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2. MODEL BOILER SPECIMEN PREPARATION

Cracked tube specimens were produced in the Forest Hills Single Tube Mode! Boiler test facility.
The facility consisted of thiteen pressure vessels in which a forced flow primary system
transfers heat 10 a natural circulation secondary system. Appropriate lest specimens were
placed around a single heat transfer tube 1o simulate steam generator lube support plates. The
lests were conducted in two boiler configurations, shown schematically in Figures 1 and 2. The
majority of the tests were conducted in the vertically oriented boilers shown in Figure 1, in
which four support plates were typically mounted on the tube. A few tests were conducted in
horizontally mounted boilers, shown in Figure 2. Because there was no steam space in these
boilers, seven support plates can be mounted on the heat transfer tube. Since capillary forces,
rather than Qravity forces, dictate the flow pattern in packed tube suppon plate crevices, the
tube orientation should have littie effect on the kinetics of the corrosion processes.

The thermal-hydraulic specifications utilized in the test are presented in Table 1. As indicated,
the temperatures are representative of those found in PWR steam generators, and the heat flux is
typical of that found on the hot leg side of the steam generator.

The cracks were produced in what is termed the reference cracking chemistry, consisting of
either 600 ppb (1X) or 6 ppm (10X} sodium as sodium carbonate ir, the makeup tank.

Typically a 1est was initiated with the 1X chemistry, and it a through wall leak was not identified
after 30 days of operation, the 10X chemistry was applied. The occurrence of primary to
secondary leakage was determined by monitoring the hoilers for lithium, which would ordinarily
only be present in the primary system. Because of hideou! in the crevices, the boiler sodium
concentration was typically between 50 and 75% of the makeup tank concentration. HyQrazine
and ammonia were also added to the makeup tanks 1or oxygen and pH control, respectively.

The tests utilized 3/4 inch (1.9 cm) O.D. mill annealed Alloy 600 tubing from heat NX73€8.
The tubing was manutfactured by the Plymouth Tubing Co. to Westinghouse specifications.

A summary of the test pieces which were subsequently ieak and burs! tested are presented in
Table 2. Two groups of tests are listed: the EPRI test pieces were provided under the auspices of
an EPRI program, while the Spanish test pieces were fabricated for a group of Spanish utilities
Permission from the utilities has been obtained 1o use the results of these tests in other
applications. The only difference between the two groups of 1ests is that the crevices were
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The two-region sludge configuration was specified in order 10 imit cracking 1o the small inner
region, containing an oxidizing sludge. Chromic oxide is nonoxidizing, and previous testing had
found that accelerated corrosion does not ooour in its presence. The outer reglon provided
thermal insulation for the inner region, so that the temperature in the innier iegion was

sufficiently high 10 preduce accelerated corrosion. The two sludge regions were baked onto the
lube using & mixture consisting of 5% sodium hydroxide, 2.6% sodium sultate, and 0.8 . sodium
silicate. The suppon plates were then mounted on the 1ube over the sludge and heid in place with
exiernally mounted set screws. £ince corrosion should be confined to the inner region, this
confipyration was intended 10 produce shon, individual cracks.

The mechanically consolidateu sludge configuration was fabricated by mechanically compacting
slucge v . in 8 tube support plate simylant, grilling a hole in the sludge 1or the tube, and then
sliding the tube through the hole until positioned properly. This configuration was used because
relatively low voltage indications had been produced in previous 1ests having this configuration.

As indicated in Table 2, there was considerable variation in the time taken 1or a crack 10 be
proguced in a given lest piece. In general, crusking was produced in shorer time spans with this
heat of material than for the heats used in similar tests performed with 7/8 inch diameter tubes.
Cracks were typically produced most rapidly with the fritted configuration and most slowly with
the dual consolidated configuration, although a few cracks were produced very quickly with the
dual consolio..ed configuration.
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4. LEAK RATE AND BURST TESTING

The procedures applied for leak rate measurements and burst lesting of 3/4 inch diameter

1ubing were the same as applied for 7/8 inch diamaeter 1ubing. These procedures are descrived in

prior reports dealing with 78 inch diameler lubing. Leak rate measurements were performed |
al normal operaling and SLB pressure differentials. The results for the ieak rate angd burst |
pressure tests for the 3/4 inch diameter mogde! boiler specimens are given in Table 4.






6.  THEORETICAL SCALING OF 34 INCH RESULTS FOR COMPARISONS WITH 7/8 INCH DATA

As notad in Saction 5, there is corgigerable simiiarity between the 34 inch and 7/8 inch tube
data. Figure 7 shows the 3/4 inch and 7/8 inch buist pressure data on the came plot, without
applying any scaling factors 1o elther set. It is clear that, despite the similar trends, the data
appear 10 come from two different populations. The same conclusion is derved from a review of
the leak rate data (see Figure 8).

itis desirable 10 scale one set of data 1o asses. whether or not the two data sets may be combined
and the entire data base represented by a given correlation for tube burst and another for leak
rate. By having a larger number of "observations.” the uncertainty in the correlation will be
reduced. Mowever, in order to perform the scaling appropriately, a scaling factor has to be
developed. In addition 10 improving the fit of the correlation 10 the data, the scaling factor should
have a sound (theoretical) basis. An attempt a! such scaling is made here. This work is
considered quite preliminary and the results indicate that additional development is needed. It is
discussed here merely 10 present the current status of this task, rather than 1o derive any
conclusions.

As discussed in Section 3, selection of the bobbin ¢oil probe and test specifications were intended
to provide similar results for comparable cracks in 3/4 inch and 7/8 inch diameter tubes.

The principal difficulty in comparing the 3/4 inch and 7/8 inch results is developing the

appropriate adjustments 1o the bobbin voltages, leak rates and burst pressures 10 permit direct
comparisons of the data for the two tubing sizes. The tubing sizes are geometrically similar in
that the wall thicknesses (0.080 inch for 7/8 inch tubing, 0.043 inch for 3/4 inch tubing) are
proportional to the tube diameters. However, adjustments in addition to appropriate scaling are
required to directly compare the two tubing sizes. The approact applied is as foliows:

o Eddy curren! prok:e diameters (0.720 inch, 0.620 inch) are scaled by the tube diameters.
However conventional bobbin coil width and spacing are not scaled.

0 Eddy current ingpection frequencies (400100 féHz, §50/130 kHz) are appropriately
scaled as inversely proportional 1o the square of the tubing thickness.




A limitation on theoretical scaling of bobbin coil veltage responses results from the fact that,
although probe diameters are scaled, th- conventional bobtin probes do not scale coil widih ad
coil spacing. In addition, ASME calibration staridards for the 20% depth flaw in 34 inch and

7/8 inch tubing have the same 0.187 inch hole diameter. Consequently, conventional eddy
current practices would not be expected 10 yield exact scaling. To obtain the same voltage for
equal crack lengt'is in 34 inch and 7/8 inch tubing the 3/4 inch voltages would be expected 1o
inrcrease by the diameter ratio of 1.17 if voltage is assumed 10 be linear with crack length over
the range of interes! of ~0.2 10 0.7 inch isng cracks. An empirical factor of 1.25 is found for the
model boiler specimens as discussed below.

Using an empirically derived scaling factor for the bobbin voltages of 0.875 inch and 0.750 inch
diameter tubes having through wall cracks of the same length, voltage normaiization procedures
are described in the following paragraphs 10 permi: the scaling of bobbin voltage-leak rate and
bobbin voltage-burst pressure data between 0,730 inch and 0.875 inch diameter tubing.

The bobbin voltages of model boiler specinens with ODSCC at simulated tube suppon plate
intersections were determined using standard, well calibrated procedures as described in Section
3. Following leak rate tests at normal operating and steam line break conditions, bure! tests
were performed at room lemperature. Ater burst testing, the fracture surfaces were examined

al a magnification of 20X. The average lengths of the outer diameter str.$8 COMOSION Cracks
were measured. Figure 9 shows a plot of bobbin voltage versus ax.al crack length, Most, but not
all, of the tubes had through wall cracks. At a given crack length of the dominant crack in the
tube, very high voltages are measured when multiple axial cracks are distributed around the
circumference of the tube. Conversely, when cracking is only partially through the wall or

when ligaments exist betweer coplanar axial cracks, the measured bobbin voltages form the low
side of the scatterband at a given crack length.

If only tubes with essentialiy single, through wall, axial cracks without ligaments are
considered, then the relationship between bobbin voltage and crack iength can be ~etermined
empirically as a function of tube size. Recall that apriori considerations indicate that bobbin
voltage versus crack length correlations for 0.875 inch and 0.750 inch diameter tubes should be
nearly the same allowing for a scaling factor of about 1.17. Figure 10 shows that the bobbin
voltage (volts) of a 0.875 inch diameter tube is 31.9 times the crack length (inches). Figure

11 shows that for a 0.750 inch diameter tube this siope is 25.5. Hence, at a given crack length,
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the babbin voltage of the 0.750 inch diameter 1ube will be less than that of 8 C.875 inch
diameter tube as given by:

Vs 33 Lgrs Lgrs
a—— = * s 1252 o .

Vrs0 255 L 780 L 750

Thus, if the bobbin voltage of a crack in & 0.7860 inch diameter tube measures x, then the voltage
of this same crack in a 0.875 inch tube will measure 1.252 times x. With this basis, bobbin
voltage-leak rate and bobbin voltage-burs! pressure correlations are scaled between tubing
sizes as follows.

Experimental leak rate measurements on 0.875 inch and 0.7£0 inch diameter steam generator
lubes containing through wall, sharp fatigue cracks show that leak rate versus crack length
curves are similar but not identical. A leak rate calculational model, benchmarked with
experimental data, shows that leak rates for 0.780 inch tubing are lower than for 0.875 inch
tubing at the same crack length by 10 10 25%. In the range of crack sizes of interes!, this effect
can be accounted for by adjusting 0.750 inch leak rales by a tactor of 0.9. To compare bobbin
voltage versus leak rate correlations on the same basis, the bobbin voltages of the 0.750 inch
tubes should be multiplied by a factor of 1.262 to malch respective crack lengths. Figure 8
shows steam line break leak rates versus bobbin voltage without any normalization factors while
Figure 12 shows that normalization 10 the 0.875 inch diameter size brings the respective
scatterbands into reasonable agreement.

Theoretical and experimental studies show that, for ductile tubes with through wall, axial

cracks, the normalized hoop siress at burs! is a function of the yormalized crack length, lamda =
L/(R*)-5, where L is the crack length, R is the mean tube radius and 1 is the wall thickness. At
equal values of lamda, the hoop stress at burs! divided oy the sum of the yield and ultimate
strength will be the same for different sizes of tubing. For both 0,875 inch and 0.750 inch
diameter tubes, bobbin voitage is essentially directly proportional to crack length over the range
of interest. Hence equal values of lamda for the same burst pressure can be converted 10
equivalent values of bobbin voltage fur the same burst pressure.







The above development provides a procedure based on equal voliates for equal crack lengths to
compare the 3/4 inch and 7/8 inch data. An allernate procedure 1or comparing the data based on
adjusting the 3/4 inch data 10 make the muan fits 10 the two sels of data approximaiely equal is
given in Section 8. Table § provides the 3/4 inch data inciuding the adjusted volts, SLB leak
rales anc burst pressures. The Tabie § data are used below 10 perform statistical analyses of the
combined data base.
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7. CORRELATIONS FOS THE COMBINED 34 INCM AND 7/8 INCH DATABASE
7.1 Burst Pregsure Correlation

The adjusted 3/4 inch voltages and burst pressures from Table 5§ are combined with the 7/8 data
(trom Figure 4) in Figure 13. A linear regression it 10 this entire dala base results in the
following correlation between burst pressure (BP in ksi) and bobbin voltage (v in volts):

( 19

The coefficient of correlation for this regression fit is 0.88 and the error of the BP estimate is
1.083. The linear fit is plotted in Figure 14 as a straight line,

The lower 95% confidence interval adjusted for lower tolerance limit strength properties (LTL)
al operating temperature for the combine data leads 10 4 55 volts at 3AP and 22.1 volts at SLB
burst pressure. These values are compared 10 6.2 and 28.9 volts, respectively, for the 7/8 inch
data only. Thus the 3/4 inch data tend 10 lower the burst pressure limits compared 10 the 7/8
inch data only. In pan, this is due 10 the lower mean fit for the 3/4 inch data as discussed in
Section 8.

The destructive examinations of the 3/4 inch tubes with the lower burst pressure values tend 1o
indicate small ligaments that could reduce voltages but not contribute significantly to the burst
pressure. Even though there are mure 7/8 inch mode! boiler burst 1ests than obtained for 3/4
inch specimens, the comparable voltage burst pressure data points have not been found in the
7/8 inch data base

7.2 SLB Leak Rate Correlation
The adjusted 3/4 inch voltages and SLB leak rates from Table § are combined with the 7/8 inch

data (from Figure 6) in Figure 12. The following correlation between SLB leak rate (Q in Ihr)
an bobbin voltage (v in volts) is developed for the combined database:
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Tne coetficient of correlation for this regression fit is 0.72 and the error of the estimate s
1.439. The regression fit is shown in Figure 15 as a striaight line.

Thus combining the 3/4 inch and 7/8 inch data tends 10 increase the SLB leakage at a given
bobbin voltage compared 1o the 7/8 inch data alone. Similarly, the upper 5% configence band
i§ also increased.
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Figure §,

SLB Leakage vs. Bobbin Voltage for 3/4 Inch Tubes
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Figure 6.
SLB Leakage vs. Bobbin Voltage for 7/8 Inch Tubes
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Figure 7.

34 and 78 Inch Tubes

Burst Pressure vs. Unscaled Bobbin Voltage for

® 3/4 inch ~ 3/4 Inch .
Mode! Bolier Pulled Tube
Specimens - Not Tested

to Burst

© 7/8 Inch ® 7/8 Inch .
Mode! Boiler Pulled Tubes
Specimens -

Not Tested
to Burst
33

7/8 Inch
Model Boller
pecimens

7/8 Inch
Pulled Tube
- Not Tested
to Burst

Chart Figure 7 3/8/82
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Figure 8. SLB Leakage vs. Unscaled Bobbin Voltage for 34
and 7/8 inch Tubes

34 Chart Figure 8 3/9/92



Figure 8.

Bobbin Voltage vs. Crack Length - 3/4" and 7/8" Model
Boiler Specimens

Chart Figure 9 3,6/82



Figure 10. Bobbin Voltage vs. Crack Length, Essentially Single
Through Wall Axial Cracks, 7/8" Dia. Tubes

38 Chart Figure 10 3/6/92



Figure 11. Bobbin Voltage vs. Crack Lengih, Essentially Single
Through Wall Axial Cracks, 34" Dia. Tubes

37 Chart Figure 11 3/6/32



Figure 12. Normalized SLB Leak Rate vs. Bobbin Voltage
Normalized to 0.875" Diameter Tubing
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Figure 13. Normalized Burst Pressure vs. Bobbin Voltage
Normalized to 7/8 Inch Diameter Tubing

39 Chart Figure 13 3/9/82



Figure 14,

Burst Pressure Correlation for the Theoretically Scaled, Combined Database
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Figure 15
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Figure 16.

Burst Pressure Correlation for the Empirically Scaled, Combined Detabase
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