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ABSTRACT

Scale, mainly consisting of magnetite, flows on the secondary side of steam generators
(SGs), causing the formation of concentrations of impurities on the tubesheet (TS),
increasing the fouling of tube heat transfer, and blocking the broached egg crates (BEC on
the tube support plates (TSP).
Accumulation of sludge on the tubesheet forms environment in which impurities are highly
concentrated on the tubes. And we have experienced tube degradation, in the past, from the
concentration of impurities. In Japan, the first tubesheet sludge lancing, via water jets, was
done at the Mihama-2 plant in 1975. And that is why this pile sludge becomes hard
depending on time, removal made an effort toward removal with CECIL* (in bundle cleaning
system) us very difficulty. However, sludge remained in localized areas and it had possibility
of concentration. So that we improve the CECIL for the purpose of removing it, and we
improved removal performance of the device. In addition to the improvement of CECIL, we
install a sludge collector in order to decrease accumulation of sludge on the tubesheet. This
paper introduces these improvements in sludge removal performance.
*GEOIL�-Foster;MR�r, Inc Sludge Lancing System
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1. INTRODUCTION

The Kansai Electric Power Company, Inc. owns eleven nuclear power plants, all of which utilize Pressurized
Water Reactors (PWR). Inside the reactor containment vessel (CV) of each PWR plant are steam generators
(SG) which contain U-shaped tubes used for heat exchange. And each PWR has two to four SGs installed.
Figure shows SG (Type-52F).

An SG has primary water, heated by the reactor, flowing inside the tubes and secondary water flowing outside
the tubes. Heat is exchanged to the secondary water by the tubes; this secondary water then becomes the
steam that drives the electric generating turbine.

SGs are cylindrical in shape, with a height of approximately 20 m and a shell outer diameter of approximately
3.5 m on the bottom section and 45 m on the upper section. Inside each SG are 3400 tubes. Each tube has a
length of approximately 20 m, an outer diameter of approximately 22.2 mm and a wall thickness of
approximately 13 mm.

These tubes form the boundary between the primary and secondary water. During operation, there is a
pressure differential of approximately 10 Mpa and a temperature differential of approximately 500C between the
inside and outside of the tubes. In the past, SGs both in and outside of Japan used tubes made from an Inconel
600 MA (Mill Annealed) alloy. However, because these tubes were subject to various types of degradation
(wastage, pitting, intergranular corrosion (IGA), fretting) newly constructed nuclear power plants and
replacement SGs now use tubes made from an Inconel 600 TT (Thermal Treatment) alloy or an Inconel 690 TT
alloy. Tubes of these materials have improved SG design by providing higher reliability. As a result of this

improvement, SG tube related failures have been
reduced recently, and plant operating ratios now exceed

Steam outlet nozzle 80%. Figure 2 shows Nuclear Capacity Factor.

However, material improvements alone have not
completely solved the problem and daily operations
management and planned outage preventative
maintenance are still essential elements in establishing

Secondary separator long-term SG reliability. This article will discuss
improvements in tubesheet sludge lancing equipment

Upper shell utilized during outages and sludge collector in order to
decrease sludge accumulation on tubesheet as parts of
Kansai's preventative maintenance plan.
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2. ACCUMULATION AND CLEANING OF TUBE SHEET SLUDGE

There are minute concentrations of iron dissolved in the feeder water used in secondary side operations. This
iron is deposited in the SG by the feed water and forms iron oxides (Fe3O4, etc.) Most of this adheres to the
surface of the tubes as scale, but some floats in the SG. If it is not removed from the SG in the blowdown lane
waste water stream, it can settle on top of the tubesheet and accumulate as soft sludge in the low flow velocity
inter-tube bundle area.

When large accumulations of soft sludge are formed, bulk water (inter-SG water) entry is impeded and this will
cause the dry and wet phenomenon in the bottom layers of sludge located on the SG hot side. This results in
the formation of hard sludge on the tube walls and tubesheet surface.

As hard sludge becomes thicker, localized concentration factors on the tube surface can exceed 10'5. This
combined with high localized concentrations of impurities can cause the pH to become extremely acidic or
alkaline, depending on the chemical composition of the impurities. An extreme pH can result in IGA and create
an environment conducive to further corrosion. Figure 3 shows IGA susceptibility for Alloys 600MA, 600TT and
690TT (by Tsujikawa et al., 1994).

In addition, there are no significant differences in the Cl pitting corrosion resistance of Inconel 600 TT or 690 TT
and Inconel 600 MA. Figure 4 shows itting susceptibility for Insuring SG long life, including SGs using nconel
690 TT tubes (by Tsujikawa et al., 1994), requires the complete removal of concentrated sludge that
accumulates and hardens on the tubesheet.

It was with this point in mind that Kansai Electric first employed tube lane sludge lancing equipment at the
Mihama Generating Station Number 2 SG in 1975 in an attempt to clean sludge from the tubesheet. This tube
lane sludge lancing equipment had nozzles on the end of an extendablerod. It was inserted into the tube lane
from the hand hole and sprayed high pressure water into the tube bundles while being rotated. Because this
high pressure water could not reach the inter-tube bundle shadow zones, localized accumulations of sludge
remained.
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In 1989, Kansai Electric began to employ CECIL-4 (Consolidated Edison's Combined Inspection Lancing
System 4 an inter-tube bundle lancing system produced by Foster-Miller, Inc. of Waltham, MA, USA. A
schematic drawing of CECIL-4 during lancing operations is displayed in Figure .

Lancing with the CECIL-4 system is conducted as indicated in Figure 6 After removal of the hand hole cover,
the CECIL-4 system is inserted and soft sludge accumulated on the tubesheet is pushed through the inter-tube
bundle into the annulus area with a high pressure water stream (barrel spray). Soft sludge pushed into the
annulus area is removed from the recycled water flow via exhaust nozzles. After this an inspection of the inter-
tube bundle area is conducted. Areas where hard sludge that was unable to be removed by the barrel spray are
located. These areas are lanced with a flexible lance (soft sludge lance) that is inserted into the tube bundle.
This lance is equipped with a large number of nozzles and is able to remove the hard sludge with a high
pressure water stream sprayed from a close distance. After inter-tube bundle lancing, another barrel spray
cycle is conducted to flush sludge removed with the soft sludge lance. After this a final inspection is conducted
and lancing operations are completed.

Based on field usage of CECIL-4, Kansai Electric was able to determine that that inter-tube bundle sludge
lancing was effective in removing hard sludge from the tubesheet. Since then, Kansai has utilized CECIL-4 for
inter-tube bundle sludge lancing at all planned outages.
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3 IMPROVEMENT OF LANCING SYSTEM

Kansai Electric made several design changes which allowed for better heat exchange flow in all plants
constructed from Takahama Number 3 and afterwards, including replacement steam generators. This resulted
in a reduction of the accumulation of tubesheet sludge and a reduction of the area covered by and thickness of
hard sludge adhesion. However, in these new SGs, in the low flow areas of the hot side, there are areas of hard
sludge adhesion under soft sludge accumulations. Further, original CECIL-4 lancing methods were only able to
remove a portion of this hard sludge since original CECIL-4 lances did not target this zone. Therefore, steps
were taken to increase the lancing power of the CECIL-4 system and improve lancing results.

3.1 INCREASED PRESSURE OF LANCING WATER

The initial CECIL-4 system employed a soft sludge lance to remove adhesions of hard sludge in low flow
regions of the hot side of the SG. The nozzle pressure for this lancing was 200 Kg/cM2 . This pressure was
calculated by using a conservative number based on erosion tests. Erosion tests were conducted by using the
largest nozzles on the soft sludge lance and exposing tubes to the most extreme lancing angles and lancing
distances possible with the CECIL system.

From this, Kansai employed a soft sludge lance - hard sludge lance set. "The hard sludge lance is equipped
with four 4) sprays that are aimed forward to concentrate spray power onto the tubesheet. The sprays do not
contact the tubes directly, so the hard sludge lance can operate at a much higher pressure than the soft sludge
lance." We determined pressure parameters by testing the effectiveness of each lance nozzle and confirmed
that high pressure lancing improved lancing results. By again determining the critical nozzle and conducting
calculations based on actual lance field use, we were able to determine that an increase of 50 Kg /CM2 for the
soft sludge lance would not cause any tube erosion. Figure 7 shows Spray Test Results. We also determined
that the hard sludge lance operating at 350 Kg/CM2 would not cause any tube erosion.

<Tests condition> <Tests condition>
Nozzle pressureD250k g/CM2 Nozzle pressureD350kg/cM2
Stand off distanceF6.5mm Stand off distanceol 25mm
Angle of attackE1900 Angle of attack[1300
Spray tirne020min Spray time030min
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Fig.7 Spray test results for soft lance and hard lance
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Based on Kansai's work with the lance unit, it was determined that the best method for improving hard sludge
lancing results was to create a plan using the soft sludge lance and hard sludge lance in tandem at the
calculated higher pressures. The soft sludge lance would be used to remove sludge from crevice regions,
where the tube and tubesheet meet, in the shadow zone. The hard sludge lance would be fired at an angle
perpendicular to the tubesheet at an appropriate distance.

This method was tested in 1997 at the 1 oth planned outage of the Takahama Generating Station Number 3 SG.
The lances were used in tandem, with the soft sludge lance used at a pressure of 250 kg/CM2 and a speed of 35
mm/min and the hard sludge lance used at a pressure of 350 k g/CM2 and a speed of 35 mm/min.

The results of this test showed that sludge was completely removed in areas directly contacted by the water
spray. In addition the area of effective lancing was increased. Therefore, it can be said that high pressure
lancing was more effective that the normal lancing used during the previous outage. However, the effective
lancing area of both the hard sludge and soft sludge lances covered only a part of the area in which hard sludge
accumulated. This meant that hard sludge was not completely removed even though the results of the new
lancing method were significantly better than the previous method.

3.2 TUBE SCALE LANCE

The soft sludge lance's weak point proved to be that it could only directly impact a portion of the hard sludge
accumulations. To aempt to solve this and improve lancing results, Foster-Miller developed a lance that
employed fan nozzles and increased the area impacted by lance nozzle spray This lance, know as the tube
scale lance, was tested in 1998 at the 1 oth planned outage of the Takahama Generating Station Number 4 SG.
The results of this showed that the area impacted by high pressure nozzle spray 300 k g/CM2) was increased.
However, the area of effective hard sludge removal was limited to the center portion of the spray, and hard
sludge remained in certain areas. From these results it was realized that in order to completely remove hard
sludge, it was necessary to design a lance that could cover the entire area of hard sludge accumulation with an
effective high pressure lancing force.

3.3 NEW LANCE DESIGN

Once it was determined that even further improvements in lancing effectiveness would be beneficial, it was
realized that a new lance design was needed.
The goal of the new lance design was to be able to effectively and evenly remove hard sludge from the entire
area of hard sludge adhesion, including the shadow zone. In addition, this design had to be able to fit on the
existing CECIL-4 system, and be able to be used repeatedly outages and not cause erosion, which was defined
to be an increase in the initial roughness of the tubesheet and tube surfaces (tube: Rmax = 63 pm, tubesheet:
Rmax = 25 pm).

In 1998, two new lances were designed that met these conditions. One is known as the Cavitation jet lance.
This lance has one horn-shaped nozzle on its tip, and when fired under water, the nozzle jet stream creates a
cavitating force. When compared to the soft sludge lance, when it is fired in air, the Cavitation jet lance is able
to achieve greater lancing coverage of the entire tube surface, including the shadow zone.

The second lance is known as the Downshooter lance. This lance is placed horizontally above the tubesheet
and the nozzle jet is fired into the air perpendicular to the tubesheet (at a pressure of 350 kg/CM2) . Further, this
lance has two nozzles on each side of the lance end, separated by 2.250 and 5.51 angles. Both sides of the
lance are used for lancing. This lance cannot lance the tube surfaces, but is highly effective in lancing the area
near the tubesheet crevice.

Based on painted sample piece tests and pressure sensitive paper tests, we were able to confirm that the
combination of the Cavitation jet lance and Downshooter lance is able to effectively lance the entire target area
of the tubes and tubesheet, including the shadow zone. The schematic diagram of these lance and spray test
results are shown in Fig. 8 to Fig.11.

In addition, to simulate repeated use in the field, a tube bundle mock-up was exposed to high pressure spray for
long periods of time to check for erosion on the tubes and tubesheet. For this test, polished Inconel 600 TT
tubes and materials equivalent to actual tubesheets were used.

For the Cavitation jet lance, 60 operations were simulated, and this resulted in a maximum of 8 pm of erosion.
This is almost equivalent to the original surface roughness 6.3 pm). Considering that actual field tubes are
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coated with hard sludge, this means that the Cavitation jet lance will cause no erosion.
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Fig.8 Development of the Cavitation jet lance

Also, since the pulsing frequency of the Cavitation jet lance 400 Hz - I 00 Hz) is a different order of magnitude
from the vibration frequency of the tubes 20 Hz - 30 Hz) there is no danger of sympathetic vibration.

For the Downshooter lance 60 operations were simulated, which resulted in maximum erosion to the tubesheet
of 15 pm. Given the 550 mm thickness of the tubesheet, this amount of erosion is insignificant. Since the down
shooter lance nozzle sprays are parallel to the tubes, there is no erosion on the tubes.

After proving that the newly developed Cavitation jet lance and Downshooter lance were able to improve lancing
results and would not damage the tubes or tubesheet ' they were tested at the 111h planned outage of the
Takahama Generation Station Number 3 SG and the 18 th planned outage of the Takahama Generation Station
Number SG.

The results of these tests demonstrated significant improvements over the previous high pressure lancing
operations. Hard sludge was completely removed from the crevice area and from around the entire tube
surface up to a height of 10 mm. Figure 12 shows the lancing test flow chart and condition of sludge removal.
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Ficid operation step
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4. SLUDGE COLLECTOR

In addition to the improvement of CECIL, Kansai Electric has adopted a sludge collector, which is installed
among primary separators above the tube bundle wrapper in order to decrease accumulation of sludge on the
secondary surface of the tubesheet. Sludge is the ass&mbly of particles which mainly consist of magnetite
flowing in the secondary water. A particle moves in the balance between forces acting to a particle; the
gravitation, the buoyancy and the force of fluid flow. Therefore, as a particle is large, it accumulates because
the large gravitation acted to it. And as flow velocity is low, a particle also accumulates because a force of fluid
flow. which conveys a particle along the flow, is small. Namely, there is the critical flow velocity according to the
particle size, If a flow velocity is smaller than a critical velocity, particle accumulates. In this way, a particle
accumulates in low velocity regions and forms sludge. If there is not a sludge collector in SG, sludge
accumulates on the lowest flow velocity region of the secondary surface of the tubesheet.

It is considered that particles which enter in SG through feedwater does not accumulate on the secondary
surface of tubesheet when it reaches there for the first time, but while circulating in SG (They circulates in SG
circulation loop several times per minute). Therefore, if there is low velocity region in SG other than on the
tubesheet, it is possible for sludge to accumulate there. It results in the decrease of sludge accumulation on the
tubesheet. This is the reason why sludge collector is adopted.

A sludge collector is installed among primary separators above the tube bundle wrapper, as shown in Fig. 13 A
sludge collector is a box type equipment with numerous holes as inlet and outlet. Secondary water enters from
holes on the top of box, and flows in sludge collector with very low velocity while sludge accumulating in this
box, and exits from holes on the side of box. As the area, where flow velocity is smaller than that on the
tubesheet, is large, the capacity of collecting sludge is large and it results in decrease of the amount of sludge
accumulation on the tubesheet.

Sludge, which is collected in a sludge collector in dairy operations, is withdrawn during outages. The way of
withdrawing sludge is basically the same as that of sludge lancing of tubesheet. The equipment to feedwater jet
and drain water are common to that of sludge lancing of tubesheet.

primary separator
holes on top

tube bundle wrapper

sludge collector

L holes on side

divider plate

A sludge collector is de-.
(1) A sludge collector gives impact on internal structures as little as possible.
(2) A sludge collector gives no impact to assembly, welding and inspection of internal structures.
(3) For the purpose to enhance the performance for collecting sludge, divider plates are installed in sludge

collector.

Fig. 13 Image of a sludge collector structure
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Table-1 shows the example of comparison of sludge amounts between on tubesheet by sludge lancing and in
sludge collector. 14-53% (mean value is 34%) of total sludge are collected by sludge collector. It is estimated
that if sludge collector is not installed, considerable part of sludge collected by sludge collector is accumulated
on the tubesheet. Now, it is evaluated that sludge collector contributes to the decrease of accumulation on the
tubesheet.

Table-1 Comparison of ludge amounts between on tubesheet and in sludge Hector (field ata during ou ges)
Nov.'95 Feb. 97 Jun.' Sep. 9 Jan. '01 Tota
kg I % Kq I % kg % kg % kg % kg %

A-SG Tubesheet 3.67 47 6.91 1 68 7.65 66 14.98 78 8.11 86 41.32 71
Sludge collector 4.21 53 3.31 32 3.91 34 4.24 22 1.35 14 17.02 29

B-SG Tubesheet 2.41 28 4.70 55 6.76 67 10.55 63 7.42 84 31.84 60
Sludge collector 6.24 27 3.86 45 3.26 33 6.13 37 1.37 16 20.86 40

Total Tubesheet 6.08 37 11.61 62 14.41 67 I 25.53 71 15.53 85 73.16 66Sludge collector _i_ 1551045 1 63 7.17 38 7.17 1 33 1 10.37 1 2L� �l 15 1 37.88 1 34

5. CONCLUSIONS

The development of the Cavitation jet lance and Downshooter lance have been developed as effective methods
of removing hard sludge adhering to tubesheet in secondary side of steam generators. Fields tests have proven
them to be such. Kansai Electric has applied these lances to the actual plants for the sludge lancing during
outages.
Also, Kansai Electric has installed sludge collectors which collect sludge in secondary side of steam generators
in order to decrease sludge accumulation on the tubesheet.
These should reduce the formation of corrosive conditions to SG tubes. It is expected these will lead to safer
and more reliable plant operations.
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