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Development of Sacrificial Anodic Alummum Fin
for Vacuum Brazing System

by Zen-ichi Tanabe, Yoshio Baba,
Teruo Uno and Michiki Hagiwara

Recently aluminium alloy is commercially used for condenser and evaporator of car-aircondi-

tioning system. In this application, however, there exist some technical problems to be solved, es-

pecially, protection of corrosion in severe field. From the standpoint of electrochemistry, cathodic

protection of tube with anodic fin is effective to protect the corrosion.

A new sacrificial anodic fin whose core alloy contains small amount of tin has been developed

for vaccum brazing system.

The successful results have been obtained in field test even in severe corrosion conditions, such
as Middle East, South Asia and Snow Belt Zone of America. '
The new alloy is successfully mass-produced and applied to practical use of more than 15 mil-

lion car-airconditioning systems.
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Fig. 1 Schematic figure of the corrosion action in non
protective—type condenser.
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Fig. 3 Vapor pressure of some elements.
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Fig. 4 Solid solubility relationship for Al—Sn alloy.
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Table 1 Chemical compositions of tested alloys.

Chemical composition (wt%)

No. alloy

Si Fe Cu | Mn | Zn Sn
1 0.10 { 0.15 | — — — — 1050
2 " 7 — — — | 0.01 Al—Sn
3 1 " — — — 0.02 [
4 n N —— e e 0.04 "
5 " " — e — 0.05 ”
6 " " — e — | 0.06 i
7 " " — — — 10.07 "
8 i " e . e 0.10 n
9 " " — — — 1 0.15 "
10 " N —_ — — 0.20 "
11 " " — 1.0 — [ 0.01 | Al—Mn—5n
12 " " — [ — 10.02 "
13 1 i — 1 -~ | 0.03 "
14 " " —_ " — | 0.04 "
15 " " e " — | 0.05 "
16 " " — " — 10.06 "
17 [ " — " — | 0.07 "
18 n " — —_ 1.0 — 7072
19 10.27] 0.6 |0.15] 1.2 — - 3003

Thickness of test piece : 0.8mm

Table 2 Chemical composition of tested alloy.

Chemical composition (wt%)

Si|Fe|Cu|Mn|Mg|Cr|Zn| Ti| Sn| Al

Core | 0.1110.25(<0.01] 1.0 {0.14(<0.01/0.43|0.0110.05] bal.

Cladding| 9.8 | 0.2310.01{0.01[0.62{<0.01{0.01{0.01|~| bal.
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Fig. 7 Effect of cooling rate on the corrosion potential of
Al—Sn alloy.
(3% NaCl aq. pH= 3 (CH3COOH), room temp.)
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Fig. 8 Effect of Sn content on the corrosion potential
of Al—Mn alloy.

(3% NaCl aq. pH= 3 (CH3COOH), room temp.)
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Masahisa Naoe

A plate wave technique is one of continuous and automatic nondestructive testing methods for
metal sheets. This method has been utilized for an inspection of steel sheets. However, it is said
that its flaw detection sensitibity is no longer suitable for recent high quality steel sheets. Because
of the low sensitibity, this method has not been applied to an inspection of aluminum sheets. Re-
cently, the improvement of sensitibity is expected by using a new plate wave technique in which
sine wave pulses are used. In this paper, it is determined that working conditions and sensitibity
of the technique were studied to be applied to the automatic inspection of aluminium sheets. The
results can be summarized as follows.

(1)

thickness of less than 0.8mm. The angle of incidence against the product of frequency and thickness

It was recognized that the best inspection mode was a first symmetrical mode (So) for the sheet’s

corresponded with the theoretical result.

{(2) For the plate wave technique by the beem of vertical direction to the sheet’s edge, the pulse
repetition frequency was limited within approx. 125Hz, because of the ghost echos of pre-pulses.
For the technique by the incline direction beem to the sheet’s edge, the pulse repetition frequen-

ﬁ**

cy was able to raise till 500Hz, because to the ghost echo disappeared.

(3)

It was obtained that the sensitibity for flaw was improved to use sine wave pulses in artificial

flaw sensitibity tests and a discontinuity in the thickness could be detected.
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Fig. 4 The method of ultrasonic testing with the plate
wave tecnique.
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Fig. 5 Echo generation in changing angle of incidence.
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Fig. 8 Sound velocity of filled special water and
distilled water by the temperature.
Table 1 ¢0.2mm hole artificial flaw sensitibity in test
frequencies.

d |frequencyy Mode |Gain margini S/N | Wheel dead zone | Attenuation
(mm) |(MHz) (dB) ratio (mm) (dB/cm)
0.29 1 So 8 2 350 0.15

2.25 So 10 20 220 0.15

5 So 6 1 100 0.27

0.50 1 So 6 2 350 0.20
2.25 So 12 20 220 0.20

5 So 4 1 100 0.27

0.80| 1 |[Unable B B s —
2 | Unable| -~ e R — e

5 | Unable| —— — R R

Bk & ek — 2 b g Az, 1 MHzOB &L,

R A x (, S/NEL vy, 5 MHzTi3d=0.8mm
TEEAREE Y, WEFFNLUTOHETHS/NILH
kv, 2. 25MHz 854012, d=0.8mm TIZFEEAE T‘Zf)

S 729, FALUTOWE TIEEWS/NILCHEEH T HE
Botz, ZNIE, 1MHz Tl &4 YO a— @?é

%, SMHz T4 X T L THI I—HEIKE
WZEPEREEZ LNE, d=0.8mm TEETREE &
LDlE, N2 FEERVRROTHD, EoT, d =
0.5mm LT TG E R E L ¢ f=2.25MHz # A
THIEHDEE L,

3.3 BREEH

$0.8mm F ) LEGEILE AR & L TRV, SEHR

13

BETIETHRERBREIT- 2, #E%2 Fig9ioR”y,
d =0.29% 100.50mm Tz ALKMND T a2 — 3L 25 &
10 R, d=0.80mm T3 20 TE N FNEMT 3,
IO— L AEE AR 2288, T a— UL 2RIEE <
0, DBRAT L TRBANRL BNy 50T, faf
EROEEEFEHT 2 LE»H 5, d=0.5mm LIF T,
BB I0MEIHRTH B,
3.4 #BELERK

B CETT BRI CEE TR ET 51213, &
TV R FEAE DR Lﬂﬁﬁ%mmé tbﬁ%f%
b, LoL, Ti=vaililicBlTs8E0%HA,
Wﬁmmﬁﬁﬁommkmtwwfm,MLLH&&%
B EFOERICRESNZ AT L DIE D 2 —
Abxra—AxRa—7EicBbh, S/NIEEETEE
5, Fig.10ic, #uR L B #e2.5Hz, 125Hz, 250Hz %
HuWizdga0 ¢0.4mm F ) VEBILREEREICBIT5 A
A =7 %R, #aE L B 250Hz T3 A AT HE
Thotz, $-5T, T =7 ADOMEHEE CIZEEL
B E 125Hz R E T LA T 5 Z e CET, B
LT 5 Z L HE e EATHE L, 150m/min T
5 ZNU EOMGEATEEIC LT 21212, Figdla)

100
d==0.50mm d=0.80mm
.—.—_
oY e

S -2 VN
= d=029mm
ey
=
2 50
2
8
jo]
&
ul

0

0 10 20 30

Wave number
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(b) Incline plate wave technique.

Fig. 11 Plate wave technique which can follow the high
speed running.
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Experiences of APF Condenser Tubes*

Koji Nagata** and Shiro Sato**

To protect copper alloy condenser tubes from both sulfide attack and erosion corrosion, a tech-
nique of placing artificial protective-film (APF) coated with organic resin onto a copper alloy tube
inside has been established. Both laboratory tests and field tests have proved that APF condenser
tubes have excellent corrosion resistance to flowing sea water. Since 1976, approximately 180,000
APF tubes have been delivered for condenser of power plants, heat exchangers of chemical plants,
LNG vaperizer, heat rejection of desalination under various cooling water conditions.

Performance records are considered to be satisfactory from view point of corrosion resistance
and heat transfer rate. For example, at Sakaiko Power Station using intermitently polluted sea
water, 100 APF tubes have proved to solve corrosion problem during 7 years of operation since
1978. Also at Aioi Power Station using non-chlorinated clean sea water, where entire APF tubes
condenser (20,904 tubes) was newly built, APF tubes have been successfully used since 1982. In fu-
ture, we must develop the following properties of APF tube to get high reliability, namely one is
anti-fouling properties against bio-organisms in non-chlorinated sea water and another is anti-blis-
tering properties under cathodic protection. The former will be solved by anti-fouling resin containing
copper powder and the latter will be alleviated by the combination of optimum substrate and resin.

1. Introduction

Most Japanese power plants have used sea water
as coolant for their condensers. Copper alloy tubes,
especially aluminum brass, have been exclusively
applied to the main section of condensers in fossil
power plants. Leakage problems on aluminum brass
tubes caused by sea water have been satisfactorily
solved by various countermeasures such as ferrous
ion dosing, impressed cathodic protection, applica-
tion of AP Bronze tubes (Cu-8%Sn-19%Al-0.12,51)
to polluted sea water and widespread use of eddy
current testing. The survey results of copper alloy
tube failures in power plants of three major power
companies in Japan show that the failure rate has
been less than 1 tube leakage per 10,000 tubes for 1
year during the 15 years from 1969, as shown in Fig.
1.0 Ferrous ion dosing has been remarkably effec-
tiveinpreventing malignanterosioncorrosion which
had been one of the major causes of leakage trou-
bles of aluminum brass tubes®®. Based on opera-

» This paper was presented at Condenser Biofouling Control
Symposium “The State-of-the-Art” held at Orland, Florida,
USA, in June 1985 organized by Electric Power Research
Institute.

»+ Technical Research Laboratories, Dr. of Eng.

tional records and test results at our laboratories,
ferrous ion dosing, however, has not always been
effective in protecting aluminum brass tubes. For
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Fig. 1 Changes of failure rate and failure causes of
copper alloy condenser tubes of 111 Japanese
fossil condenser using salt water as coolant.
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example, if foreign bodies lodge in a tube bore, the
protective film formed by ferrous ion dosing has in-
adequate resistance against the attack by turbulent
flow caused around foreign bodies. Other cases where
ferrous ion dosing is ineffective in forming protec-
tive film are sea water conditions such as continu-
ous sulfide pollution, low temperature, low flowing
rate in a tube, high residual chlorine and long dis-
tance from injection point. In addition, there have
been some cases where ferrous ion dosing is not
used because of environmental regulations or local
public disagreement.

To cope with the difficulties experienced on cop-
per alloy condenser tubes, an investigation has been
conducted to develop the artificial protective film
(APF) onto the inside surface of the condenser tube.
As a result, the APF, which has high polarization
resistance, small potential difference to base metal
and good adhesion under various sea water quality,
has been successfully developed by using some kinds
of organic resin instead of ferric hydroxide film
made by ferrous ion dosing*®. For the most part,
APF treatment has been applied to aluminum brass
tubes. Film thickness of APF tube is controlled to
keep the allowable heat transfer rate close to that
of the condenser tube.

Tubes treated with APF have been tested in com-
mercial power plants since the mid 1970s and the re-

sults show excellent corrosion resistance. APF film
is corrosion protective but not anti-fouling protec-
tive. In non-chlorinated sea water, APF tubes have
been likely to suffer from bio-fouling. To prevent
macro- and micro- biofouling, countermeasuressuch
as sponge ball cleaning and controlling flowing rate
are effective. In addition, modified APF tubes coated
by anti-biofouling resin containing copper powder
are being developed. This paper provides results of
the performance of APF tubes as well as APF ser-
vice experience in Japanese fossil power plants.

2. Performance of APF tubes

2.1 Standard specification of APF tubes

Table 1 shows the standard specification of APF
tubes. APF film is usually made by polyester resin
or epoxy resin. Polyester resin has adequate heat
conductivity and film formability, while epoxy resin
has adequate resistance to water permeability, and
to heat but poor heat conductivity.

For application to condenser tubes, due to the al-
lowable limit of heat transfer performance, thick-
ness of APF film is generally designed such that
heat transfer resistance is not more than 3X1075
m2h’C /Kcal. Consequently, film thickness is 22um
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Table 1 Standard specification of APF tube.

Item Specification
Tube alloy Aluminum brass, Cupronickel, AP Bronze
Tube size Inside diameter : 135 to 33mm, Length : max. 25m

Kind of resin Polyester for condenser, Epoxy for heat exchanger

Film thickness 200m
Less than 3x 10-5m?h’C/kcal for condenser

Less than 10X10-m2h*C/keal for heat exchanger

Heat transfer
resistance
Polarization

. More than 15X 104Q cm?
resistance

and 7u.m for polyester and epoxy resins, respective-
ly. For cooler tubes, epoxy resin film of 20.m is
applied after curing at 200°C . Allowable maximum
heat transfer resistance of this film is 10X 10-°m?h
¢ /Kcal and drop of overall heat transfer rate is
kept within 5 percent compared with usual tube with-
out APF film.

One useful index in representing corrosion resistance
of APF film is cathodic polarization resistance. Cath-
odic polarization resistance is measured under the
conditions simulated to the operating condenser, 2
m/sec in flowing sea water, and defined by the fol-
lowing equation?2):

R=AE/1

where:

R = cathodic polarization resistance (Q cm?)

AE = cathodic polarization of 0.2V from natural

potential

i = cathodic current per one tube (A)
Polarization resistance of APF tubes is more than
15 104 Q cm?. Natural potential difference between
base metal and portion coated with APF film is
kept within 100 mV.

2.2 Corrosion resistance of APF tubes

The causes of leakage of copper alloy condenser
tubes using sea water as coolant are pitting corro-
sion by sulfide, malignant erosion corrosion related
to the formation of the manganese rich film, and
local erosion corrosion from settlement of some for-
eign matters, as shown in Table 27,

Both sulfide film (CuS) and manganese rich film
(MnO2) have noble potential of about 200mV to base
metal and also have a lower level of cathodic polar-
ization resistance. Once those films are partially
removed, pitting corrosion or malignant erosion
corrosion will occur under active anode due to the large
potential difference between the film formed on a
tube surface and base metal. :

Localized high velocities that are created by some
foreign matters lodged in a tube erodes the protec-
tive film of copper alloy tubes and subsequently cor-
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Table 2 Statistics on the number of condenser tube failures in three major Japanese power companies

during 1956 to 1981 (Number of units : 111).

Clean sea water
Cooling water Non Fe2+ Fe?+ Polluted sea water
injection injection
Tube alloy Al — Brass Al — Brass | AP Bronze
Total tube number (N)X Operational duration in years(Y), 7,294,582 10,967,241 | 2,059,404 2,796,167
NXY in tube-years (~26years) (~17years) | (~2lyears) | (~17years)
inlet attack 0 1 0 370
by foreign body lodgement 524 351 2 0
Erosion- | by vibrating foreign bodies 0 0 0 0
w corrosion | by sand 0 0 0 0
2 .
:% by excessive passing balls 0 0 5 25
o
& mali t impi t attack (by Mn rich
,?3 ﬁlmf::;atlir(r)xs)mgemen attack (by Mn ric 2,435 17 5 0
:6 Polluted
5 | sea water pitting by sulfide 0 0 838 0
£
§ Stress corrosion cracking 38 1 225 0
e
;“; Fatigue cracking by vibration 0 1 0 0
= .
Ammonia attack 29 12 50 1
Mishandling 2 3 0 10
Unconfirmed 96 111 0 12
Total 3,124 497 1,125 85
Failure rate (Number of leaked tubes per 10* tubes per year) 4.82 0.45 5.46 0.30
(1) Excessive sponge ball cleaning. 0
rosion of tube proceeds at a much greater rate, be- 1 Altmin brass
cause the rate of oxygen reduction reaction (Oz-+ ) 7 Bm/sec
2H,0+ 4¢—>4(0OH)™) which controls the corrosion = -0.5p 7 Om/sec
rate of copper alloy is accelerated in high velocity. ¢ R om /sec
. . . - || APF 2 0m/sec
APF film is able to suppress remarkably this cath- T
odic reaction as shown in Fig. 25. £ —Lof
. . . . . . o
APF filmis considered a practical protective film, &
because it has high cathodic polarization resistance, \
small potential difference to base metal, and high ~15 SR T PR o VL T S Y
’ 1 5 10 50 100 500 1000 500010000

adhesive force against turbulent flow around for-
eign matters, for example much more than 2600
dyne/cm? in adhesive force against fluid shear stress!-?.
Several laboratory tests have proved that APF film
has effective corrosion resistance against sulfide
attack during a 492-day test containing 0.05ppm of
sulfide ion and adequate resistance to local erosion
corrosion at the maximum flowing rate of 7 meter
per second around artificial foreign matters®7?.
Since APF filmis composed of organic resin, there
are concerns about the following adverse effects
peculiar to this type of film, namely, (1) corrosion
beneath the APF film, (2) accelerated galvanic cor-
rosion at the portion where APF film peels locally
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Current density (1 A/cm?)
Fig. 2 Effect of flowing rate on the cathodic polarization
curves of aluminum brass tube with/without APF
film in synthetic sea water.

off, and (3) blistering of APF film due to alkaline
generation under cathodic protection.

In practical applications corrosion beneath the
APF film has rarely occurred under both sulfide
polluted sea water and chlorinated sea water be-
cause APF film has enough resistance to permea-
tion of H2O and also has an excellent barrier to
oxygen diffusion, as shown in Fig. 2.

Many laboratory tests have proved that the ac-
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celerated galvanic corrosion never occurs at the
portion where APF film is partially removed” This
is due to the following two reasons. One is that the
potential difference between APF film remained
and base metal where APF film peeled off is within
30mV or less. Another is that base metal (anode)
is surrounded with the APF film (cathode) of high
polarization resistance. Basically, it is due to that
surface characteristics of copper alloy are much
different from those of passivation film type alloys,
such as iron, aluminum and titanium. Namely,
natural potential of copper alloy in sea water is
stable whether cuprous oxide film grows or not.
While natural potentials of passivation film type
alloys show a violent variation according to forma-
tion, growth and/or break-down of oxide film. In
the latter case, once organic resin film coated on
those metals peels locally off, active galvanic cor-
rosion is likely to occur at the damaged portion due
to the large potential difference between coated
portion and peeled portion.

Blistering of organic resin film coated on a steel
in oxygen reduction reaction has been studied®?.
This phenomenon is known as cathodic delamina-
tion. Condenser water box of salt water system u-
sually has cathodic protection system. APF tubes
operated under cathodic protection are likely to
become blistering due to the generation of alkaline
as a result of oxygen reduction reaction beneath
the APF film. In particular, APF film suffers rapid
damage in the use of sacrificed zinc anode. The fol-
lowing countermeasures are effective in reducing
cathodic delamination: (1) optimum treatment of
substrate, for example, by chromate and/or by high
temperature oxidation; (2) improvement of resist-
ance to permeation of H20, and O, for example,
curing of epoxy resin; (3) control of cathodic po-
tential by potentiostatic system at the range of -450
to -550mV SCE. referring to the referential elec-
trode in water box; (4) without coating at the tube
ends of 50 to 100mm long so as to absorb impressed
current.Cathodic delamination of APF tube has
reached as much as one to two meters from tube
end. However, corrosion here at tube end has never
occurred due to the effectiveness of cathodic pro-
tection. To protect tube ends of APF, a tube plastic
insert is adviced in place of cathodic protection.

2.3 Fouling and cleaning of APF tubes

Fouling of inside condenser tubes using sea water
as coolant is classified into three different types.
They are corrosion fouling, biological fouling and
fouling by deposition of suspended solids. For APF
tube, no corrosion fouling in polluted sea water
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should occur because APF tubes are free from cor-
rosion. However, because APF film has no toxic
nature against marine organisms, biological fouling
is likely to occur in non-chlorinated clean sea water
by the attachment of micro- and macro- organisms.
In this circumstance, both APF tubes and copper
alloy tubes suffer from fouling by deposition of sus-
pended solids, such as silt, iron oxide, manganese
oxide, and so on.

Biological fouling in clean sea water is the most
serious fouling matter to APF tube. To remove
the deposition on a APF tube and to recover heat
transfer rate, sponge ball cleaning is effectively ap-
plicable. Laboratory tests have proved that no APF
film wears away and/or peels off under severe sponge
ball cleaning condition; namely, one is that 30,000
sponge balls continuously passed and another is
that high frequent ball cleaning of 6 balls per time,
4 times per week was conducted at regular inter-
vals during one year half. Moreover, carborundum
ball cleaning or nylon brush cleaning is necessary
if deposition on a tube becomes hard during a long
period operation. However, number of passing of
abrasive ball must be kept as small as possible be-
cause APF film is likely to suffer from scraping by
carborundum.

The attachment of macro-organisms to tube in-
side is greatly affected by flowing rate of sea water.
Barnacles are apt to attach to APF surface below
the flowing rate of 1 meter per second in non-chlo-
rinated clean sea water as shown in Fig.3. Barna-
cles attached are able to be easily removed by shoot-
ing rubber bullet leaving their basis on APF film.
APF film with anti-biofouling property has been
develeped using polyester resin containing copper
powder, 10% cupronickel powder, and cuprous 0X-
ide powder of 5 to 20 percent by weight. Addition
of copper powder more than 15 percent is fairly ef-
fective to suppress macro- and micro-organisms as
shown in Fig.4.

3. Service experience

3.1 Tube end APF coating

Since 1972, APF treatment to tube ends has been
made as an auxiliary method of cathodic protec-
tion to prevent the existing copper alloy tubes of
22 plants from inlet attack. Condenser tubes of those
plants suffered severe inlet attack although cath-
odic protection system was equipped in water boxes,
because the protective film had not been effective-
ly formed on tubes due to the pollution of cooling
water or non use/cancellation of ferrous ion dosing.
APF treatment at tube ends was an effective sup-
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tubes with/without APF film in non-chlorinated sea
water. Test was made at Model Condenser of
Osaka Power Station for one year.

plement to cathodic protection, though long life of
APF film could not be expected due to cathodic
delamination of APF film.

3.2 APF coating of entire tube length

In 1973, testing began for coating entire tube
length. Many APF tubes have been installed to the
full range of service conditions including the con-
denser, the fresh water cooler of nuclear power plant,
the chemical plant and the LNG vaporizer, as shown
in Tables 3(a) to 3(¢), and they are also used for
heat exchangers of ships and desalination plants.
In 1976, commercial application began and in 1982
an entire APF tube condenser was implemented at
newly built Aioi Power Station of Kansai Electric
Power Company (375MW). By 1985 about 180,000
tubes, a total length of 1700km, have been delivered.
Furthermore, APF treatment to existing tubes has
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4. Case histories

4.1 Sakaiko Power Station (Sulfide attack)

Sakaiko is located south of Osaka Bay where
sea water becomes slightly polluted during the sum-
mer. As countermeasures for corrosion and foul-
Ing, chlorination of 8 hours per day, sponge ball
cleaning of 30 minutes per week, backwash and
cathodic protection have been made. Aluminum
brass condenser tubes 15 meters long have suffered
from pitting corrosion by sulfide ion; in particular,
newly replaced tubes were severely attacked due
to the instability of initial protective film formation
although ferrous ion dosing 0.2ppm for 3 hours per
day was made.

In April 1978, 100 APF tubes 15 meters long coat-
ed by polyester resin were installed at Unit 4 on a
trial basis and at the same time, 100 aluminum brass
tubes 15 meters long as controls were installed. Eddy
current test (ECT) and performance tests of sam-
ple tubes have been made in every periodic over-
haul.

Fig.5 shows the changes of the ratio of classifi-
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Table 3(a) Trial installations of APF tubes to condenser. Table 3(b) Commercial applications of APF tubes to power
plant condenser.
Utility Date | No. of tubes
Utilit; Date | No. of tubes
Sikoku Electric Power Saijo 11973 8 Y
Sakaide 11980 10 Kyushu Electric Power | Sendai 1 1976 350
311980 40 Genkai 1 (PWR) | 1980 2,613
4 . . .
1979 40 Kansai Electric Power | Sakaiko 1 1980 500
Anan 311980 5 3 1980 | 1.000
Ikata(PWR 111979 10 ”
ata(PWR) 6 1985 | 2,500
Chubu Electric Power Chita 111973 10 8 1979 400
Nagoya West 2| 1979 40 Himeji 1 1981 2,560
X 19851 1,200
Kansai Electric Power | Sakaiko 411978 100 ..
Aioi 3 1982 | 20,904
Kasugade 1] 1983 8
Ohi(Cooler) 1980 6 Chubu Electric Power Owase 1 19811 1,100
1981 60 2 1982 1,500
) Hamaokal(BWR) | 1984 100
Tokyo Electric Power | Anegasaki 211980 15 amaokal( )
Ohi 31 1980 14 Tokyo Electric Power | New Tokyo 1 1980 100
Got 51 1980 10 South Yokohama 1 | 1985 | 1,200
New Tokyo 311981 2 11985 | 2,000
1982 6 . R
Tohoku Electric Power | Akita 1 1981 860
Hokkaido Electric Power | Ebetsu 311980 10 Sendai 3 1981 510
Chugoku Electric Power | New Ube 311985 50 Sakata Co. Electric 2 1982 | 1,330
New Onoda 1985 10 Power 1984 200
Mizushima Co Electric Power 1985 10 Sakai Co. Electric Power 1 1983 100
Electric Power Isogo 2| 1981 10 Onahama Domestic 3 1982 | 1,120
Development Takasago 1984 15 Electric Power 1983 100
NZE-New Zealand New Plymouth 1| 1980 100 NPC-Philippines Malaya 2 1982 | 10,075
EBES-Belgium Doel 21 1980 20 KEPCO-Korea Honam 1 1984 | 11,385
ENEL-Italy Fusina 1] 1981 20 Hong-Kong Lamma 1 1985 100
EGAT-Tailand South Bangkok 1 1981 25
Alumi Bi
NPC-Philippines Sucat 3| 1983 50 Y A
Batan 1983 50
ECNSW-Australia Mummorah 1] 1984 50
DWP-USA Haynes 31| 1985 12
NYSGP-USA Goudey 7| 1985 30 60k
§ gyl Class Height of deflection
cation with operation period during 1979 to 1984. 3 T fess than 0. 5mm
ECT results were arranged based on the classifi- Or 82 ¢ 110 2.5mm
cation of maximum deflection of each tube into five 0 B3 : 3to 4.5mm
stages: class 1 to class 5. An increase in class num- sl B4 ¢ 510 7mm
ber indicates an increase in the height of deflection. Bl 5 : more than 7.5mm

Deflection of class 1 is less than 0.5mm and tubes
in this class are considered not to have suffered cor-
rosion. Tubes in classes 3, 4, and 5 are considered
to suffer severe corrosion. More than 90% of APF
tubes have proved to belong to class 1 during 5
years of operation. After 6 years of operation, the
percentage of class 1 tubes decreased to 75% and
class 2 tubes increased from 5% to 23%. In addi-
tion, two tubes progressed to class 3. On the other
hand, more than 7024 of aluminum brass tubes have
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10

Operating year

Fig. 5 ECT results of about 100 APF tubes and 100 aluminum
brass tubes tested at Sakaiko Power Station No.4
Unit during 6 years.

belonged to class 3 to 5 after a year of operation

and the percentage of class 4 & 5 tubes increased
during operation.
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Table 3(c) Commercial applications of APF tubes to power
plant cooler and industrial heat exchangers.

Utility Dete | No. of tubes
Kyush Electric Power | Genkai 1 (PWR)| 1980 855
Shikoku Electric Power | 1Kata (PWR) | 1984 | 1,000
Kansai Electric Power Takahama (PWR) | 1982 2,048
1983 2,048
Ohi (PWR) | 1982 90
1984 4,180
1985 4,434
Tokyo Electric Power | Ohi 1984 | 4,277
1985 4,580
The Japan Atomic Power | Tsuruga (PWR)| 1984 | 5,111
Tohnen Petrochemical Kawasaki 19‘81 10.131
1985 ’
‘Wak 82
akayama 19 £,199
1985
Osaka Gas Senboku 11 1982 | 5,214
(LNG Vaperizer) Himeji 1,2 1983 9,398
3 1985 3,130
Asia Oil Yokohama 1983 390
Mitsui Petrochemical Chiba 1983 1,050
o :(3 3500 l— 1 ’ l
G S
LE 3OOOMAPF tube
g € 2500 I
5 2000 —-I\\ |
= | ]
T® 1500 —~——:}[———Tube without APF I \
Q
© 1000 l ' \
e 0.8
B 1 l
g 0.6 Tube without APF
3 I T I :
g 04 —
8 /} 1 L
S 0.2
£ L APF tube
é) O L 1
0 1 2 3 4 5 6 7

Operating time (year)

Fig. 6 Results of performance tests of removed tubes
from Sakaiko Power Station No.4 Unit during
6 years.

In October 1985, after 7 years of operation, cor-
rosion depth of APF tubes was estimated by means
of phase angle evaluation method of multifrequency
ECT. 94 APF tubes were examined. Test result
showed that 70% APF tubes were free from corro-
sion, 249 APF tubes were slightly corroded (less
than 20% reduction in tube wall), and 6% APF
tubes were also localized corrorded (20% to 40%
reduction in tube wall). These ECT results suggest
that a few tubes with APF film might be slightly
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Table 3(d) On site treatment of APF to existing tubes.

Utility Date | No. of tubes

Kyushu Electric Power | Sendai 1 1976 796

1978 230

Genkai 2 (PWR) | 1980 2,032

1 (PWR) | 1980 50

1981 328*

Shikoku Electric Power | Ikata 1 (PWR) | 1979 150

Sakaide 4 1979 40

Kansai Electric Power | Sakaiko 2 1984 | 6,620

4 1978 100

5 1981 100

6 1979 54

Amagasaki East 1| 1983 100

Tokyo Electric Power | New-Tokyo 3 1981 | 2,063

Chubu Electric Power Owase 2 1982 779

Mie 1979} 1,195%

Osaka Gas Senboku 9 1982 100

(LNG Vaperizer) 8 1982 | 2,069

11 1982 | 7,042

11 1984 172

10 1985 | 7,906

9 1985 | 3,450

588*

PZEM-Netherlands Borssele 1 1980 | 5,654

EBES-Belgium Doel 2 1980 60

ENEL-Italy Monfalcone 1 1982 60
* Cooler

corroded after 5 years of operation due to the par-
tially peeling off of APF film but 70%; APF tubes
are free from corrosion even after 7 years of opera-
tion.

Metallurgical examination showed that alumin-
um brass tubes without APF suffered severe pitting
corrosion of 0.4 to 0.5mm deep over full tube length
after a year of operation, while APF tube showed
no sign of corrosion during 5 years of operation as
shown in Fig.6.

Two APF tubes belonging to class 3 at periodical
ECT inspection after 6 years of operation suffered
slightly from erosion corrosion and pitting corro-
sion of 0.1 to 0.3mm deep at the distance of 1 to 2
meters long where APF film had peeled off on line,
probably due to the passing of some hard foreign
matters. At the residual portions APF film remained
sound and APF tubes were free from corrosion.
Regarding heat transfer rate, APF tubes were su-
perior to aluminum brass tubes since the latter fouled
by corrosion product and iron oxide scale.

Based on satisfactory performance at Unit 4,
APF tube was chosen as a standard replacement
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Table 4 Fouling and corrosion resistance of APF tubes removed from Himeji Power Station Unit 1.

Heat transfer ratet®
Vears in Inside Depth of Polarization
Tube cervice deposit corrosion resistance Overall Drop compared Fouling
(mg/cm?) (mm) (@ cm?) (keal/m?hC) with new tube® factor®
(%) (m?hC /kcal)
1 1.5 0 230,000 2601 9 7.8X1075
APF 2 4.8 0 210,000 2650 7 5.6
3 8.2 0 800,000 2290 20 11.5
Aluminum 5 12.2 0.76 160,000 2088 32.9 15.7
brass 5 16.8 0.30 150,000 1931 37.9 19.6
(1) Measurement was made at laboratory using model condenser.
(2) 3110 for aluminum brass, 2845 for APF.
(3) Incase of APF tube, fouling factor includes both heat resistance of inside deposit and APF film.

material. At the present time, APF tubes have been
partially replaced at Unit 1, 3, 6, and 3. Besides
Sakaiko Power Station, APF tubes were partially
or entirely installed at some power stations where
cooling water is slightly polluted, for example,
New Tokyo, Ohi, Malaya (Philippenes), and Honam
(Korea).

4.2 Himeji Power Station
(Malignant erosion corrosion)

Himeji is located west of Osaka Bay where sea
water is usually clean. Aluminum brass condenser
tubes suffered occasionally from malignant erosion
corrosion related to the manganese oxide scale formed
in chlorinated sea water. This type of corrosion
has been successfully protected by ferrous ion dos-
ing. However, aluminum brass tubes retubed failed
prematurely by malignant erosion corrosion even
under ferrous ion dosing of 0.5ppm for 1 hour, 4
frequencies per week. As a countermeasure of foul-
ing, continuous chlorination of 0.1ppm as residual
during the period from spring to the fall and sponge
ball cleaning of 30 min per frequency, 2 frequencies
per month have been made.

In 1981, 2,560 APF tubes 15 meters long coated
with polyester resin were installed at Unit 1. Since
then leakage problems have stopped. Periodical in-
spections of sample tubes for 3 years have indicat-
ed favorable results concerning corrosion resist-
ance as shown in Table 4. Both APF tubes and alu-
minum brass tubes much fouled mainly by iron ox-
ide and manganese oxide scale (Fe = 30%, Mn=7%
in deposit). Passing of abrasive balls is effective in
recovering heat transfer rate. Laboratory tests have
shown that 70% of deposits on tube inside was re-
moved by passing 10 abrasive balls and heat trans-
fer rate reached above design value of 85% of a new
tube.

In 1985, 1,200 APF tubes were additionally installed
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to Unit 1. Besides Himeji Power Station, APF tubes
were partially retubed at some power stations where
aluminum brass tubes without APF were known to
suffer from malignant erosion corrosion, for exam-
ple, Genkai, West Nagoya, Sakaide, Lamma (Hong
Kong).

4.3 Owase Power Station (Local erosion cor-
rosion around settlement of foreign bodies)

Owase faces south of Ise Bay where cooling wa-
ter is clean sea water. Neither chlorination nor dos-
ing of ferrous ion have been made since 1964. Alu-
minum brass tubes have functioned successfully.
However, in 1980, many tubes suffered from local
erosion corrosion around settlement of foreign bod-
ies.

In 1981, 1,100 APF tubes 12 meters long for Unit
1 and in 1982, 1,500 APF tubes for Unit 2 were in-
stalled as replacements. In addition, in 1982, 779
existing aluminum brass tubes were treated on site
by APF coating after sand blasting. To prevent the
attachment of macro-organisms and the settlement
of foreign bodies, sponge ball cleaning system was
equipped and high frequent nylon brushing of 4 to
5 times per month during the summer season was
made manually. By the end of 1984, the perform-
ance record of APF was satisfactory. While alu-
minum brass tubes without APF that were retubed
in May 1984 failed prematurely due to the same
corrosion causes during only half year’s operation.
In October 1985, power station people has decided
toreplace again corroded aluminum brass tube with
APF. In early 1986, 1,100 APF tube for Unit 1, and
1,800 APF tubes for Unit 2 will be installed.

4.4 Sendai Power Station (Sand erosion)

Sendai located in Kyushu Island faces Sea of East
China. Aluminum brass tubes suffered severely from
erosion corrosion at the lower side due to sand sus-
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Table 5 Fouling and corrosion resistance of APF tubes removed from Anegasaki Power Station Unit 2.
) Heat transfer rate®
% . . Inside Depth of | Polarization
ears in Inside . . . D d Fouli
. . deposit corrosion | resistance Overall TOp compare oulig
service condition . vera ith tube £
(mg/cm?) (mm) (Q cm?) (keal/m?h'C) with new tul actor
(%) (m2hC /kcal)
1 As received 5.1 0 410,000 2540 11.0 7.2X1075
Nylon brushing® — — 280,000 2809 1.3 3.4
2 As received 1.4 0 250,000 2547 10.5 7.1
Passing of 50 SB® — - 150,000 2818 1.0 3.3
3.5 As received 1.8 0 310,000 2568 9.7 6.8
Passing of SB®, 30 - - 300,000 2669 6.2 5.3
100 - = 280,000 2751 3.3 4.2
(1) At laboratory
(2) SB — Sponge Ball

pended in sea water, though high level of ferrous
ion dosing had been made by both continuous dos-
ing of 0.05 to 0.1ppm and intermittent dosing of 1
to 2ppm for 2 hours per day. Based on ECT results
in 1976, 350 APF tubes 18 meters long were installed
and 796 existing aluminum brass tubes were coated
on site. Examination of sample tubes after 1 year’s
operation indicated that APF film was peeling off
on line at the lower side and erosion corrosion oc-
curred at the depth of 0.1mm. It was reported that
many coarse sand entered the cooling water for 2
months of operation due to stormy weather at win-
ter. Sand content was 100 to 1000ppm and particle
size of 297 to 840, m occupied 35 percent. To solve
sand erosion of condenser tubes, the improvement
of intake water flow was made to prevent the in-
flow of large sand particles.

4.5 Anegasaki and Aioi Power Station
(Biofouling)

Anegasaki is located east of Tokyo Bay where
sea water is usually clean. Since chlorination to
cooling sea water has not been made, heat transfer
rate of aluminum brass tube has been reported to
decrease severely due to the deposition of micro-
organisms. To keep biofouling of condenser tube
to a minimum, high frequency of sponge ball clean-
ing of 30 min per frequency, 4 frequencies per week
and backwash have been made. Recently, carborun-
dum ball cleaning was made on a trial basis.

In 1980, 15 APF tubes 18 meters long coated with
polyester resin were installed on a trial basis. Peri-
odic inspections of sample tubes for three and a half
years have indicated that the drop of heat transfer
rate was kept at about 10% compared with new
tube and that the deposits composed of iron (3095),
manganese (20%) and silicone (10%;) were removed
by nylon brushing and/or sponge ball cleaning, as
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shown in Table.5.

Additional cases that support the application of
APF tubes to condenser with non-chlorinated sea
water is Aioi Power Station Unit 3, which locates
near to Himeji. Condenser tubes of Aioi are entire-
ly made of APF. There are three units of DSS (Dai-
ly Stop and Start) system. Condenser tubes of Units
1 & 2 are aluminum brass but those of Unit 3 are en-
tirely made of APF tubes of 15 meter long, because
there was assumption that cooling water for Unit
3 might become polluted due to the generation of
sulfide at the initial circulation period of spring and
Jor summer season. Cooling water has not been
treated by chlorine due to the local public disagree-
ment. To prevent biofouling problems, mussel filter
and sponge ball cleaning system were equipped by
Taprogge. Ferrous sulfate was injected at low level
of one frequency of 0.1ppm for 5 hours per week to
protect naval brass tube sheet.

In May 1982, cooling sea water first circulated.
In summer 1983, a lot of barnacles attached unusu-
ally to tube bore of few limited tubes which posi-
tioned at the lower side section of tube bundle. To
removed barnacles in tube bores, station people
shot rubber bullet during short shut-down, every
week. They took some countermeasures to solve
the attachment of barnacle, for example, keeping
flowing velocity above 1.4m/sec, increasing fre-
quency of sponge ball cleaning to 6 frequencies per
week, coating an anti-fouling paint on tube sheet and so
on. Since the fall of 1983 to end of 1985, biofouling
due to macro-organisms has not been a problem.

Metallurgical investigations for removed tubes
revealed that heat transfer rate of sample tubes
decreased 5 to 15 per cent compared with new APF
tube due to the deposition of slime, silt and iron ox-
ide, although high frequency of sponge ball clean-
ing, 8 balls per tube per frequency and 6 frequencies
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Fig. 7 Cross section of blister of APF film and
precipitation of CaCOs beneath APF film

operated under cathodic protection.

per week, has been made. At every periodical over-
haul, every tube was cleaned by means of nylon brush-
ing, and heat transfer rate recovered.

Almost all tubes have suffered small blister at
the range of 1 to 2 meter from tube ends due to al-
kaline generation by cathodic protection as shown
in Fig.7. Furthermore, some blisters became peel-
ing off during nylone brushing at temporary and
periodical cleaning to remove a barnacle.

However, ECT and metallurgical test after three
years of operation showed that corrosion damage
was considered to be negligible and superior to that
of aluminum brass tubes used at Units 1 & 2.

5. Conclusion

To protect copper alloy condenser tubes from
both sulfide attack and erosion corrosion, a tech-
nique of placing artificial protective film (APF) coated
with organic resin onto a copper alloy tube inside
has been established. Both laboratory tests and field
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tests have proved that APF condenser tubes have
execllent corrosion resistance to flowing sea water.
Since 1976, approximately 180,000 APF tubes have
been delivered for condenser of power plants, heat
exchangers of chemical plants, LNG vaperizer, heat
rejection of desalination under various cooling water
conditions.

Performance records are considered to be satis-
factory from view point of corrosion resistance
and heat transfer rate. For example, at Sakaiko
Power Station using intermitently polluted sea water,
100 APF tubes have proved to solve corrosion prob-
lem during 7 years of operation since 1978. Also at
Aioil Power Station using non-chlorinated clean sea
water, where entire APF tubes condenser (20,904
tubes) was newly built, APF tubes have been suc-
cessfully used since 1982. In future, we must develop
the following properties of APF tube to get high
reliability, namely one is anti-fouling properties a-
gainst bio-organisms in non-chlorinated sea water
and another is anti-blistering properties under cath-
odic protection. The former will be solved by anti-
fouling resin containing copper powder and the lat-
ter will be alleviated by the combination of optimum
substrate and resin.
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304083 | 15.88 | 2.77 | 30 | 15.88 | 0.81 | 2.11
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TRED19D—1414 | 14.0 | 1.4 19 | 14.4 1.3 1.1 0.7 | 0.78 | 0.68 7.6 | 0.35
1614 | 15.88 | 1.4 19 | 15.88 | 1.3 1.1 0.7 | 0.83 | 0.63 8.2 | 0.35

1915 19.056 1.45 19 19.05 1.
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MF/PL N 4 n B
HF /PL : - LTS
SNE L DT, TEATA M T hi7qv@e
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o (mm) (mm) (mm) (%&/HAE) (mm) (mm) (mm)
12.7 14.7 0.6 0.4 30 12.7 0.64 11.42
PL/PL
15.88 18.1 0.6 0.5 30 15.88 0.71 14.46
9.53 11.6 0.64 0.4 25 9.53 0.6 8.33
PL/RF
12.7 14.8 0.64 0.4 30 12.7 0.6 11.50
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= (mm) (mm) | (%/KHE)| (mm) (mm) (mm) {mm) (mm) (mm)
9.53 0.6 0.4 25 14.3 1.4 1.34 9.53 0.64 8.25
TK/PL | 12.7 0.6 0.4 30 17.5 1.4 1.34 12.7 0.64 11.42
15.88 0.6 0.5 30 20.9 1.4 1.34 15.88 0.71 14.46
7.94 0.7 0.4 (3) 12.7 1.4 1.34 7.94 0.71 6.54
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12.7 0.7 0.5 (3) 17.9 1.4 1.34 12.7 0.75 11.02
9.53 0.6 0.4 25 14.5 1.5 1.34 9.53 0.64 8.25
LF/PL | 12.7 0.6 0.4 30 17.7 1.5 1.34 12.7 0.64 11.42
15.88 0.6 0.5 30 21.1 1.5 1.34 15.88 0.71 14.46
MF/PL| 10.5 1.0 0.4 30 19.05 3.0 2.31 10.5 0.64 9.22
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Trend of Superplastic aluminum alloys
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