








Tube-bundle fouling factors, after eliminating the DP
leakage effect and taking into consideration the
change in primary mass flow rate and change in SG
secondary-side pressure, are obtained from the RIHT
data as shown in Figure 2. As seen in this figure, the
data from Wolsong 1, Pt. Lepreau and Gentilly-2 all
fit to a straight line with a slope of 2.05x10°°C
m%W per EFPY. Since the Embalse plant did not
have any DP replacement or tube bundle cleaning
experience, it was not possible to separate the
combined effects of DP leakage and tube bundle
fouling. However, because of the consistency of the
Wolsong 1, Pt. Lepreau and Gentilly-2 data, the same
tube bundle fouling factor is assumed to apply to
Embaise as well. The figure shows the reduction in
Gentilly-2 tube bundle fouling as a result of the 1999
mechanical cleaning. The amount of reduction is
consistent with the claimed cleaning efficiency. On
the other hand, the Pt. Lepreau tube bundle fouling
shows almost no reduction in tube bundle fouling
after a concurrent primary- and secondary-side
cleaning. This may be because the thermally-
beneficial primary-side cleaning effect was cancelled
by the removal of secondary-side deposit, which was
enhancing the heat transfer prior to the secondary-
side cleaning. Another explanation is that a possible
increase in thermal plate leakage after the secondary-
side cleaning masked a small, and beneficial, effect of
primary-side cleaning.

CANDU 6 FOULING FACTORS
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Figure 2: CANDU 6 Steam Generator Fouling
Factors Inferred from the RIHT Data. The plot
inciudes Wolsong 1, Embalse, PLGS and Gentilly-
2 data
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3.2 Separate Effects of Primary and Secondary
Side Fouling

As a result of a mechanical mechanical cleaning on
the primary side in 1999, at 12.6 EFPY, Gentilly-2
recovered ~2.7°C RIHT and 5% primary flow. Since
a 5% increase in primary flow results in ~0.65°C
increase in RIHT (see the 4% term of Equation 1), we
can attribute a 2.7°C +0.65°C = ~3.3°C RIHT
recovery to the removal of primary-side fouling
deposits. Assuming a cleaning efficiency of 80% at
Gentilly-2 (90% cleaning efficiency times 92% tubes
cleaned), and using Equation 1, we can infer an
equivalent fouling value of 27.5x10°° °C m*/W for the
primary side before cleaning.

In section 4.1, it was concluded that the rate of tube
bundle (primary+secondary) fouling for CANDU 6
plants is ~2.05x10° C m*W per year. At 12.6 EFPY
this value translates to a total fouling value of
25.8x10° Cm*W, which is less than the equivalent
primary side fouling determined above. This implies
that the contribution from secondary-side fouling was
still negative with a value of -1.7x10® Cm*W at the
time of Gentilly-2 cleaning. Note that these inferred
values are somewhat dependent on the assumed value
of cleaning efficiency. A sensitivity analysis showed
that a 10% error in cleaning efficiency would result in
a 10% error in the estimated primary-side fouling
value.

3.3 Inferred Divider Plate Leakage: Degradation
Rate and Start-up Leakage

CANDU 6 field data indicate lower start-up RIHT for
Wolsong 1, compared with other CANDU 6 stations.
The lower Wolsong 1 RIHT at start-up was attributed
to a lack of DP leakage. As a result of the
continuously increasing RIHT, Gentilly-2 and
Point Lepreau stations replaced all SG divider plates
with newly-designed, welded floating DPs (Forest et
al. 1995). After the DP replacement, both the
Gentilly-2 and Point Lepreau plants have recorded a
significant reduction in both RIHT and in the rate of
RIHT rise, indicating that DP degradation was
responsible for the major portion of the RIHT
increase. This effect is evident when Wolsong 1
RIHT increase (0.2°C/year) as compared with the
RIHT increase in other CANDU 6 stations
(0.4°Clyear).

It was mentioned in Section 4.1 that all CANDU 6
stations appear to be fouling at a similar rate:
i.e., ~2.05x10° °C m* /W per year. Using this value,



fitting Equation 1 to field data, and assuming a 0.5%
per EFPY reduction in primary flow rate, the annual
DP degradation rates of 0.75%, 0.65% and 1.1%
were inferred for Embalse, PLGS and Gentilly-2,
respectively. Note that the latter two values are in
line with the DP replacement experience of Gentilly-2
and PLGS, but the Embalse leakage rate is obtained
by assigning Embalse the same tube bundle fouling
rate as Wolsong-1, PLGS and Gentilly-2. Differences
in DP degradation rate of various plants might be
because of varying manufacturing tolerances, bolt
tightness or material properties. A 1.1%/EFPY and
0.65%/EFPY increase in leakage rates result in a total
degradation of 104% (at 9.5 EFPY) and 7.7%
leakage (at 11.5 EFPY) for Gentilly-2 and Pt
Lepreau, respectively. Equation 1, after taking into
account the primary-flow recovery, indicates that the
RIHT recovery for these plants would be 5.0°C and
3.65°C because of the DP replacement. These values
are very close to those of field measurements (5.1°C
and 3.6°C, for Gentilly-2 and PLGS, respectively).

It was noted earlier that the start-up temperature is
~1.5°C lower in Wolsong 1 (~261°C) than that of
other CANDU 6 plants (~262.5°C). Using the last
term of Equation 1 and attributing the start-up
difference to DP leakage, we can conclude that the
start-up DP leakage rate was ~3% of the primary
flow. If thermal plate leakage is taken into account
(estimated to be responsible for 0.5°C higher RIHT
for the Wolsong 2, 3, 4 SGs), the DP leakage at the
start-up can be estimated to be somewhat lower.
Hence we can conclude that the average CANDU 6
DP leakage at start-up was 2 to 3% of primary-side
flow rate.

Another observation regarding DP degradation is
related to the degradation rate after DP replacement.
The slope of the RIHT data after DP replacement is
very close to that of the Wolsong 1 data. This
indicates that further degradation of floating-type DPs
has been negligible. This is not surprising because of
the corrosion resistant material used in the leak-paths.

4. PREDICTING SG TUBE-BUNDLE
FOULING FACTOR

The work presented in Section 3 identified a tube-
bundle fouling factor rate that was common to the 4
CANDU 6 plants analysed. In this section we present
a methodology to predict the tube-bundle fouling
factor rate from estimates of tube-bundle deposit
inventory, deposit distribution and measured heat-
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transfer properties of the deposit, and compare with
the results of the previous section.

Factors that influence the effect of deposit on the rate
of heat transfer include the deposit loading, the
deposit distribution on the tube bundle, the mode of
heat transfer, and the thermal resistance of the deposit
per unit deposit mass or deposit thickness. For this
analysis, the deposit loading on the tube-bundle was
estimated from plant chemical cleaning data. From
single-tube chemical cleanings performed at both
Gentilly-2 and Point Lepreau Nuclear Generating
Stations (NGS), a deposit loading of 0.185 kg
magnetite/m” was estimated to build up on the inside
surface of the tube bundle over a period of 10 EFPY
of operation. The corresponding estimate for the
outside surface of the tube bundle, based on results
from the chemical cleaning of the secondary-side of
the SGs at Point Lepreau (NGS) (Verma and Walsh,
1996) is 0.085 kg magnetite/m” over 10 EFPY of
operation. In both cases, the deposit inventory was
assumed to increase at a linear rate throughout the
operating period of the plant.

The deposit distribution on the inside surface of the
tube-bundle was derived from an analysis of eddy
current inspection data. Details of the deposit
distribution, i.e., light deposit on the hot-leg near the
tube sheet, heavier deposit over the U-bend region
and on the cold leg, and very heavy deposit in the
region of the integral pre-heater, are consistent with
predictions by a model of precipitation fouling of
magnetite under primary heat transport system
conditions (Burrill and Turner, 1994). In the absence
of field data, the deposit distribution on the outside
surface of the tube bundle was simulated using the
SLUDGE' code.

The thermal resistance of tube-bundle deposit was
determined by a series of measurements made under
both single-phase forced-convective and flow-boiling
conditions (Turner et al, 2000). For single-phase
forced convection (applicable to the inside surface of
the tube-bundle which is exposed to the primary
coolant), the thermal resistance could be correlated
with deposit loading using the following expression:

Ry =-73x10° +1.4x10°m%® (m*°C/W)  (2)

where m is deposit loading in kg/m’.

' A three-dimensional computer code developed by

AECL to predict secondary-side fouling in steam
generators.



The first term in Equation (2) takes account of the
effect of deposit roughness on the fluid film
resistance, whilst the second term accounts for the
resistance to heat transfer through the deposit by
conduction. Under flow-boiling conditions
(applicable to the outside surface of the tube-bundle),
the thermal resistance of the tube-bundle deposit
could be correlated with deposit loading using the
following expression:

Ry =-20x107° +3.1x10*m m2.°C/W)  (3)

The terms in Equation (3) have the same
interpretation as the corresponding ones in
Equation (2). A comparison of the two equations
reveals that both the thermal resistance per unit
deposit mass and the effect of deposit roughness on
film resistance is greater under flow-boiling
conditions than under single-phase forced convection.

Combining the expressions for deposit thermal
resistance with the appropriate deposit distribution
results in a fouling factor distribution for the tube-
bundle. Fouling factor distributions for the inside
(primary-side conditions) and outside (secondary-side
conditions) of the tube bundle after 10 EFPY of
operation are shown in Figures 3 and 4, respectively.
The predicted fouling factor trends for a linear rate of
build up of fouling deposit on the tube bundle are
shown in Figure 5.

G2 FIELD DATA AT 10 EFPY
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Figure 3: Predicted distribution of primary-side
fouling resistance along the tube bundle based on
measurements of deposit loading, distribution, and
thermal resistance.

After an initial drop in fouling resistance during the
first two years of operation, the predicted rate of loss
of thermal performance from tube-bundle fouling at
CANDU-6 plants averages 4.0x10° m*°C/W per
EFPY. Of this total, 39% (1.5x10° m*°C/W per
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EFPY) is attributed to secondary-side fouling and the
remainder, 2.5x10°° m%-°C/W per EFPY, is attributed
to fouling on the primary side. At 12.6 EFPY the
predicted contributions from primary and secondary
side fouling are 32x10° and 1.9x10°% m>°C/W,
respectively. The latter predictions compare well
with the values inferred from the analysis of RIHT
field data following the primary-side mechanical
cleaning at Gentilly-2. The total tube-bundle fouling
factor rate deduced from this analysis, however, is
about twice that inferred from the analysis presented
in Section 3.
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Figure 4: Predicted distribution of fouling
resistance along the secondary-side of the tube
bundle based on measurements of deposit loading
and thermal resistance. Deposit distribution
predicted by SLUDGE.



The fouling factor rate' deduced for primary-side
fouling alone agrees well with the total tube-bundle
fouling rate inferred from the RIHT data. This
suggests that the contribution from secondary-side
fouling is being overestimated for CANDU 6 plants.
The general features of the secondary-side fouling
factor curve shown in Figure S, i.e., a minimum value
of ~1.5x10°° m*-°C/W at about 2 EFPY and a fouling
factor rate thereafter of 1.5x10° m%°C/W per EFPY
of operation, are consistent with behaviour observed
at many PWR plants, where performance degradation
appears to be strongly affected by secondary side
fouling (Lovett and Dow, 1991). Where secondary-
side fouling has been an issue in PWR plants,
however, the deposit inventory on the secondary side
has been found to be at least five times greater than
that used in the present analysis. This result suggests
that the thermal resistance of secondary-side deposit
is much smaller than that predicted by Equation (3).
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Figure 5: Predicted fouling factors for primary-
side, secondary-side, and total tube-bundle fouling
as a function of EFPY for a CANDU 6 SG. The
prediction is based on the fouling factor
distributions in Figures 3 and 4 and an assumed
linear rate of deposit build-up with increasing
EFPY.

5. CONCLUSIONS

The major mechanisms affecting the RIHT in
CANDU systems appear to be primary-side tube
fouling and DP leakage. From the analysis of RIHT
data, the following values are obtained.

Tube-Bundle Fouling: All CANDU 6 plants appear to
be fouling at a similar rate. The following are
deduced by an analysis of the RIHT plant data:

e The station-averaged SG tube bundle fouling
(primary+secondary) rate is 2.05 *10°°
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m*°C/W per EFPY. This value is reasonably
constant throughout the operating history of

CANDU 6 SGs and accounts for
0.3°C/EFPY increase in the RIHT.
e Gentlly-2 SG primary-side cleaning

indicates that the primary fouling rate has

been 2.2*10‘6

e At about 13 EFPY, secondary fouling
appears to be still negative, e.g. enhancing
the heat transfer.

DP Leakage: CANDU 6 stations with segmented
primary divider plates degraded faster than
Wolsong 1 that has welded DPs. The following
results were found:

m*°C/W per year.

e DP leakage rates increased by about 0.65%
to 1.1% per year in stations with segmented
divider plates. This accounts for 0.3 to
0.5°C/year increase in RIHT

e Segmented DPs leaked about 2 to 3% at the
start-up.

e The replaced floating DPs appear to be
leaking 2% of the primary fluid with no
further degradation to date.

Other SG thermal degradation mechanisms, such as
separator fouling and feedwater distribution box
leakage do not appear to be making a significant
contribution to performance degradation. Very few
tubes have been plugged in CANDU 6 steam
generators. Hence, this mechanism has aiso not
contributed significantly to the rise of RIHT.

The fouling factor rate deduced for primary-side
fouling from measurements of deposit inventory and
thermal resistance is in good agreement with results
from the RIHT analysis, whereas the rate deduced for
secondary-side fouling appears to be overestimated.
Comparison with performance degradation in PWR
plants suggests that the discrepancy may arise from
an over-estimate of the thermal resistance of
secondary-side deposit

6. REFERENCES

Brissette, D. and Lafreniere, P., 1996 April, “Review
of Operational Experience at Gentilly-2 NGS with
Reactor Inlet Header Temperatures (RIHT) Rise”,
Proceedings of 4™ Technical Committee Meeting on
the Operational Safety Experience of PHWRs, Kyong
Ju, Korea.



Burrill, K.A. and C.W. Turner, 1994, “Control of
Reactor Inlet Header Temperature (RIHT) Rise in
CANDU”, Proceedings of the 2™ International Steam
Generator and Heat Exchanger Conference, Toronto,
p-p. 7.125 - 7.137.

Forest, J., Kiisel, E., McClellan, G. and Schneider,
W., 1995, “Gentilly 2 Divider Plate Replacement”,
Proceedings of CANDU Maintenance Conference,
Toronto, p.p- 133- 118.

Lovett, J.T. and B.L. Dow, 1991, “Steam Generator
Performance Degradation”, EPRI Report NP-7524.

326

Turner, C.W., S.J. Klimas and M.G. Brideau,
“Thermal Resistance of Steam Generator Tube
Deposits under Single-Phase Forced Convection and
Flow-Boiling Heat Transfer”, Can. J. Chem. Eng. 78
(2000) p.p. 53-60.

Verma, K.D. and Walsh, B., 1996 April, “Pt. Lepreau
Generating Station Information Report: Steam
Generator Maintenance, Inspection And Operational
Experience Related to the 1995 Planned Outage at Pt.
Lepreau”, Proceedings of 4" Technical Committee
Meeting on the Exchange of Operational Safety
Experience of Pressurized Heavy Water Reactors,
Kyong Ju, Korea.






