exponentially with excitation frequency and to
increase approximately linearly with diametrical clearance and excitation
amplitude, up to a point. However, the data to substantiate the latter were
extremely limited. Moreover, this work was not predicated on tube motions and
tube support impact forces that were experienced within an actual reactor
operating environment. Rather, a computer code (VIBIC) was developed to
simulate the motion of a cantilevered beam impacting against supports with
clearance, and to predict the midspan displacements and the support impact
forces. The difference between the experimental and analytical results using
this code was found to be greater for those tubes tested in the presence of
water than for those tested in air. The VIBIC code considers only tube motion
in air. The fluid damping effect in the tube/support clearance space and the
film effect of the water at the contact surface had not been included in the
VIBIC simulation at the time of this work (Ko and Rogers 1979).

In the U.S., the Electric Power Research Institute (EPRI) is currently
sponsoring a research project to gquantify tube/tube-support plate interaction
characteristics of multispan steam generator tubes and to gain a better
understanding of their dynamic characteristics (Haslinger and Smith 1983),
The project employs a single-tube test fixture with three instrumented sup-
ports (one egg crate and two cylindrical-hole type). Measurementis were
recorded in air and in cold stagnant water environments fer different tube
alignment conditions and for different support clearances. The data were
recorded over a range of sinusoidal and random excitations and then digitally
analyzed to compute statistical force and sliding distance parameters. These
data provide the basis for wear tests being conducted in an autoclave by
Kraftwerk Union AG in Germany.

1.2 SCOPE

The PNL investigation described in this report extends thke previous
research in that flow tests at prototypic Reynolds number, with tube clear-
ances at the flow entrance region representative of as-built and of post-
cleaned conditions, were performed at elevated temperature and pressure, using
a full-length scale model of a steam agenerator tube bundle. The tests were
performed to 1) establish the forcing boundary conditions and 2) determine if
an environment conducive to fretting wear actually exists under both tube
clearance conditions at the instrumented support location.

In Section 2.0 the methodology used in the PNL study is discussed. The
analysis-before-test is described in Section 3.0. Section 4.0 documents the
actual test performance. The conclusions PNL reached from this study are
presented in Section 5.0.



2.0 METHODOLOGY
PNL's approach to this investigation was to:
« perform an analysis-before-test (ABT)

e design the hardware and facility modifications required to support flow
testing and accelerated wear tests

e procure, fabricate and install required hardware and instrumentation and
perform functional checkout

e perform flow tests
e« perform accelerated wear tests if appropriate

e evaluate test results to determine the potential for premature tube
failure as a result of chemical cleaning of tube crevices.

Each of these activities is documented in the following subsections.

2.1 ANALYSIS-BEFORE-TEST

The objectives of the ABT were to 1) identify important parameters in the
tube vibration and wear process; 2) determine criteria for the design of
apparatus for flow testing and accelerated wear testing; 3) determine ranges
of test parameters; 4) establish test procedures; and 5) develop analysis
methods.

2.2 DESIGN

Based on the criteria developed in the ART, a test assembly (Figure 2.1)
was designed to investigate the forcing function boundary conditions for a
small tube bundle with a square tube pitch that is representative of inservice
steam generaturs. Modificaticns to an existing flow loop (Figure 2.2) at PNL
to accommodate the installation of a test assembly were also designed, The
resulting system represented the straight section of the steam generator
tubes. The design of the test assembly provided for an instrumented tube
support plate (Figure 2.3) that would accommodate ! :sting at various tube/-
tube-support plate clearances at the tube under study.

An apparatus (Figure 2.4) was also designed to accommodate accelerated
wear testing inside an autoclave at elevated temperature and pressure, based
on the boundary conditions established by the flow loop tests.

2.3 PROCUREMENT, FABRICATION, AND INSTALLATION

Materials and instrumentation were procured subsequent to finalizing the
designs for the flow loop modification and the accelerated wear test appara-
tus.

3
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FIGURE 2.1. Full-Length Scale Model of Steam Generator

Source: Enderlin and Baugh (1985, p. 4)
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2.5 ACCELERATED WEAR TESTS /

In the event the flow tests demonstrated that an environment does, in
fact, exist for increased tube wear rate at the increased tube clearance
conditions considered, and that a forcing function could be determined,
accelerated wear tests would be performed at elevated temperature and pressure
using the accelerated wear test apparatus (Figure 2.4). Vibration would bhe
imparted to the tube by a vibrator mounted on the top end of the tube speci-
men.

Initial parametric wear tests would be performed to demonstrate satisfac-
tory performance of the vibrator under actual test conditions and to determine
the relationship between tube/tube-support contact force and tube wear rate.
These tests would provide a basis for extrapolating the results of the accel-
erated wear tests to obtain the predicted tube wear rate under actual operat-
ing conditions.
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FIGURE 2.4, Wear Test Apparatus

Upon satisfactory completion of the initial parametric wear tests, the
vibrator would be adjusted to impart the type of tube motion that was experi-
enced in the flow loop. Tube wear would be accelerated by conducting the wear
tests at a vibration frequency greater than what was experienced in the flow
Toop. The other test parameters would be matched to those experienced in the
flow loop; however, the fluid would not be flowing. Tube wear for a given
number of cycles would be determined by measuring the reduction in tube
outside diameter using an optical noncontact gauging apparatus (Figure 2.5).

2.6 DATA ANALYSIS

A data analysis plan was prepared. Software for interfacing the data
acquisition system with the Apcllo computer, together with software for
reducing the data generated in the flow loop, was developed (Enderlin and
Baugh 1985).
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In the event wear tests would be performed, tube wear rates (mil1/1000 hr)
for the accelerated wear environment would be determined for each gap condi-

tion considered.

These wear rates would be extrapolated to predicted wear

rates under actual operating conditions after chemical cleaning, using the
relationship between tube/tube-support contact force and tube wear rate
established in the initial parametric wear tests.




3.0 ANALYSIS-BEFORE-TEST

This section describes the equipment and instrumentation used to conduct
the flow tests and acquire the data. The equipment to be used to conduct
accelerated wear tests, if appropriate, is also detailed.

3.1 FLOW TEST EQUIPMENT

Flow-induced vibration experiments using the steam cenerator test assem-
bly were conducted in an existing flow vibration test facility at PNL. The
flow test assembly and the flow loop are described in the following sections.

3.1.1 Flow Test Assembly

A test assembly was constructed to model the Westinghouse steam generator
design. The assembly models the length of the steam generator tube bundle
between the tubesheet and the fifth tube support plate and a width of five
tube rows in the region immediately adjacent to the bundle wrapper. The depth
of the test assembly tube array is four rows for the square pitch layout of
the Westinghouse reference design. Table 3.1 lists the principal dimensions
of the test assembly, which is illustrated in Figure 2.1.

A flow housing, which encloses the test bundle, provides a downcomer and
an inlet window that models the referenced steam generator inlet. In addi-
tion, the housing channels the flow to simulate both the crossflow and the
axial flow occurring in the modeled section of the steam generator.

The flow housing and test bundle assembly are enclosed in a pressure
vessel that is designed to contain the flow loop water at operating pressure
and temperature. At each end of the pressure vessel the tubes pass through
tubesheet flanges that seal the fluid while enabling access to the tube bores
for inserting instrumentation. The pressure vessel also contains ports that
provide access to the tube support plates for their positioning.

The principal design conditions for the test assemby are 420°F and 650
psig. The normal operating conditions are limited to 400°F and 550 psiq.

3.1.2 Tube Array

The Westinghouse steam generator design employs a bundle geometry having
a square pattern of tubes. In this arrangement, centers of adjacent tubes are
located at the vertices of squares. This pattern is oriented in the test
assembly mode! so that a plane containing the axes of adjacent tubes in the
array is parallel to the direction of the approach flow. This orientation
results in an "in-1ine" array with the tubes of succeeding rows falling
immediately behind the tubes of the preceding rows as shown in Figure 2.1,
Section A-A.



TABLE 3.1. Principal Flow Test Assembly Dimensions

Tube 0D x wall, in,

Tube array pitch, in,

Number of tubes, pattern

Flow housing dimensions:
axial flow housing
width x depth, in.
crossflow housing width, in.

Wrapper wall to near tube axis, in,

Side wall to near tube axis,
axial flow, in.

Rear wall to near tube axis,
axial flow, in,

Side wall to near tube axis,
crossflow, in,

Lower tubesheet to 1lst support
centerline, in,

Ist support centerline to 2nd
support centerline, in.

2nd support centerline to 3rd
support centerline, in,

3rd support centerline to 4th
support centerline, in.

4th support centerline to upper
tubesheet, in,

Support plate thickness, in,

Downcomer width x depth, in.

Bundle inlet port width x height, in,

10

Htstinghouse
0.875 x 0.050

1.281

20 square

7.162 x 6,772
6.404
1.91

1.019
1.019
0.640
50-1/8
50-1/2
50-1/2
50-1/2

50-1/8

0.750

6.404 x 2.56
6.404 x 14



The tube array models the full-scale tube diameter of 0.875 in. and tube
pitch of 1.28]1 in., and incorporates a group of tubes five rows wide and four
rows deep.

3.1.3 Flow Housing

Flow supplied to the test assembly pressure vessel enters into a down-
comer channel, which is part of the inlet flow housing. The downcomer repre-
sents a segment of the annular flow passace formed by the space between the
steam generator pressure vessel ID and the bundle wrapper 0D, and is modeled
so as to provide a flow field entering the bundle that is representative of
the steam generator,

The lower portion of the downcomer opens into the bundle region through a
port with a vertical dimension of 14 in. This space is equal to the gap
between the bottom of the bundle wrapper and the tubesheet of the steam
generator.

Flow entering the bundle separates into a crossflow fraction and an axial
flow fraction. The crossflow fraction passes throuah the bundle confined by
the flow housing side walls and exits through an outlet nozzle opposite the
inlet nozzle in the pressure vessel. The axial flow fraction passes up along
the bundle, confined within the bundle flow housing, and exits near the bottom
of the upper pressure vessel. The axial flow/crossflow ratio is controlled by
valves located in the outlet piping lines.

The walls of the flow housing consist of the front wall, which represents
the inner surface of the bundle wrapper, and the remaining walls, which do not
have real counterparts in the actual steam generator. The nominal dimension
between the front wall and the near tube axis was determined from the proto-
type steam generator dimension to be 1.910 in,

The side and rear walls are positioned to minimize the influence of the
walls on the bundle flow distribution., In the axial flow region, the equa!l
hydraulic radius method was applied. Using this method, the hydraulic radius,
which is the area of the flow cross section divided by the wetted perimeter,
was calculated for a tube array unit flow cell, The tube array unit cell is
the region enclosed by joining the centers of four adjacent tubes, The cell
boundaries and the surface of the tube sectors form the boundary of the flow
cross section while the surface perimeter of the tube sectors form the wetted
perimeter, By adjusting the wall-to-tube spacing, the hydraulic radius for
the wall unit flow cell was made equal to that of the array unit cell, As a
result, the average axial flow velocity along the wall will be nominally the
same as the average velocity within the bundle, thereby minimizina the wall
effect. The appropriate wall-to-tube axis spacing was determined to be 1.019
in., which resulted in the flow housing sidewall-to-sidewall dimension of
7.162 in. x 6,772 in, front wall-to-rear wall.

11






3.1.5 Pressure Vessel

The test bundle and flow housing were installed in an ASME Code-stamped
pressure vessel that includes the inlet and both cross- and axial-flow outlet
nozzles. The vessel was constructed of stainless steel and made in two
sections; the lower section contains the inlet flow housing and the upper
section contains the axial flow housing. Nozzles along the vessel, located at
the planes of the support plates, provide access for the plate mounting
fixtures.

The vessel end closures consist of flanges, each containing a tandem pair
of tubesheet type flat head inserts. FEach of these circular inserts contains
the hole pattern for the tube array, and the holes each contain O-ring seals
to sez] the tubes as they penetrate the insert. In this manner, the tube ends
extend outside the pressure boundary. The pair of inserts is each sealed in
the bore of the closure flange and is retained by a retainer ring. A space
between the two inserts, formed by a spacer ring, allows for the circulation
of coolant to cool the O-ring seals. To model the density of the steam
generator primary-side fluid within the tubes, the tubes were filled with
sunflower seed oil.

3.2 INSTRUMENTATION

The instrumentation used in the flow loop tests monitored the displace-
ment and force of 2 single tube relative to the tube support plate. The force
and displacement transducers were independent systems positioned around the
tube in a biaxial arrangement. The two transducers in each system were
positioned at 90 degrees to each other and 45 degrees to the direction of
flow. The plane of measurement in each system was parallel to the support
plate and perpendicular to the axis of the tube.

3.2.1 Data Acguisition System

The data acquisition system used was a MegaDAC 2200C manufactured by
Optim Electronics of Gaithersburg, Maryland. The unit is a programmable
dynamic data acquisition system capable of sampling rates up to 20,000 samples
per second. The system has 32 analog input channels with a range of up to +10
volts. Mass storage for the device is a magnetic tape cartridge capable of
storing 30 megabytes of digitized data. The unit is equipped with RS-232C and
IEEE-488 standard interfaces for communication with other digital devices.

The configuration of the system for the flow loop tests used four chan-
nels, two for displacement and two for force., The displacement channels were
set for a range of +2 volts to accommodate +0.050 in. of displacement. The
force channels were set to a range of +0.2 volt cor-esponding to +20 1bf, The
sampling rate used was 20,000 samples per second, giving each channel a rate
of 5,000 samples per second. Acquired data was stored on the magnetic tape
cartridge and later transferred to a large data processor through the RS-232C
interface.

13



3.2.2 QOscilloscopes

Two dual trace oscilloscopes were used to provide photographic records of
the force and displacement waveforms. The oscilloscopes were configured to
provide either amplitude versus time waveforms or lissajous patterns.

3.2.3 Filters

In order to filter cut high frequency components that interfered with the
data of interest, low-pass filters were used. The filters used were dual
low-pass filters with cutoff frequencies that are adjustable from 20 Mz to 20
Tgé. During the tests, these filters were adjusted for a cutoff frequency of

Hz.

3.2.4 Force Measuring System

The force transducers in this system were piezoelectric devices manufac-
tured by Kistler Instrument Corporation of Amherst, New York. The units,
Kistler Mode! 910M113, are roughly 0.250 in. in diameter and 0.250 in. high
with a hermetically sealed, high temperature leadwire. Maximum range of these
transducers is 600 1bf and nominal sensitivity is 18 pc/1b,

Charge amplifiers were used to condition the force transducers. The
charge amplifiers used were PCB Model 463A manufactured by PCB Pijezotronics,
Inc., of Buffalo, New York,

3.2.5 Displacement Measuring System

The displacement measuring system used for these tests was an eddy-
current device manufactured by Kaman Instrumentation Corporation of Colorado
Springs, Colorado. The system, Kaman Mode! KD-1925, has a range of 0,050 in,
and a sensitivity of 0.040 volt/0.001 in, The transducer is a high temperature
unit roughly 0.250 in., in diameter with a hermetically sealed leadwire. A
diagram of the instrumentation system is shown in Figure 3.1.

3.3 FLOW TEST MODELING

3.3.1 Hydrodynamic Similitude

Similarity of flow fields is in general based on three dimensionless
parameters (Sabersky, Acosta, and Hauptmann 1971): the Euler number, the
Froude number, and the Reynolds number, The Strouhal number is not considered
because it is only a particular property of the flow field, not a defining
parameter (Batchelor 1967), In addition, the Mach number, which is signifi-
cant near sonic velocities, may also be discarded, Of the three dimensionless
parameters generally used, two may be eliminated in certain situations. For
example, when no free surfaces are present, the Froude number may be ignored.
The Euler number is important only when cavitation is of concern. Therefore,
equating Reynolds numbers alone is sufficient to produce a hydrodynamically
similar, although distorted, model of the steam generator. Thus,
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TABLE 3.2. Steam Generator Bulk Desiyn Data

I tem

Geometric Data
Height, ft

Quter diameter, ft (upper/lower)

Maximum bundle diameter, in

Wrapper inner diameter, tube centers, in,

Downcomer annulus width, in.

Tube bundle length, ft
Number of U tubes

Tube outer diameter, in.
Tube wall thickness, in.
Tube array

Tube spacing pitch, in.

Tube support plate hole diameter, in,

Tube support plate flow hole diameter, in.
Tube support plate thickness, in,

Tube support plate spacing, in.

Tube support plate-to-wrapper clearance, in.

Primary Side Design
Maximum pressure, psia
Maximum temperature, °F
Total heating area, ft2

Secondary Side Design

Maximum pressure, psia
Maximum temperature, °F
Full load pressure, psia
Full load temperature, °F
Full load steam flow, 1b/hr
Full load total flow, 1b/hr
Feedwater temperature, °F

17

Trojan ‘H!

67.7
14.6/11.2
119.665
123.5
2,56
40
3388
0.875
0.050
Square
1.281
0.900
0.758
0.75
50.5
0.38

2485
650
51,500

1,185
600
910
533
3.77 x 10
15.08 x 10°
440

6






The axial mass velocity is

m . (15.08 x 10%) 1

D« 2.747 x 10° 1b/hr-st?
axial  54.89 ft

(G

axial)p K

which, when evaluated at 511°F, results in an average axial velocity

2
. _ 1
(Vaxiat!m = Ashroud ~ Atubes * Taz 77 [(7.162)(6.772)

- 20 3(0.875)%] in.? = 0.2533 £t

and the axial flow rate for the mode! becomes

(0 (v (A ). = 1.175(v

axial'm Iy (A

axial’'p Taxial

. 1.175 (94.60) i{% (0.2533) 2 (7.48) 92} = 210.6 gpm
ft

)

axial)m - axiav)m m

An independent determination of the axial flow rate was provided by M. B,
Carver (1982), in which local mass velocity vector mapping was shown for the
prototype steam generator under full power conditions. The mass velocity
vectors adjacent to the wrapper wall and within the nearby bundle were used to
calculate axial flow rates in those regimes within the model. The resulting
axial flow rate for the model was found to be 204 .4 gpm, which is a good check
on the flow rate determined on an average velocity basis,

The crossflow for the mode! is determined by difference.

Qcross’m * (Qtotat)m = (Qaxiar)m = 753.5 - 210.6 = 533.9 gpm

In conducting the experiments, the crossflow fraction of the total flow was
increased about 10%, which ensured a conservative treatment of flow measure-
ment uncertainties and crossflow vibrations within the steam generator.

The tube support plate location adjustments were made at 100°F, The flow
rates were chosen to permit drag forces at 100°F to equal those experienced by
the model at 400°F,

Set D, = 0, = (4 Cp @ vz)100 =4 Cyo vz)m and assume that (Cp),q, (CD),.
then

2
Dlm. (OV )100.
D

m (oV Ym

1
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Voo s (=2 y = 0.866 V
100 °100 m 5 m
or

= (0.866)(1.175 Vp) = 1.017 Vp
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4.0 TEST PERFORMANCE

Flow tests were performed under a design tube/tube-support clearance
condition (12.5-mi] annular clearance) and under a 10-mil-over-design-
clearance condition (17.5-mi1 annular clearance), which was intended to
simulate a conservative post-chemical cleaned condition. At the beginning of
the test series for each clearance condition, the horizontal position of the
instrumented support plate was adjusted in the crossflow direction until
maximum dynamic tube displacement was indicated on the oscilloscope with the
fluid crossflow velocity adjusted to produce prototypic fluid drag conditions
on the tube under study at 100°F water temperature. Flow tests were then con-
ducted at 400°F and 550 psia with a water inlet velocity of 162 fpm, the
conditions for prototypic Reynolds number at 100% reactor power. Flow tests
were conducted also at fluid velocities corresponding to the 50%, 75%, 125%,
and 150% power reactor levels, After the completion of both test series,
prototypic fluid drag conditions were again established at 100°F water temper-
ature under design clearance conditions. The tube under study was then
withdrawn through the top of the test vessel until the tube displacement
signal disappeared, indicating that the bottom of the tube had cleared the
instrumented support ring. The established flow conditions were maintained,
and the force signals were recorded after the tube had been removed.

4.1 DATA REDUCTION AND EVALUATION

Raw data was obtained in the form of x and y forces and displacements at
discrete time intervals for each of the tube clearance conditions considered.
Thus,

Fx ’ Fx ’ Fx " ve Fx

Fy i e "y for n data points
F.o o F s F o s ao?b
"Wy oy L

gi = for n data points
0 L] D ’ D s » Ol ] D
Y1 Y2 73 Yn

where 1 denotes the clearances and ~ denotes an array,

Because these forces were 52% greater than what was anticipated for an
actual steam generator, they were reduced by a factor of 1.52 or, in pseudo-
code,

DO j=1T0n
FX(j) = Fx(j)/1.52
FY(3) = FY(j)/1.52
END
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This calculation was performed for each clearance condition considered. From
the resulting forces and displacements, normal and tangential forces are

computed by proper rotation of the x and y axes at each point in time, as
shown in Figure 4.1,

The derivation for the rotation of coordinate systems is as follows:

F = F_ coso
ln X

F. =F_ sine
P T

F't = -F‘ sing

FIGURE 4,1, Rotatfon of Coordinate System
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F.o=F
yt y cosé

= + = +
F F’n Fy" Fx cosé Fy sing

E. «F +F = -Fx sine + Fy cos#®

Fn cosé sine Fx
Ft -sine cose Fy

This matrix relationship is valid for any set of x-y coordinates. Incorpor-
a%ion of this equation into the data reduction software is achieved by the
algorithm

or, in matrix form,

where & = tan" (Dy/ox).

DO j=1TOn
THETA(j) = ARCTAN (DY(3)/0x{]))
FN(j) = FX(?)'COS(?NETA) + FY(J)*SIN(THETA)
FT(3) = <FX(J)*SIN(THETA) + FY(J)*COS(THETA)
END
The frequency of rotation, w, was determined by plotting the value of @
versus time. The total number of cycles (one cycle is equal to 2+ radians)
divided by the elapsed time gives the freguency of rotation of the tube
specimen, which is expected to correspond to that of the steam generator.

The following information was obtained for each of the clearance condi-
tion tested:

e normal and tangential force histories, which were reduced by the appro-
priate factor to satisfy hydrodynamic similitude requirements

e the type of motion (e.q., circular, elliptic, impact)

o the expected frequency of rotatifon of tubes in the steam generator.
Based on this information, the following plots were produced for each test:

e X displacement versus Y displacement

e X force versus Y force

e X displacement versus time
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e Y displacement versus time
e X force versus time
o Y force versus time

o normal force versus time for 10-mi] oversize case at the 100% power flow
condition only,

4.2 INTERPRETATION OF RESULTS

The computer plots strongly indicate that the tube support was consid-
erably less active under simulated post-cleaned conditions than at the design
clearance condition, For the larger clearance, Figures 4.2 and 4.3 show tube
displacement for the 100% power case to be an elliptical pattern with the
major axis in the direction of flow, and displacement along the X and Y axes
being about 3 mils, Intersection of the circle in Figure 4.2 would denote
impact of the tube with the reaction ring. In comparison, for the desi
clearance case at 100% power, tube displacements are immeasurably small (?:ss
than 1 mil), as shown in Figure 4.4,

Moreover, in the larger clearance case, tube displacement became more
active as fluid velocity was increased, as shown in Figures 4.5 and 4.6 for
the 150% reactor power case. The total displacement of the tube from the null
(no flow) position increased while the force remained relatively constant at
about 0.5 1b and the contact envelope in Figure 4.5 was not intersected, which
indicates that the tube was not confined by the support plate. For the design
clearance case, the tube did not become more active as the fluid velocity was
increased, but the magnitude of the force tended to increase. Further, the
displacement from null position was only about one-tenth as far as for the
oversized clearance case, indicating that the tube in this case was confined
by the support plate,

There is also a decided lack of correlation between force and displace-
ment histories over the same time interval in the case of the larger clear-
ance. Moreover, negative forces are indicated in the plot of normal forces
shown in Figure 4.7, which is an impossibility in the case of the tube con-
tacting the support plate. These conditions suggest that the force signal is
probably driven by something other than the tube contacting the support plate.
There 1s reason to belfeve that, in this case, force is transmitted to the
force sensors via hydraulic coupling, as forces in the range of 0.25 1b to 0.8
1b were detected after the tube had been withdrawn from the force ring (Fig-
ures 4.8 and 4,9), Plots of X force, Y force, X displacement, and Y displace-
ment with time are shown in Figures 4 10, 4,11, 4,12, and 4,13 for the 100%
power case at oversized clearance conditions., The time intervals for these
plots are concurrent with each other and are also concurrent with the dis-
placement history shown in Figure 4,3,

24



16.

12.8

6.40

3.20

-3.20

Y DISPLACEMENT (MILS)

-6.40

-9.60

V4

_“HHHHU'QHHH-vluunnll'nnnvnlnn"!l"'\”tnn.u-uMll‘nnllHl|HIIHOH|IlIHIll||

-12.8

D
llil‘ll'lllll'."’lllll“lllll|'ll|l|Illl‘llni_lLLth‘l‘l‘lALil'Il‘lllllll.'ll|||||l‘|l|”"|l'l'l|”||l

-16.

-16. 9.60 1.20 3.280 q9.60 16,
~12.8 <6 .40 n € .40 12.8

X DISPLACEMENT (MIL5 )

FIGURE 4.2. Contact Envelope, Y-Displacement Versus X-Displacement,
10 Mils Over Design Clearance, 100% Reactor Power

25









l

Y DISPLACEMENT (WMILS)

16.

128 =

968 =

6.40 =
1.0 =

)

3

S

3

3

e 2
6.4 =

-9.60 =

28

-16. -

-16,

-9.50 -3.20 .20 9.60

-12.8 -6.40 e, £.an 12.8

FIGURE 4.5.

X DISPLACEMENT (MILS)

Contact Envelope, Y-Displacement Versus X-Displacement,
10 Mils Over Design Clearance, 150% Reactor Power

28

~ - i
e -

———

"‘nunnl'Hvuuu'HHInn‘nnnnlllii‘!"l'lr'rnhnnlonnun.nnnn'|nunnt'-nu|nu|

16,



Y DISPLACEMENT (MILS)

-8.27

-8.85

-7.42

-7.80

-8.57

-8.95%

-9.23

-9.71

l“‘il‘lll'!!lll!l'llllilIlll'bll‘Ill.ll.'!llli-llllllllllI|||lll'lllllllll'.l‘lllllllll'lllI?ll”'

-10.1

- 'l'llll""ll|||l'l'l“|l0l;|0lillHl'!'lll'l!l'!l!”!lH'vOlHHH.HHHl.l'lll'l!lll'.!ll!!lII'

8.49 9.1) .77 10,4 1. 11.7
8.81 9.45 10.1 18.7 1.4
¥ DISPLACEMENT iMILS:

Y-Displacement Versus X-Displacement, 10 Mils

FIGURE 4.6.
Over Design Clearance, 150% Reactor Power

29



NORMAL FORCE (LBS)

1.30

-, 780

-1.30

FIGURE 4.7.

?’ -JHl“lHIhIHIHIJOHOHIH'HOHI“I“IHIHOJIHOHIH Hi“l“lhlH‘HId.”l"‘H'“l"‘“.'

LR R R Y R N R R R R N R R R T INatT R IIT Iy
| | | | I | l | I !

9.200€-01 B

0.100€-41

0,300€-41

.400€-01

.S00E-a1

TIME (SECS)

30

3.600E-01

A SN e
u.ubui‘dt

0.700€-01 (,900¢ -01

Normal Force Versus Time, 10 Mils Over Design Clearance

a.100






Y FORCE (LBS)

l'll'll'l.llll'lllllHH'll'llNlllﬂllll'li'llll““I‘HIHHH'

Jlllll'll‘lll’.ll'l..'."l".l

ll.lll!lllllllll!ll'll!Hllll‘IHl'll"lll"lllill!lllll“llll'llllH‘IHll“ll"l"nlll'Illlll“"

8. 8.200€-01 0.400€-01 2.600€-01 8.800€-81 0.108
0.180€-61 0.300€-01 6.500€-01 8.700€-01 6.300€-01

TINE (SECS)

FIGURE 4.9, Y-Force Versus Time - No Tube

32



X FORCE (LBS)

8.640

0.168

- 596E-07

g

3

:

-.R40

'
.

IHHll‘llIlllI||lll|lll'lll|lll‘llll'

'.a _JHIIHIII'llIHIIHllHllIOll’“il“Illlilll”lllllllll lllll

00’““"!!!!“0”‘0”llllll"'l'lIHI'N“H!H'HHI'tll'l”ll”ll'lHll'lll'“'.l!ﬂl'”lllll”'

8.602E-01 0.120 7.191 6 241 6.301
9.301€-081 a.902F -01 0.1%0 6.211 8.2

TimE (SECS)

FIGURE 4.10. X-Force Versus Time, 10 Mils Over
Design Clearance, 100% Reactor Power

33



Y FORCE (L8S)

f.640

0.480

8.160

-.596E-07

-.160

- . 480

-.540

-.809

llllllll.llli'llIlllllll“'lllllll

_Jl!lllllll'llll Illl'lll“Hllllll!IlUl'lllll'lll"ll“““'

-

0.602E-61
6.301E-01 8

FIGURE 4.11.

0.120 g.1%1 0.241

(S03E-01 0.150 f.211

TIRE rSEC5)

Y-Force Versus Time, 10 Mils Over
Design Clearanrce, 100% Reactor Power

34

l.lll.l'l‘lll'l'lll"l'lll|?l'l“ll‘l"'"El"""""""*'Q]'UlD"l‘ll’llllll'.'.IV""'I'|||\|Q!’

N,y









5.0 CONCLUSIONS

From the flow test results, FNL researchers concluded that a tube clear-
ance of 10 mils or greater in excess of design clearance would not tend to
increase tube wear rate at the instrumented tube support location. The tube
support plate was shown to be considerably less active at this clearance than
at the design clearance when fluid flows at 400°F ranged from 50% to 150% of
the flow required for prototypic Reynolds number. Tube motion was elliptic
under these conditions, and vibration amplitudes were greater than for the
design clearance case, suggesting that the tube in this case was restrained by
its stiffness rather than by the support plate. It was evident that frequent
tube contact did occur at design clearance conditions. PRased on these
results, a forcina function for accelerated wear tests cannot be defined. It
was further concluded that the data does not justify further testing at tube
clearance conditions in excess cof 10 mils over design clearance, or performing
accelerated wear tests as previously planned (Enderlin and Raugh 1985),

In addition, the results of chemical cleaning tests performed by other
researchers suggest that the post-cleaning tube/tube-support plate clearance
is expected to remain at no less than 10 mils over design clearance, and vil!
likely be even larger. Hence, PNL concluded that under normal operating
conditions there is little potential for increased tube wear rate as a result
of chemical cleaning at tube support locations within a steam generator where
conditions are similar to those at the instrumented tube support locetion.
Consequently, based on the results of the investigation, PNL cannot recommend
a maximum allowable tube/tube-support clearance criterion for chemical clean-
ing.

37



NE







NAC FORM 238 US NUCLEAR REGULATORY COMMISSION | '+ HEPORT NUMBER Augses 0v 1O 200 vor No / any)

e NUREG/CR-4276 Vol. 2
NACW 1102 s

n
3201 3202 RIBLIOGRAPHIC CATA SHEET PNL5477 vol. 2

SEE INSTRUCTIONS ON THE SEVERSE

2 TITLE AND SUBTITLE I OLEAVE BLANK
Vibration and Wear in Steam Generator Tubes Following
Chemical Cleaning

4 DATE REPORY JOMPLETED

Final Report ™ TR

e Bha December | 1985"

W. I. Enderlin ———

D. E. Fitzsimmo — T T
Mar 1986

T PERFOAMING ORGANIZATION N AND MAIL NG ADORESS imcwaw £ o Codes M CT TAME WORK UN T NUMBER

Pacific Northwest ratory

PoOo BOX 999 INOE GRANT NOUMEER

Richland, Washington 352 FIN B2858

10 SPONSORING ORGANIZATION NAME AND MA L ING RESS Incivow J.9 Cooe tig THPE OF REFPORTY

Division of Engineering Techhglogy FINAL

Office of Nuclear Regulatory Mgsearch

U.S. Nuclear Regulatory Commissgon s

Washington, D.C. 20555

12 SUPPLEMENTARY NOTES

13 ABSTRACT 1200 worey o on/

Chemical cleaning has been proposed to ve gagnetite buildup in some pressurized
vater reactor steam generators. The U. NucJear Reculatory Commission (NRC) has
expressed concern that such cleaning woulj cghbine with the tube denting caused by
magnetite formation to enlarge tube/tube- ort plate clearances, increasing the level
of flow-induced vibrations that could lead o unacceptably high tube wear and failure
rates. In support of NRC, the Pacific No st Laboratory investigated whether such
increased clearances would exacerbate tubfl fMgtting wear. Using a full-length scale
mode! of a steam generator tube bundle, flow Bgsts were conducted at an instrumented
location through clearances representingfas-bult and post-cleaned tube conditions.
Test results indicated little potentialffor incMgased tube wear as a result of chemical
cleaning, under normal operating condifions at t support locations similar to that
tested.

14 DOCUMENT ANALYS(S - 5 XErWORADS DEICR PYORS \ AvALABILITY
STATEVENTY
chemical Cleaning Unlimited
steam generator tubes i
§ 18 SECURIT Y CLASSISICATIO
_! L) - y
B IDENTIFEAS/OPEN ENDED TERMS $ Uncms ified

ncaasgified

17 NUMBER TF PAGES

1a PRNCE







