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Application of Eddy Current Type Shapemeter
to Tandem Cold Mill of Aluminum Strip*

by Nobuyuki Mutoh**, Tadashi Nosetani**, Masahisa Naoe**
Yukiyasu Takeda*** and Masao Ohkubo****

Increasing demands for the thinner aluminum sheet lead to the higher rolling speed. A two tandem
cold mill of aluminum strip after eleven years of use has been renovated with the installation of the
eddy current type shapemeter in the interstand, resulting in a remarkable increase in the rolling speed

and a very scarce strip rupture in the interstand.

In order to raise the rolling speed, firstly, it is required to avoid the strip rupture caused by higher
tension in the edge portion. For this puropse, the interstand shape of the strip must be kept wavy
edges by the shape control on the basis of shape monitoring.

The eddy current type shapemeter has met requirements of comparative flatness measurement and
of compact, inexpensive and environmentally stable instrument.

1. Introduction

In order to meet the demand for high speed
rolling of the two tandem cold mill of aluminum
- strip installed in Nagoya Works eleven years ago,
monitoring of the interstand shape of the strip has
become a great matter of interest.

In many cases, the interstand shape is controlled
manually on the basis of operator’s visual observation
to avoid the strip rupture. In the routine operation
of the mill, however it was difficult to observe the
shape because of the interstand strip cooling equip-
ment together with a lot of coolant splash and
dense mist. Therefore, we had been obliged to roll
at reduced speed. In order to increase the rolling
speed moreover, the development of a shapemeter
in the interstand was conducted.

The shapemeter' must meet the next require-
ments,

(1) Measurement of comparative flatness between
center and edge.

(2) Compactness because of the limited installation
space of the interstand.

(3) Cost advantage over commercial shapemeters'™

(4) Environmental stability in the interstand.

The purpose of this report is to describe about
the application of the developed non-contact eddy
current type shapemeter to the interstand of the

* This paper has been presented at the 1st International Conference
on Technology of Plasticity, 3-7 Sept.,1984,Tokyo, Japan.
** Technical Research Laboratories,
*** Fngineering and Maintenance Department, Nagoya Works
**** Sheet and Plate Rolling Department, Nagoya Works

mill. This shapemeter uses sixteen eddy current
distance sensors (E. C. D. sensors) to measure
the strip waviness. As a result of the installation
of the shapemeter, the rolling speed is remarkably
increased, in addition to a significant decrease in the
frequency of strip rupture.

2. Interstand shape of the strip

2.1 Description of the shape

An example of typical shape of the cut strip
with wavy edges is shown in Fig. 1. The shape of
such cut strip is termed “off-line shape”. The elon-
gation difference & between the center and the
edge portions is given by Eq. (1) under the sinusoi-
dal approximation.

s=(%7r/1)2 ......... 1)
i
Asz ......... (2)

where, ¢ Elongation difference
A+ Off-line steepness
H : Height
P : Pitch

~———==Rolling direction

Fig.1 Typical off-line shape with wavy edges.
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Fig. 2 illustrates typical two kinds of strip
shapes during rolling which are termed “on-line
shape”. The shapes at crosshatched area in Fig. 2
are flat or latent because of the tensile force. The
on-line steepness A* is related to the off-line
steepness A by Eq. (3).

s_ 2| 1 Ny O ]%
kG )
E
where, ¢ : Unit tension
E : Young’s modulus .
In this study, we confine the on-line shape to the
case with A* >0, being not completely latent shape.

> 7 / < b-a
M
2 s - . - 7
(a) Center buckles
a
NN TS

(b) Wavy edges

Fig.2 Typical on-line shape of strip

2.2 Desirable shape of the strip in the inter-
stand

In many cases, the strip rupture has occurred
at the edge portion. If the strip is rolled with cen-
ter buckles, the tensile force will be concentrated
in the narrow edge portion, as shown on Fig. 2 (a),
and it will lead to the strip rupture by tiny edge
cracks. In order to avoid strip rupture, it is effective
to reduce the tension in the edge portions, that is,

No.2 stand
rolliste

(a) Large center buckles

to keep edge portions wavy to some extent. How-
ever, with rising up the steepness of the strip to a
critical value, some wrinkles occur partially in the
entrance of the stand nearby the work roll bite,
resulting in folding up of the strip and rolling dou-
ble. We call this phenomenon “the strip fold”.
Fig. 3 shows an example of the strip fold. Fig. 3
(a) indicates the large center buckles of which off-
line steepness is 5 to 7%. In this case, we can see
the strip fold in the center of this strip. Fig. 3 (b)
indicates the large wavy edges of which off-line
steepness is 9 to 10%. In spite of the rather large
steepness, the strip fold does not occur. This ex-
periment gives that the critical steepness for the
folding of wavy edges strip is larger than that for
the folding of center buckles one. According to
these experiences, 2 to 3% of on-line steepness is
decided to be as a tentative safefy rolling steepness.

3. The eddy current type shapemeter

3.1 Principle of measurement

As a measuring method, we have adopted strip
displacement measurement to which E.C.D. sensors
have been applied. The on-line shape is detected
asthe displacement signal by these sensors arranged
across the width. The signal is converted to the
magnitude of the steepness at each point across the
width by an appropriate processing, and then this
magnitude is displayed in each section of a bar-
graph monitor.

The displacement signal can be approximated
to sinusoidal wave Y given by Eq. (4).

_H v
Y- 5 Sm(27rPt)

=No.2 stand
roll:stopped mark

(b)' Large wavy edges

Entry/Exit thickness:0.5/0.3mm  Material:aluminum, Width: 1000mm

Fig. 3 Example of strip fold.
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where, H : On-line wave height 100 . T e R e e L
P : On-line wave pitch .- ;\"8%
. : B _+1 ™~~~ Approximate -
Vo R(?Hll’lg Speed ,/ calculation
t : Time 20 ,"8

The following signal processing is carried out to
obtain the magnitude of steepness. Taking the
differentiation of both side of Eq. (4) gives Eq. (5).

dY _  Hyv coc(o- Y1) ..o )

FEE 7r(~11_51-)V cos(Zn%t)

Dividing the root mean square (R.ML.S.) of dY /dt

by the rolling speed V, we obtain a value Z, which
is proportional to the steepness A*Y.

. A"

T

3.2 Eddy current distance sensor

E.C.D. sensor gives us a precise and non-contact
measurement of distance by using the detecting
coil impedance change depending on the gap be-
tween the coil and the target. The sensor consists
of sensor probes, transducers and an oscillator.
Its measuring range is 50mm and the diameter
of the probe is 73mm.

E.C.D. sensor’s measuring range is generally
limited depending on the probe diameter. In the
case of the wavy strip, the measured value is the
average distance in the viewing area of the sensor
probe. Especially, during rolling, the detecting
ability of the wave height (amplitude detecting
modulus) varied depending upon (wave pitch)/(sen-
sor probe diameter). According to an approx-
imation referred to the moving average method,
the sensor output Ys is given by Eqgs.(7) and (8).

Ys- K2 sin(zagt) e @
1 Py
K= > 51n(7rD) (8)

™D

where, D : Sensor probe diameter
K : Amplitude detecting modulus

The relationship between the ratio P/D and the
amplitude detecting modulus is shown in Fig. 4.
Maximum pitch of the on-line wave obtained
empirically is more than about 4 times of the probe
diameter. Therefore, the amplitude detecting
modulus is more than about 90% as shown in
Fig. 4, so that Ys is nearly equal to Y.

In the vicinity of the strip edge portion, the
probe viewing area is reduced, resulting in the
change of the sensor sensitivity. Fig. 5 shows an
influence of the sensor probe position L on the
sensor output characteristics. In the range of L
from O0mm to 10mm, the sensitivity of the sensor
changes slightly depending on L, but the measure-
ment of the distance is possible by the optimum
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Fig.4 Effect of wave pitch on amplitude
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1.4 7 7
T AN
, Ki N
St N ! /;/

7 7 e P o 2 a .

1.2 —

| | i
r—:_c,DLﬂJ /, /' i

0.8 —sensor ; ad 7
probe ®
7/

’

0.6 N, A4
. g bl /,’ [ |
Py ///',' --®-- L= 30mm

U ’ ’ Ao L= 20
ool /& "
) .’ A S —a— .= 10mm

1, / "l

0.2 /‘ —=fe= L= 20mm
—0— L=-40mm
| | s

10 20 30 40 50 60 70

Sensor probe position
I l

E.C.D, sensor output{V)

--0-- L= Omm

Distance from sensor to target{mm)

Fig.5 Effect of sensor probe position
on sensor output at the vicinity
of the edge.

correction. In the range of more than 20mm, the
correction is too sophisticated to be carried out.
From this results and the interference between
sensors described in the next section, the sensor
probes of edge wave detection were arranged in
stagger for the purpose of exact measurement
without the correction.
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No.1 rolling Divider
speed V
¥
' E.C.D. sensor '
Sensor RMS converter
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Fig.6 Block diagram of eddy current type shapemeter.

3.3 Description of the shapemeter

The block diagram of the eddy current type
shapemeter installed in the mill is shown in Fig. 6.
The shapemeter consists of (1) sensor box, (2)
transducer unit, (3) processing unit and (4) LED
bar-graph monitor. Fig.7is a view of E.C.D. sensor
probes in the sensor box from which the cover
made of a shock-resistant plastics is removed.

Sixteen sensor probes are staggered across the
width in the box. Tweleve sensor probes are
arranged at regular intervals of 85mm on both
sides to detect wavy edges. The other probes are
arranged in center portion to detect center buck-
les. Fig. 8 and Fig. 9show the installation of the
sensor box. The box is placed between No.2 and
No.3 bridle rolls to make the detected signal
almost free from the strip vibration.

In operation, the signal of the shape is converted
to the distance-linear voltage through the trans-
mitted to the processing unit. This signal is
converted to the steepness through bandpass
filter, differentiator, RMS converter and divider.
These steepness signals are transmitted to the
LED bar-graph monitor and displayed . The
accuracy of the processing (steepness conversion)
on the basis of calibration signals is shown in
Fig. 10. The accuracy is £0.2% in steepness.

In order to avoid the interference between the
sensors, the induced current to each sensor is
synchronized by one oscillator. But the interference
is not completely suppressed, and makes the
sensitivity decrease.

For the purpose of reducing the effect of the
strip thickness on the sensor output due to skin
effect, we choose 500kHz carrier frequency. It
results in improved measurement of more than
0.Imm thickness target.

Fig. 7 Sensor probe arrangement in the sensor box.

No 1 No.2

Rolling direction
Bridle
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o0

Strip cooling
equipment

Fig.8 Installation of the sensor box.

Rolling direction
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Fig.9 Sectional view of the sensor box.
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Table 1 Rolling condition
Material aluminum alloy
4 o / No.1 entry thickness 0.65 mm
o No.1 exit thickness 0.43 mm
y/ Width 1000 mm
. ,99/ Rolling force 250 Tonf
< 3 Roll bending force 23 Tonf/chock
£ /5 Interstand tension 2.4 kef/mm’
:—, 0 No.1 stand
g D//{( rolling speed 200 m/min
% 2
15} oO/6 Work roll dia. 485 mm
4 Back up roll dia. 1230 mm
Barrel length 1620 mm
1 o o Chock span 2700 mm

2 3

Steepness(%5)

Fig. 10 Accuracy of steepness conversion
by processing unit.

4. Results

4.1 Experiment

For the evaluation of the accuracy of the
shapemeter, the experimental rolling with typical
wavy edges and/or center buckles was carried
out by operating the work roll bending system
in the practical mill. Table 1 shows the rolling
condition at the experiments, in which the strip
cooling equipment was not used for the obser-
vation of the shapes of strip. 7
Three typical sensing positions, 0% (center),

Change of the bending force.

40% (quarter) and 80% (edge),
the center to the motor side
were selected.

Fig. 11 shows that the on-line shape changes
from flat to center buckles or wavy edges accor-
ding to the change of the work roll bending force
from flat rolling condition. When the change of
work roll bending force APg reaches to -8 tonf/
chock, the pattern of sensor outputs (left in Fig.
11) shows that the narrow edge portion of the
strip becomes wavy. On the other hand, when
APg reaches to 8 tonf/chock, the pattern of the
outputs (right in Fig. 11) means that the wide
center portion ~f the strip becomes wavy. By the
frequency ana'ysis of the sensor outputs, average
pitch of the edge wave is about 240mm, and that
of center wave is about 480mm.

Fig. 12 indicates plots of flatness index (A& —A%)
against APs. As far as the experiments are

of the span from
edge of the strip

0 APg(Tonf/chock) ] Y Increase
t Decrease
—gb = L .
((Jj— Center 1 i H H' l”' ﬁ ' I““ ‘ M”m “
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£ “gt 1 sec ﬁl L 1 sec
f’j. Quarter
3 0
3 sl i
g 6 Edge ) T
g O POy
w
—6L JL d
2r a4
~ 2r
a Quarter
2 1k
5o = T
1E E 4

Wavy edges

Center buckles

Fig.11 Influence of work roll bending force on sensor output S and steepness A*.

9



10

X E & ERH

January 1985

5 &
N
A
1 ()Q’_%n;
SRRH
0
S &\ NN
> )
1 ~
i
© %
~
2 o)
&
/,//@‘*0
. N
35 N
_,4/ o
o]
-5
-20 -15 -—10 -5 0 5 10 15

APs (Tonf/chock)

Fig. 12 Change of on-line shape A*c—A*r by
work roll bending force APs.

concerned, the shape sharply depends on APs. In
the experiments, the steepness of less than 0.6%
must be cut off as noises. It is suggested that
there is insensitive region for on-line shape, as
crosshatched in Fig. 12.

In order to estimate the accuracy of the shape-
meter, the on-line shapes of the strips with varied
edge steepness under a given constant rolling
tension are compared with the off-line shapes of
the cut samples from the strips. Firstly, the off-
line steepness of edge Az was measured. Then,
the calculated on-line steepness of edge A*gcan
was obtained using Eq. (3) under the rolling con-
dition with constant ¢ of 2.4kgf/mm? As the off-
line steepness of center Ac was negligiblely small,
then A*ceanr >0. In Fig. 13, the measured value
of (A*e— A*c)and( A*gcad — A*cean ) was tabuleted.
The result suggests the agreement between on-
line shape and off-line shape was quite satis-
factory with an error of 0.2% in steepness.

4.2 Practical operation

As the result of application of the eddy current
type shapemeter, we succeeded in monitoring the
shape of strip in the interstand, and we could use
the work roll bending system more effectively.
Hence, the frequency of the strip rupture was
reduced to about one-fourth, and the rolling speed
of the mill became higher by 15%

10

Shape of cut sample P/H [Ae—Ac ﬁ";‘:g(“ » AE—AL
Actual shape (m/m) | (%) (%) (%)
29 115 | 0.9 0.8
4.3
301
1.6 1.1 1.3
4.8
309 3.1 2.7 2.9
9.5

P/H . Average pitch/height
A*Eea— A*cieany : Calculated ondline shape
e A% . Measured on-line shape
Fig. 13 Comparison of on-line shape with
off-line shape.

5. Conclusions

The application of the eddy current type
shapemeter to our tandem cold mill of aluminum
strip resulted in the remarkable increase of the roll-
ing speed. The developed non-contact shapemeter
is fairly useful as the comparative flatness monitor,
and satisfies our requirements for compactness
and inexpensiveness. As the next step, we have a
schedule to reform this shapemeter as a sensing
system for automatic interstand shape control in
the mill.
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Crown Control of Aluminum Strip
in Hot Rolling*

by Akio Sugie**, Hiroshi Kimura**,
"~ Takahisa Yamaguchi*** and Toyohiko Okamoto****

On our three tandem hot strip mill of aluminum, strip crown control system is developed. By this
newly developed system, reduction schedule and setting values of crown control equipment are deter-
mined for every coil on different thermal crown conditions to make the exit strip crown ratio closer

to the aimed value.

The strip crown is calculated from a simplified linear model, and the thermal crown is estimated
using “the calculated thermal crown” based on the measured strip crown ratio by the profile meter
and the other measured values of every coil. Not to be beyond the limits corresponding to a good
flatness, the allowable change in strip crown ratio from the entry to the exit of a stand is considered.

The average value of the strip crown ratio and its deviation are reduced by the application of the

new system.

. Introduction

Recent demand for strict thickness uniformity
on aluminum strip requires to supply a flat strip
with uniform thickness distributions not only
along the rolling direction but also across the
strip width.

Crown control of aluminum strip in hot rolling
is rather a difficult task because of (1) the large
difference of rolling force between non-alloyed
aluminum (Al) and alloyed aluminum (Al-alloy)
and (2) the wide range of the strip width.

In our hot strip mill, as for Al and Al-alloys,
the thickness of the bar out of the roughing mill
was different, but the same initial crown rolls
were used in the finishing mill. Therefore, the
average value of the strip crown ratio out of the
finishing mill of Al strip was 0.5~0.8%, but that
of Al-alloys strip was about 2.0% (too large),
and each dispersion was large.

In order to attain the acceptable level of strip
crown ratio (0.5%) for both Al and Al-alloys,
the following three items should be considered.

(1) Determination of the different adequate ini-

* This paper has been presented at the 1st International Confer-
ence on Technology of Plasticity, 3-7 Sept., 1984, Tokyo, Japan.
** Technical Research Laboratories.
*** Sheet and Plate Rolling Dep., Nagoya Works.
#*x* Tachnical Research Laboratories, Dr. of Eng., died on 5 Nov.
1984.
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tial roll crown for Al and Al-alloys.

(2) Determination of the adequate arrangement
of the new crown control equipment to be in-
stalled.

(3) Development of on-line proceedure to calcu-
late the suitable rolling schedule and optimum
setting values of work roll bending system on
different thermal crown conditions.

In this paper, from the viewpoint of software,
we deal with the third item, that is, crown con-
trol preset system.

The main specifications of the hot rolling line
are shown in Table.1.

The finishing mill has roll bending system. At
the exit of the finishing mill, the profile meter con-
sisting of a fixed and a scanning X-ray thickness
gauge is installed.

The definitions of strip crown and strip crown
ratio are as follows.

Strip crown

SC zhc_he(mm) ........ (1)
Strip crown ratio
Scr=(he-he)/hex100(%) oo )

he : Strip thickness at the
center

he . Strip thickness at 40mm
from the edge
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Table 1 The main specifications of the hot rolling line.

Roughing mill Finishing mill
Type Reversing mill 3 stand tandem mill
Rolls 950mm ¢/1410mm ¢ > 3300mm 733mm ¢/1380mm ¢ X 2286mm

Main motor DC 2250kW X 2

DC 2600kW (each stand)

Roll speed Max. 180m/min

Max. 288m/min

2. Items to be considered

The strip crown is determined by 1) the rolling
force dependent on the reduction schedule, 2) the
work roll crown including the thermal crown,
3) the entry strip crown, and 4) the setting val-
ues of the crown control equipment such as the
roll bending system.

Therefore, to calculate the strip crown, the fol-
lowing items should be taken into consideration.
(a) Strip crown model,

(b) Determination of the reduction schedule,

(c) Estimation of the roll crown including the
thermal crown, (in hot rolling of aluminum, the
roll wear is small enough to be neglected.)

(d) Required capacities of the crown control e-
quipment and the determination of these setting
values.

Moreover, the allowable change in strip crown
ratio from the entry to the exit of a stand should
be considered not to be beyond the limits corre-
sponding to a good flatness.

3. Study of basic items

3.1 Strip crown model
A simplified linear model eq.(3) was deduced
from the calculation results of the complete phys-
ical model of a strip profile with respect to the
condition of our mill, and then the coefficients

a of eq. (3) were corrected by the experiments.
Sc=apP -agPgp -acCwr - acs-

Cpur~ @eSce * Qo

ap~a, . Polynomials of strip width,
thickness and work roll diameter

P :Rolling force

Pg ‘Roll bending force
Cwr .Work roll crown
Cgpur . Back up roll crown
Sce :Entry strip crown

According to the calculation results, the in-
fluence of the entry strip crown was to be neg-
lected ie. @e=0.

12

3.2 Thermal crown

We use “the calculated thermal crown” Cywgi
based on the measured strip crown ratio by the
profile meter and the other measured values of
every coil as shown in eq. (4).

H 1
Cwrs = “ac (CYPpsA‘CYBPBsA—CYCB‘

1 A I
CBuR+ao"hé N CT3)"CWR3

suffix A : Measured value
suffix 1 : Initial roll crown

A thermal crown can not be directly measured
in our mill, but “the calculated thermal crown”
could be approximately regarded as the measured
one.

Fig. 1 shows the relationship between the actual
thermal crown measured by the aluminum bar
method? and “the calculated thermal crown” by
eq. (4). In Fig. 1, “the calculated thermal crown”
agrees well with the actual one.

In the following study and on-line control, esti-
mated value based on “the calculated thermal
crown” is used.

3.3 Relationship between a strip crown

and a flatness

When the change in strip crown ratio exceeds
the limit corresponding to a good flatness, edge
waves or center buckles occur according to the
sign plus or minus of the strip crown ratio change
from the entry to the exit of a stand.

But, constant strip crown ratio at every stand
is not always necessary. A strip crown ratio can
be changed within the allowable range, and by
the effective use of this range, the control range
of a strip crown is increased.

In this study, the allowable change in the strip
crown ratio (4Sct) is given by egs. (5), (6).

Ae=EAScr
Emin €A E£ Emax
(considered e=0 at the entry of a stand)

“Shape disturbance coefficient” & in eq. (5) is
given in the reference 2). g, and emax are estimated
from the usual operating results. Table 2 shows the
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Fig. 1 Comparison of “the calculated thermal crown”and the

measured thermal crown.

Table 2 An example of allowable range of strip
crown ratio change (3.0mm X1000mm). (%)

Stand F1 F2 F3
Edge wave 1.0 0.6 0.2
Center buckle —0.4 -0.2 —0.05

calculated examples of the lower (center buckle)
and upper (edge wave) limits of AScr.

4. On-line crown control

4.1 Qutline of the crown control system

The on-line setup system of the finishing mill
taking into account of the strip crown and the
flatness has been developed. It has replaced a part

of the conventional setup system.

The schematic diagram of a whole system is
shown in Fig. 2. The blocks bounded by a heavy
border are newly developed system, that is, when
the exit thickness of the roughing mill hy and the
aimed thickness of the finishing mill hs are given,
suitable reduction schedule and optimum settings
of roll bending system are determined for every
coil on different thermal crown conditions to make
the exit strip crown ratio closer to the aimed
value Sct8 - Unless S¢r§ can be achieved, modified
aimed value is calculated.

The flow diagram of the calculating procedure
of newly developed system is described in ¥Fig. 3.
Considered restrictions (D~® are shown in it.

On the operator’s control desk, rotary switches
are installed with which the operator can modify

Start

Measured data  *1

rStored numerical table J\

Calculation of the reduction

(Roughing mill)

rd

schedule and the setting values Operator >
‘-( Adaptive terms ‘/' of roll bending systems modification
. . . |l
l Calculation of setting values *4 l Aimed values  *3 F_

|

Check

Correction is necessary
(For this coil)

by operator

* 1
* 2

Thickness, temperature etc.

Restrictions on reduction and
fatness

% 3 Thickness, strip crown ratio etc.

%4 Screw position, roll speed etc.

|O
X

Setting

(Rolling)

( Measured data )

Correction is

L

Model adaptation

|

necessary

<

Check by operator
OK

(For the next coil)

End

Fig. 2 Schematic diagram of the set up system.
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START

Reading of the aimed
values{Sct3, etc.),

measured values and
operator modification

+Online estimation of the
thermal crown
+Calculation of the entry
strip crown

Determination of
the reduction
schedule

Reduction schedule
«— Conventional one

e
i
Check of the following
restrictions, ’
@ reduction
(upper and lower)
@ draft (upper)

@3 rolling force
(upper and lower)
@ rolling power (upper)

® strip flatness

|

Check ok 7 or
| =Imax (given) 7

Modification of
the reduction
schedule
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1
f
)
|
'
i
1
1
!
'
'
\
1
1
:
1
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'
1
1
'
'
'
1
1
'
'
1
l
1
'
)
1
1

=
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Determination of the
exit strip crown ratio
of F1 and F2 stand:
Scr1, Scrz

I

Aimed strip crown
ratio Sc13 can be
achieved?

Modification of
the aimed crown
Serd

NO

l YES

Calculation of the

Determination of
the setting values
of roll bending
systems

setting values of
roll bending
systems

Fig. 3 Flow diagram of the calculating procedure.

@ the reduction restrictions of each stand and @
calculated thermal crown of F1 and F2 stand
according to the observation of strip flatness.

4.2 On-line estimation of the thermal crown
The thermal crown is estimated on-line by

eq. (7), on the bases of “the calculated thermal
crown”.
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CWRz(j)z{CWRgﬁ _1)+
gl(CWR};(j -1)-Cwr3(] -1))+
gz%' (CWRII;I(j ’1)‘CWR§(j ‘U)}

x{ correction factor (in case of
prolonged mill stoppage)}

Cwri(j)=2i Cwr} (J) (131,2) """""
Cwr!(j) :Theestimated thermal crown of No.
i stand, No. j coil
Cwri(j) : “The calculated thermal crown” of
the last stand, No. j coil, (eq.(4) )
g1, 82> 21, Z2 : Constants
An example of the estimated roll crown by
this method is given in Fig.4.

5 Application results

Fig. 5 shows an example of application results
of newly developed system stated in chap. 4.

For No. 29~49 coils, the aimed strip crown
ratio was intentionally increased by 0.2%. The
obtained values of strip crown ratio are almost
within +0.2% deviation from the calculated values
Sct¥ before and after the change. (Scr§ is defined
as the aimed or the modified aimed values of the
strip crown ratio.)

Fig. 6 shows the distributions of the strip crown
ratio for typical Al and Al-alloy, Case A (= Strip
Crown Control: OFF) and case B (= Strip Crown
Control: ON) were obtained by the conventional
manual operation and by the strip crown control
system respectively. For Al-alloy strip, case B
differs little from case A. The main reasons are
the insufficient capacity of the roll bending system
and the little effect of changing reduction schedule
(only small change is allowed to prevent defective
strip surface and strip stagger). For Al strip, X
and ¢ are reduced by the new system.

A comparison between calculated (=predicted)
and actual values of the strip crown ratio is shown
in Fig. 7 for a certain number of coils from differ-
ent rolling conditions. About 80% coils are involved
within +0.2% deviation lines. Agreement between
calculated crown and actual one is almost satis-
factory.

6. Conclusions

Crown control of aluminum hot rolled strip has
been investigated from the viewpoint of software,
and strip crown control system determining reduc-
tion schedule and setting values of crown control
equipment was developed and applied to the ac-
tual mill.
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Fig.5 Application results of strip crown control system.
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Fig.6 Distributions of the strip crown ratio.
Some good results are obtained such as the re-
20k Qr_ff" ducing of X and ¢ of the strip crown ratio.
% =-0.01% .o x f As the next step, we are concerned with the
v = 0.18% /0(7’ improvement of the egs. (3) and (5) for more re-
[ .
(N=200) "o fined results.
B o ° Moreover, in order to obtain a smaller deviation
° g% of strip crown not only between coils but also
4 s within a coil, we are developing a feedback control
10k 8 system through the roll bending system using the
° ® oo profile meter.
oo ° On the other hand, as the new crown control
A . equipment, the VC roll system has been recently
B /4 installed on the finishing mill. As the result, the
4 N further reducing of X and ¢ of the strip crown
within0.2% deviation:80.5% ratio is being obtained.
| | ;
0 1.0 2.0
Scr3© (%) References
. 1) Kiyoshi Nakagawa: Sumitomo Light Metal Technical Reports,
Fig.7 Comparison between the calculated 21 (1980), 45.
and measured values of the strip 2) Koue Nakajima, et al:]J. of the Japan Society for Technology

crown ratio.
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Direct Extrusion Expansion of Polyethylene with
4, 4 Oxybisbenzenesulphonylhydrazide as Chemical
Blowing Agent

by Takashi Iwata

Since 1972, Sumitomo Light Metal Industries, LTD has been producing copper tube covered with
expanded polyethylene whose commercial name is “Prisol Tube P”.
In “Prisol Tube P”, polyethylene is expanded by direct extrusion method with ADCA
(azodicarbonamide) as chemical blowing agent and its expansion ratio is 2.
In this study, OBSH(4,4’oxybisbenzenesulphonylhydrazide) was examined as a substitute for ADCA
to increase the expansion ratio up to 3, which mean better heat insulation.
Because of lower working temperature of OBSH, polyethlene is expected at the higher viscosity
resulting the higher expansion ratio.
Results obtained were as follows;
(1) The optimum resin temperature for the expansion is 160°C. Below 150°C, OBSH decomposes
partially. On the other hand, skin faults occur by over blowing above 170°C.
(2) In the range of 2.4-4.3wt% of OBSH content, expansion ratio attains 3.
(3) Small amount of ADCA co-using remarkably refines cell structure of foams. The addition of
0.2 wt% ADCA reduced average cell size from 0.5mm to 0.2mm.
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EXperieriZ:es of Welded Titanium Condenser

Tubes in Japan®

by
Shiro Sato**

Koji Nagata**, Masaru Nagayama*** and

Since:1970 thin wall welded titanium tubes 0.5mm thick have been widely used in the air removal
sections of condensers utilized in Japanese thermal power plants. In 1981, two condensers with welded
titanium tubes 0.5mm thick joined to solid titanium tubé plate by seal welding started commercial
operation for the first time in Japan. This paper describes the manufacturing and inspection tech-
niques for welded titanium tubes: (1) chemical composition and mechanical properties of titanium
strip, (2) roll forming and TIG welding, (3) annealing of tubes and (4) non-destructive tests. Also, prob-
lems and their solutions for application of titanium tubes to large surface condensers: (1) hydrogen
absorption, (2) galvanic corrosion of copper alloy tube plate, (3) seal welding of tubes to tube plate,
and (4) biofouling are discussed based on practical experiences in both model and actual condensers.

1. Introduction

It seems reasonable to select the condenser
tube materials depending upon the evaluation
of the cost and the performance of the tubes of
each candidate material. The authors evaluated
ten kinds of tubes in several cases of compatible
combinations of tube materials with the requisite
countermeasures?. It was considered that copper
alloys as less expensive materials, are available
using suitable countermeasures in a wide range
of sea water conditions including clean, sand free
and/or sand containing. A recent survey by the
authors on the failures of copper alloy condenser
tubes using sea water as coolant in thermal power
plants of three major power companies in Japan,
make it clear that the failure rate during 1970
to 1981 has been less than one tube leakage per
10,000 tubes per year; the main cause of leakage
is erosion-corrosion due to the lodgement of for-
eign body obstruction, as shown in Fig. 1. In
order to keep the failure rate of copper alloy
condenser tubes at an acceptable level, it is also
necessary to use countermeasures based on ma-
terial, chemical, electrochemical and mechanical
processes.?.

As generating power capacity increases, the de-
mands for condenser tube reliability and simple

* Presented at the 1984 Joint Power Generation Conference held
at Toronto, Ontario, Canada, in October 1984 organized by the
ASME, the IEEE and the ASCE.

*+ Technical Research Laboratories, Dr. of Eng.
*** Sumikei Copper Ind., Titanium Tube Plant.

22

maintenance are increasing, especially in nuclear
power plants using sea water as a coolant. Tita-
nium tubes are considered to be the most suitable
material to satisfy these more rigorous require-
ments. In Japan, thin wall welded titanium tubes
0.5mm thick have been used in the air removal
sections of thermal power plants since 1970. Thin
wall welded titanium tubes have been used through-
out the condenser in both thermal and nuclear
power plants since 1981. At present, more than ten
nuclear power plants with condensers entirely
tubed with titanium are under construction or on
order.

This paper describes the technology used for
manufacturing welded titanium tubes and the
characteristics of these tubes using sea water
cooling, based upon practical experiences.

2. Improvement of manufacturing welded
titanium tube and tube plate

2.1 Tube

Several kinds of specifications are applied for
the manufacture of thin wall welded titanium tubes
and are a function of the manufacturing country.
For domestic use in Japan customer specifications
are based on JIS (Japanese Industrial Standard).
This specification does not require the annealing
of titanium tubes after welding. Titanium tubes,
25.4mm OD x 0.5mm wall or 31.75mm OD X
0.5mm wall are employed in BWR type nuclear
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Fig. 1 Changes of failure rate of copper alloy condenser tubes in three major Japanese

power companies in 1956 to 1981. Number of power stations is max. 111. Total

tube number (N) Xoperational duration in years (Y) is 23, 117, 394 tube years.

power plants as well as fossil fueled plants. In
PWR plants the bulk of the tubing has been
25.4mm OD X 0.7mm wall until recently. It is
now anticipated that tubing 25.4mm OD X 0.5mm
wall will be widely used in the near future. Some
technical points related to the manufacture of thin
wall titanium tubes, primarily 25.4mm OD X
0.5mm wall, are as follows:

2.1.1 Characteristics of titanium strip

Improvements have been made during the last
ten years in the manufacturing process from sponge-
melting through cold rolling of strip. There are
now few serious problems related to strip quality.

Important characteristics for strip are chemical
composition, mechanical properties and surface
condition in the manufacture of high quality
tubes. Chemical composition and mechanical
propertiec are fixed at the sponge-melting process.
In Japan, sponge titanium of high purity is used.
Chemical content can be kept far below the spec-
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ified value and mechanical properties may be
controlled by oxygen content?. This means that
strip can be kept sufficiently ductile so that tubes
meeting the specification ductility requirements
can be manufactured without post weld annealing.

The surface condition may depend on the type
of final strip annealing. Strip is annealed using
two techniques; either a batch type vacuum an-
nealing furnace or by annealing the strip in air
followed by descaling and pickling. The surface
roughness (R max) will be less than 5 micrometers
in both vacuum annealed and air annealed strip.
However, vacuum annealed strip is preferred
over air annealed product because of a more
scratch resistant surface during the tube forming
process. The difference is explained by the nature
of the surface oxide which is a function of the
annealing process.

2.1.2 Manufacturing techniquesof welded tube
There are many methods by which thin walled
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tube are formed from tube skelp, including the
guide-shoe method, the template method and so
forth. When the ratio of the wall thickness to the
diameter of the tube is greater than 1%, conven-
tional roll forming methods should be selected.
The roll forming equipment usually consists of
six (6) vertical roll stands for forming, four (4)
vertical stands for sizing and two (2) horizontal
punch roll stands. When forming thin wall tubes,
additional sizing rolls may be installed adjacent
to the forming rolls to prevent edge buckling of
the strip. These rolls are operated by a hydraulic
moter and provide longitudinal tension stress to
the strip.

Regarding the roll flower, edge-forming type
should be adopted. It is necessary for better
welding and less ovality of tube that strip has
been formed heavily on the part of edge at 1st
and 2nd roll stands and then it may have similar
radius as tube after spring back.

Selection of roll material is also important
for obtaining a fine surface product. As titanium
is subjected to galling and scratches by friction
with another metal, copper alloy rolls are widely
used for non-lubrication forming. The soft copper
alloy rolls are gradually worn away during the
forming process without scratching skelp. Local
wear of rolls, caused by contact with the edge of
the strip or by the slippage between the strip
and the roll due to velocity differences between
the roll and strip must be kept as small as pos-
sible in order to maintain uniform forming. For
this reason, brass rolls may be preferable to alu-
minum-bronze rolls, which are also widely used.
In some instances, composite rolls may be useful,
such as pinch rolls exposed to elevated temper-
atures in the welding box; however, these should
be cooled by water to extend service life.

After forming, tubes are welded by TIG welding,

utilizing a high frequency pulse current in an
argon gas atmosphere. A selection of current and
torch angle determines a smooth weld bead with-
out undercut. Nevertheless, some bead defects,
such as arrow marks (darts), may be caused by
current fluctuation. These can be eliminated by
utilizing current stabilization techniques.

2.1.3 Annealing of tube

In Japan, titanium tubes are generally supplied,
without annealing, to domestic customers. How-
ever, ASTM B338 requires it be annealed after
welding. As shown in Table 1, the Japanese prod-
uct meets the ASTM B338 mechanical property
requirements without annealing. This is obtained
by careful control of the chemical and mechanical
properties of the strip. The Japanese tube pro-
ducers also produce annealed product to meet
the requirements of foreign customers. Facilities
are available for annealing the tubes in air or in
an argon gas atmosphere, depending upon the
customer’s requirements. Tubes have been an-
nealed in the temperature range of 400° to 700°C.
By proper control of mechanical properties of
the strip, these tubes will meet the customer’s
requirement, regardless of annealing temperature
or condition. In addition, a hydrogen analysis
is always conducted on the finished tube.

2.1.4 Inspection and tests of tubes

Test procedures may include X-ray, ultrasonic,
eddy current, pneumatic and visual inspections.
Tubes intended for nuclear power plant applica-
tions are required to meet all of the above tests,
generally to meet standard more severe than
that specified in JIS H4631 and ASTM B338.
The ultrasonic test is effective for detecting lon-
gitudinal defects, such as an undesirable weld
bead geometry. Eddy current testing is effective

Table 1 An example of properties of welded titanium tubes commercially supplied.
Chemical composition (%) Mechanical properties
Tube Yield Tensile Elongation
H 0 N Fe C strength strengh (Vg)
(MPa) (MPa) °
275
ASTM B338,Grade 2 <0.015| £0.25 | £0.03 | £0.30 | =0.10 § =345 20
415
i‘f{)“e“omo As weld 0.0022 | 0.095 | 0.006 | 0.058 | 0.004 380 449 38
As weld 0.0046 | 0.12 0.020 0.11 0.005 473 569 33
Imported
fube Annealed The same as above 377 546 38
550°C X 20min
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for detecting local defects, such as arrow marks
or dents. Currently, customer tubes are inspected
after installation in the condenser by inner probe
eddy current testing techniques. In the test, multi-
frequency type equipment is used so that any
defects located under the baffle plates can also
be detected. Using this technique, it has been
possible to inspect 70,000 tubes in 30 days, uti-
lizing four(4)probes.

2.1.5 Past records

Since 1970, 1,000 tons of welded titanium tubes
for Japanese power plants and 1,400 tons for over-
seas plants have been produced by Sumitomo
Light Metal Industries. Of this quantity, 430 tons
of 0.5mm wall tubes have been shipped to Japanese
power plants and 170 tons of 0.5mm wall to for-
eign customers.

2.2 Tube plate

Recently, in some power plants in Japan, all-
titanium condensers have been put into service.
In these condensers, titanium tubes are joined to
a solid titanium tube plate by a seal weld. The
titanium tube plate are approximately 2,000 to
4,000mm wide, 4,000 to 7,000mm long and 28 to
35mm thick. Each tube plate weighs from two(2)
to three(3)tons. These have been successfully man-
ufactured by utilizing plate mills and finishing
facilities normally used for the production of
steel products. ‘

The manufacturing processes for making slabs
are similar to those used for manufacturing strip
slabs. The slabs are hot rolled to plate, then lev-
eled and annealed at about 700°C. Plates may be
cut and machined to the required shape and size
by large milling machines. The machined plates
have extremely good flatness and low surface
roughness and have been acceptable as tube plates
for nuclear power plant customers. Some custom-
ers require that the tube plates be polished by
belt grinding. However, belt polishing can remove
the oxide layer of hot rolled plates uniformly and
cannot improve flatness.

All tube plates are ultra sonic tested, dye pene-
trated and visually inspected.

Since 1978, Sumitomo Light Metal Industries
has supplied 48 plates over two(2)tons per piece.
More than one half of these were with the ma-
chined surface.

3. Experiences of welded titanium tubes
in condenser

Table 2 shows the history of research and de-
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velopment of titanium tubes for condenser in Ja-
pan.

Table 2 Research and development of titanium condenser
tubes in Japan.

1963 | Beginning of field test in thermal plants using pol-
luted sea water as coolant

Application to air removal section in thermal plant
Research on galvanic corrosion of copper alloy tube
plate and hydrogen absorption by cathodic protection
Research on marine biofouling at model condenser
(Tanagawa)

1970
1974
1976
1977 | Development of seal welding for entire titanium con-
denser

1981 | Entire titanium condenser in thermal power plant
(Hirono)

Entire titanium condenser in nuclear power plant
(Fukushima)

1982

3.1 Field test in thermal power plant

In December, 1963, ten(10)welded titanium tubes,
0.3mm wall, 9114mm long were installed in a con-
denser at the Osaka Thermal Power Plant # 1, Kan-
sai Electric Power Company.? Aluminum brass
tubes had suffered severe pitting corrosion by pol-
luted sea water. In January, 1964, welded titanium
tubes, 0.3mm and 0.5mm thick, were installed in
Osaka #3. Sample tubes were put in both the air
cooling and periphery sections. The tubes were
rolled into a Naval brass tube plate. A metallur-
gical examination of the sample tube have been
made every two years.

Sample tubes, 0.bmm wall, installed at the pe-
riphery section show no sign of degradation in ap-
pearance or mechanical properties after 17 years.
Hydrogen contents have been detected in both ends,
as shown in Table 3. Fig. 2 shows a cross section
of a tube end absorbing hydrogen of 340ppm. The
needle like precipitation was determined to be
titanium hydride(TiHz). However, tube ends are
not brittle at this level of hydrogen content. Hy-
drogen absorption is due to the effect of cathodic
protection by impressed current techniques. Sam-
ple tubes of 0.3mm thick were examined after ten
years’ operation. These samples also showed no

Table 3 Hydrogen absorption of welded titanium tubes
installed at Osaka Power Station #3 for about

17 years. (1964.1 to 1982.8) (ppm)

No. Inlet end 30mm from Center 30mm from Outlet
inlet outlet end
1 70 21 16 16 116
2 67 38 35 86 93
3 85 33 23 268 340
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Fig. 2 Hydride formation of titanium tube end

used at Osaka Power Station for about
17 vyears due to excessive cathodic
protection.

sign of degradation or in mechanical properties.
Since 1965, aluminum brass tubes at the Osaka
Power Station have been successfully replaced
with AP bronze tube which have excellent cor-
rosion resistance in polluted sea water. Titanium
tubes have not been commercially applied at this
power station.

In 1978, small sample tubes, 350mm long, were
installed in the steam side of a condenser at the
Shimane Nuclear Power Plant (460MW, BWR) to
investigate hydrogen pick-up. It was a matter of
concern that hydrogen contamination might be a
potential due to the small amount of hydrogen in
the steam, which is generated at the core due to
electrolysis. Five years’ testing indicates that the
titanium tube had no tendency to absorb hydrogen
from the steam®.

3.2 Application to air removal section of
thermal power plant

Welded titanium tubes have been used in the air
removal section of the Johban Power Station #7
since 1970. Thin wall, 0.5mm, welded titanium tube
is now considered to be the standard material for
the air removal section, either as a replacement
for copper alloy tubes or as new installations.
Titanium tubes have been joined to Naval brass
by roller expanding. Japanese experience has
shown that three(3)rolls are preferred to five(5)roll
expanders to reduce the risk of cracks which is
likely to occur if the clearance between the tube
and tube hole is too large. To obtain more pull-out
strength, anaerobic glue has been used at times.
Impressed cathodic protection has been general
equipment in the water box. In some cases, the
tube sheet has been coated by epoxy resins.
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3.3 Hydrogen absorption at tube end and
galvanic corrosion of copper alloy
tube plate

During the early stages of application of titani-
um tubes, problems with hydrogen absorption at
the tube ends and galvanic corrosion of the Naval
brass tube plate has been noted”. Hydrogen ab-
sorption occurred at plants where ferrous sulfate
injection was utilized, because cathodic potential
of titanium tube ends and tube plate shifted to less
noble potential than that required for hydrogen ab-
sorption (-600 to -700 mV SCE) due to high polar-
ization of ferric hydroxide film formed on the tubes
and tube plate. Fig. 3 shows the relationship be-
tween the hydrogen absorption and cathodic poten-
tial.

After 30 months’ operation at the K-1 Power Sta-
tion, titanium tubing exhibited hydrogen contents
of 2,500ppm at the outlet end and showed the em-
brittlement by deformation. During this period the
cathodic potential was observed to be -1100 to
-1300 mV SCE. As a result of this problem, ca-
thodic protection was controlled by reducing the
cathodic current. During five(5)years’ operation a
sample of tube has been analyzed for hydrogen
every year. No hydrogen absorption was observed
for over three(3)years after the reduction in the
cathodic current.

On the other hand, galvanic corrosion of copper
alloy tube plate by titanium tube occurred in the
inlet side of the condenser where ferrous sulfate
injections was not used or where the cooling sea
water was polluted. A corrosion depth of 1 to 3mm
per year was observed. In these plants, cathodic
potential was not polarized to the protective po-
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Fig. 3 Hydrogen content of titanium tube under
cathodic protection as a function of cathodic
potential tested for three months.”
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tential due to the insufficient protective film for-
mation. Laboratory tests make it clear that (1)
galvanic corrosion is directly related to both tube
plate material and velocity of the sea water, (2)
corrosion rate of aluminum bronze is about one
third that of Naval brass, (3) corrosion rate in-
creases with flow rate, as shown in Fig. 4.

Both hydrogen and galvanic corrosion due to
inadequate operation of the impressed cathodic
potentiostatic C.P. system and controlling the po-
tential of the tube plate in the range of -450 to
-700 mV SCE, compared to a referencial electrode
attached to the tube plate. Pure zinc is also used
as the reference electrode.

100
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area of tube plate (1 A/cm?)

Galvanic current per unit

1.5 2.0 2.5 3.0

Velocity (m/sec)

Fig. 4 Effect of flowing rate on the galvanic
current between titanium tubes and
copper alloy tube plate.”’

3.4 Macro and micro biofouling

Titanium tubes tend to suffer more macro and
micro biofouling in sea water unless chlorination
is used. Fig. 5 shows the effect of flow rate on the
macro-micro biofouling of titanium tubes tested at
the Tanagawa model condenser using non-chlorin-
ated sea water®. Macrofouling of the titanium tubes
by barnacles and mussels occurred when the flow
rates were below 1.5 meter per second. It was also
found that sponge ball cleaning of ten sponge balls
of one chance per week prevented the macro-
fouling.

When titanium tubes were used in conjunction
with aluminum brass tubes, sponge ball cleaning
must be restricted to prevent erosion-corrosion of
aluminum brass. It is known that the allowable
maximum level is restricted to several hours per
week in order to avoid the risk of erosion-corrosion
by excessive sponge ball cleaning. Experience has
shown that there is titanium tube blockage by
barnacles/mussels and other macrofouling organ-
isms when the titanium tubes were utilized with
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[
© Without sponge
ball cleaning
Dotted line: Sponge ball
cleaning, 10 balls/
one chance, one
T chance/week
: Macro fouling by
barnacle (3%1)
and/or mussel

(32)

Real line

20 p———r
®

15

10

Inside deposit (mg/cm?)

Duration (month)

Fig. 5 Changes of inside deposit of titanium tubes with
flowing rate of 1 to 2.5m/sec. Sea water is not
treated by chlorine”’

Fig. 6 Barnacles settled in titanium tube bore.

aluminum brass tubes, as shown in Fig. 6.

The most serious problem for titanium condens-
ers using non-chlorinated sea water is considered
to be a decrease in heat transfer rate due to the
accumulation of microfouling organisms under
continuous sponge ball cleaning. An Atsumi model
condenser test showed that continuous cleaning
by a carborundum ball was effective to prevent
microbiofouling and recover heat transfer, as
shown in Fig. 79.

4. Entire titanium condenser

In 1981, condensers of titanium tubes and tube
plates, designed and manufactured by Toshiba,



28

X B & B ¥ #&

January 1985

15
Titanium tube (25.4mm OD, 0. 5mm thick )
g Brushing
58§ 10
§ i Sponge ball
- A —o0—8—0—0
SE 5
52 ._4—/—./
3 X Carborundum ball
I O - g =B -+ — — — — — = L e - o ‘ —————————————— [ N o E
1 1 1 1 L 11 1 1 L i 1 i L i i i L I L i i )|
0 5 10 15 20 25
(19, May 1978)
Duration (Weeks)
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is 1.2mm and O.5mm, respectively, and that outside diameter of both tubes is 25.4mm.

Fig. 8 Selection of condenser tubes in power stations in Japan since 1970.

started commercial operation at Hirono Power
Plant (600MW)!? In 1982, Fukushima II-# 1,
Tokyo Electric Company, 1100MW, BWR, a nu-
clear power plant entirely of titanium tubes and
tube plates, designed and manufactured by
Toshiba, started commercial operation.

By 1984, a total of 11 units of titanium con-
denser tubing is scheduled to begin operating
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commercially. Seven of these units will be nuclear.
Fig. 8 shows the selection of condenser tubes by
power stations in Japan since 1970. This survey
shows that (1) since 1975, condenser tube surface
areas for nuclear plants is greater than that for
thermal plants; (2) since 1980 titanium tubes have
been used predominantly, in nuclear power plants,
as the surface area of condenser tubes.
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Titanium tubes at both Hirono and Fukushima
were mainly 0.5mm thick and as-welded of JIS
Grade 2. 0.7mm thick tubes, 10% of the total,
were also installed at the periphery section.

At Takahama Nuclear Power Station of Kansai
Electric Company(870MW, PWR), designed and
manufactured by Mitsubishi, 0.7mm thick tubes
were installed, JIS Grade 2.

For tube plates, large size, solid titanium has
been used. A typical dimension is 38t X 2,851/
4,200w X 4,670h (2,900kg) for Hirono, 35t X 3,000w
X 6,500h (3,100kg) for Kashiwazaki(1,100MW,
BWR), and 29t X 4,100w X 7,200h (3,500kg) for
Tsuruga(1,100MW, PWR). Titanium tubes have
been joined on site to titanium tube plates by seal
welding, using TIG automatic pulse current weld-
er under argon shielding gas after roller expan-
sion!®1D Seal welds were inspected by visual,
liquid penetrant and vacuum bubble tests. In addi-
tion, at Takahama Nuclear Power Station, pre-

service inspection was made by multi-phase fre-
quency ECT to detect defects during tube instal-
lation. 70,000 pieces of 17m long tubes were tested
in one month, using four testers. Defects during
installation, such as dent or deformation, have
never been detected. A few tubes, however, em-
bedded with small pieces of iron have been de-
tected.

Performance at the Hirono Thermal Power Plant
has been reported as satisfactory!?. Biofouling of
titanium tubes has been prevented by an optimum
flow rate of 2.3m/sec, a daily back wash and a
daily sponge ball cleaning. Mechanical damage of
outside tubes close to the inlet of the steam drain
has never been observed. The Fukushima II-#1
Power Plant (BWR) has operated continuously for
one year.

5. Conclusion

At present,. some problems peculiar to welded
titanium condenser tubes using sea water as a
coolant have been solved by various corrective
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measures, based on research and experience.
Problems / Corrective measures are as follows:

* Reliability of tubes / Quality control of weld
Reliable joining of the tubes to tube plate / Seal
welding after expansion

Hydrogen absorption from water side under
cathodic protection / Control of cathodic poten-
tial

Galvanic corrosion of copper alloy tube plate
contacted with titanium tubes / Proper cathodic
protection

Biofouling in non-chlorinated sea water / Sponge
and carborundum ball cleaning

The welded joint type titanium condenser is ex-
pected to have high reliability and high perform-
ance. In the future, it will be necessary to accu-
mulate additional data concerning the operation,
especially biofouling characteristics for long pe-
riods.

*
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R WEENLFERDERE (%)
A & | Si | Fe|{Cu|Mn|Mg|{Cr|Zn|Ti|Ni|Al
B18S 0.65/0.28] 4.1 |0.01|1.46<00110.01|0.02|1.95| 5
SC80 8.3 10.1811.95(0.54(0.75{<001{0.01]0.01| — | %
ST80* | 81]0.17] 2.1 {0.55[0.87|<001{0.01]0.01| — | %

* MBI B

2.2.2 BI8SE&4

B18Si3Cu, Ni, Mg, Si W X% EWMTETEHEET
Hhd, —WICVIRS Y » I —H s EREED S» b E
77— AEE R 130FIEDOMERED TR 2 41, T A&413Cu,
Mg B & USID@EEEND & B i X Y FrgEnmi 2 %
BTwd, 72, MEREIEBOES 2H [ E¢2 2
EAhn 2 CHEE S 2 AR 2 B Tilic B 2w b 2 &
RS THEAT, LEICEL T 2B T e %
Bl 2 LA H 5, BI8S IFEEILIC & A HE X
b SR 2 AERITC & B IR H) L 2 A,
CIEIMEC G 2 B B L CNIR O F 24k T % H—a
KAE3EsZ e L, NIBT L s = Ao igr
EEET, $HERFCNROSBE e LCHLET S
», EEEILA Y E oL Ty v EE 3 I
AL L) ICRHEDENLHEOREREIE 25 L v
IR H B, 8-, BISS TIREEMILAMN T
BFED 5 emBlT, YT 10umll T & 7% 2
O BERE AT L T 2T 2 -0 ST
Wb,

B18S I it BEEEVEIC I 2 T TRIsEE 1, YIBIME, BiER
P2 BT ENTHBIED ) T, B, EEBRANEY
o X OWNERIGHIE & FEAEET . VHSHFRo gt
VIRV > —He&&E L THOLES B L T 5
DTEBICHEI N TS,
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2.2.3 SC80&4&RUSTES

SC80IESi, Cu, Mg & %K & T HAI-HSIHRD
&eThHY, & CTEBERECTCNRARE L THRE
L7z, —ilc, TAI=720880 9 b TIZAI-SI RAE
LB L TERMEIC T ¢, SiROMN & i R
L BT B A%, DAL EHR ISR STRIF AL
LTWwaZrickd, Al-Si R TIEHN12%NSiZ &140
PEEPRERLAE L LTHLNTWAD, SIRYE
Wiz IS4 b EERE R A TS M o) 2T CRE DT B
Hir, AT, 403264 F DR FHEFICET Y
7 WEETSIE R PET 5 L RICCue Mg 2 iEmL,
EEEEME, UINIME, SEMEL KT A& SC80 %
FFEL 7z,

SC80 (MR b L 0 oo R 20 L3 b &3k
1o, BE A0S & ) ST FO PHRIE 25 pmbL T
B L CEH R IC I — S SR TV B, ZDT2?,
B18S & h & R ¢, Lo L WEIR D A |
03268 LV FELIWAI N TV S,

ST80IZSCRONA- Al Ak & S L CHHIME A {5 L 72
Al-Si-Cu-MeRAae&Th b, THAEITMRHHEIZSC
80 X 13T L Th B AT, YIBMERMEIC T Rl AEET
BBz, TFEEEEMEIC 2 CTUEE 2 B L T 5 HEIC
BLTW3,

SC8ORS TR0 VHS HRAH VIR & 0 § i EHEIENE
KENDLR—ZFRAOVIR=E I YVIRD ) > ' —¥4
L CERLENLTY S,

3. HEEORER

F 2R L A4 3 MMM (EE62mm)% T
SHEL TVIRY ) > 7 —H & L CoRstERe 2 AL 72,

3.1 MIEMNE

£ 31T 6 MIBOWEE, BIWRMRE, TSR,
BREEEOWEMEEERT, £AE L LICHEE
HICBE 23 %V, SikERS & 5SC80°ST80
I3B18S & ) BIRRE AN E

®1 HOLOWENHEH

e wOE | BIEREANK | EREYE | BEYE

i (g/cm?®) | (x107%) | (IACS%) (cgs)
B18S 2.81 22.3 38 0.37
SC80 2.70 21 36 0.34
ST80 2.74 21 36 0.34
(BE) 402 2.69 19.4 35 0.33
3.2 BROME

£ 4130 B L UT6H OEATEE # 77, VIR
LA L DERIET A0, OMomES Tk
W ERETHE, 22, WEREOELLE Y H—
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ZFERI0BE MRS LE L b dS, TeHIZ WA
bk DETE,

®4 FASOHMIEE (FBHHE)

# B apmams | 0%E | Mo | W2
& & 3] (kef/mm?) | (kgf/mm?) (%) (Hv 5kg)
0 20 9 20 60

B18S
T6 42 32 14 133
0 18 85 18 58

SC80
Té 39 32 12 135
0 18 85 18 56

ST80
Té 39 31 12 135
2| ACA | T8 — — — 120
%1 4032 | Te 3 34 12 139

F5i213, RACBITLBEHOEE L2155 o DR
197 T 6 MEEHEZRT, FAGOBMEEIIRIFTH
35, VIRV > 7—3 FDBofEEEIMIT T 7 2
sy F—F—OTEEELERINLINT, WwEEE
DB B 72 > TIRBLE O T ADB LIS R E
THEULENFD DS,

5 Yo b BT A
P S8 pE

o & Ew‘%g& AN moE L
B18S T6 505~515 REAN | 165~175CT

8§~ 12hri%h
SC80 T6 500~520 KA | 165~175C T

8~ 12hri%h
ST&0 T6 500~520 KA | 165~175C T

8~ 12hr s

(5E) OMLEEN  360~420CHNB—30C /hrl T
AEEE TR IR

3.3 SMEBENE

O¥ v FsE M % B9 2 728, E40mm X & 2
20mm DFFEREA 2IREL, T ERHEEL %A
DENDOET HRFGHBENTE2HFEL 72,

RSN B18S TIE#970%, SC80% L UFST80 T
134960% TH - 72, 4123 & L C B18S 7niffHlsk
ERBRBEONBEELZRT, ZORENGHEEELH
T AL, VIRDET ) » 57— Els L 5
BIZE TR TH D, SEEOFEE L LEBEOMTLET
EICHBIREL T -T2,

B, HEEEE ETUEICIE L TR T 2
ELH DD, BMEMIIRSIRL 2O ML 48
By dvy,

3.4 SETMEEARAE

51213 T 6 Mo sz ~3, BISSTIZHG6 (2
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6 BISSHEEMILEWNEPMAS #if R
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VISR L 72 & 9 I ERn S MBI AR —ThH 5
) T, BMRKMED DA D FEL Th 525, Fié
SO IZ R RS FEET, Bk —T
Hb, 1o T, FEEORBEEIINTH LM KIEIZRE
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7 BISSIc & N BLEENAVTRY Y v 57—
FHOEEEHER (X300)

3.5 HEEFEME

VIRY Y > 7 — 3 BREOMEA T —7ETICL - TH
BEHES W BB END, B8 IiEFHaRN
FEREE & SO R BRI & 0 B L e R R,
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PURNE BRI T CNTB Y, 403264 & MEED
MRS HL T D

F 72, WA T —7EATIC L BITEEREIE & FHl Y 5 28,

#&eL) VHS HRO LS ) > 57—
WL, REzS{vEy

LS R
R B L T T — 7 R

BEAT - 72, BRT — 73 WROBLSART —7 2 A,

1,000hr DEITRBBOER ORI EZREL 2,

9zix Bl8S DEEFEIRIRE SR L 7248, 1,000hr DREE
F—TERTFICE > TLERBIR 1 mllTTH I, BIFZ
T2 HT A 2 LA RER S Nz, Fi2, SCBORST
80 EERERIIB18S D50% LI T & % 1), Biled T < nieiiid
FEHEMEE LD,

ko koic, 3EEOHASIE T LRI
#Chfwé:tﬁmwéﬂfﬁ A4z ;omgﬁﬁ

ICENH BT, THERENLEEIC L) AEEEYD
7‘6%%3%60 AT VHS F RN VIRIC2WTIEB
188 THFEEINTVE, —F, X—FHADVIRS 8
3 ) VTRICIE VHS R e T RN BRI 26 &7
DErESNTE), BI8S TIRMREEMENDH LT
Tk D EAICIESC0RS T8O A AE £ Lw

3.6 4IHIE

VTR U v &7 — 3 Tic & Dt L3 b zd

7 T T T ]
T M//O |
T 5hF -
2
X
® 4r -
~
&
£ 4L o B18S _
%{
g @ ST80
8 2r 7
© SC80
1__ —
@ 4032
0 { L | 1
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#HE)
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7 — 7T —-‘
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T CNTHBZ P UELEENE, VIR Y > 57—
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DOFHEE L L CEIBEEE ARBR S ERL 72,
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TRSBEROZEM E L 3Bt 53Ky b - b
v TERERIC X A/MER (BER) LEBTE S,
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R SEBOBBAEH
o o | g | SEEE | 0 | oo | om s
B (kgf/mm?) | {(kgf/mm?) (%) (Hv 5kg)
0 20.9 96 12 62
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for VTR tape guide Cylinder

by Teruo Uno and Yoshio Baba
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C80” B L FST80” 122\ T, FDBIREHE ¥ s
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AHHYN, BLII/IEERN S 3 ) VIR OREEIED
LITwd, VIROEEERRZTH B T—78&ITV >
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(1) BECEHBMEATHIEZL,
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7z,

(D &, by, MK REh & $EE o —
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(3) WEEHMEC, WEREOH EAFEEND,

B 13 N s DEERE R L2, B X oBEHMR
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IDL ) BN EREUEIIIL 25AciE, B2I0R
T & BRI REL, FELOMBELLL, $72,
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2.2 FEEOHEREEL tDORHHY

2.2.1 BELA-FES

EROGMIRbsEMNEL ) 5 —%B5I0E, W
MigE AN k2o FLEEEZ N2, 22T, W
BEFEME, CIEALERIE b5 & OB I o B 0 M, i fEsEE
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FE 2TV, VAS HRUIC BB 2 s RS 7L 3 =7 A
AEBISS ZRFE L2, £/, N—2Fx8 3 JVTR
Tk, BESCHAT — 7OME» Rl 5720, VHS
WA C— B BRI § Sz ) » =B T B,
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Z D7z, BI8S & MBI T, LB VIR Y
»F—3 ) T, OA B8 & o Mg < X v,
¥ 7 PG S L EATRE L A4S C803 L 1S T80
HFEL,

R1IZ, s IBENFEEIEER, HEEK,
B, R 2 ICIHMLERS OB 2 RT,

Rl WEEDEERE TR
aE & & & R (e #
BB 2 T EERENE, LD
%, wEsEEEEL,
B18S | Al-Cu-Ni-Mg-Si% | #, & I 5,000 tondl b
DUEEH P
(VHS /3 A)
N i B18S & 1) fif B #E 44 ¢
B18S & i EEREM: B
ST80 | Al-Si-Cu-Mgk i L Ui AT BT
(~—2HHRHA)
£ HEEOIERSERE (%)
4 4 | Si|Fe|Cu|Mn Mg|Cr|Zn|Ti|Ni|Al
B18S 0.65/0.281 4.1 [0.01[1.46/<001|0.01|0.02|1.95, %
SC80 8.310.18]1.95{0.54|0.75<001}0.01]0.01| — | %
ST80* | 8.1 (0.17] 2.1 10.55[0.87[<001{0.01|0.01| — | %

* PRI R
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HTn5, 272, MEREEEEMOBS 2/ B35 2
STz CHEPE S 2 ABRLTF 2 B —oilic s E e 5 2 &
HHRRD THB T, BB L T 2 {HR T oOmESCE
9 2 L8 H 5, BI8S I HhiF{bic L 28E X
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5, SBEMLAWD RN AE L T v EE 31
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OB, H B, #E- T, BISS TIREREMILAMHNIY
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W3,
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2.2.3 SC80A&E&RUSTBER

SC8012Si, Cu, Mgk &% M5 & HAI-HSIHRD
afTHY, rmEREcTCNnAS L L THE
Uiz, —iie, 7= 884809 b TiEAI-SI R
S b BRI T ¢, SR & 3ic AR
32 AR 3%, 2 AU I BE O STRIF YK
LTwaZEild b, Al-Si B TIE#12%DSi% &40
PREEHRENEAE L LTHLN TS, SIRIE
WG4 bR TRRE O M CRHIEL D
stz FIT, 403284 & D AR R BEEICET 3¢
7 WRIEE TSIE 2 T 5 L RIcCue Mg AL, W
EEEEME, CIEIME, SRiEMEL It T ChleHia & SC80 %
B L 72,

SC80 I MhiifbIc & D R 2l L3 w5 o3
1o, Bl & EBIEIC X D ST FERE LS umE T
S L T EEH R IC I — RS TN E, £D1H,
B18S k1 & W AEREMEIC§ ¢4, Lo L YIEIRE D A |
A0 E I NEL(WBENTW S,

ST80IZSCRON A4l 7 L THEMEL 5 L 72
Al-Si-Cu-MgZAETH b, ZOAEITMEFEHEIZSC
80 X 1TITF L Tdb 5755, YIRMIREIC T Ch e s T
B b, MBI Tt LE S § 5 H®IC
LT3,

SC80STR0IE VHS HAD VIR & 0V i BRI
RKENBZR—FHFRDVTRRE I YVIRD Y > ' —H
ELTERMEEN TS,

3. FetnENE

£ 21N L 2 H&E 3 MMM e (E62mm)% L
BEEL TVTRY Y >~ & L COMERE R A& L 72,
3.1 WIEMNE

£ 31cT 6 MEBNEE, HIZERYE BRIZEE,
BMMEEESOYEMNEEERT, £AdL LICYRIE
BICBHE LI 2D, SikERS L ¥ 5SC80°ST80
12B18S & 1) IRV E

8£I HASOWEAEY

PN wOE | BJEERGN | BREREE | smREE

il (g/cm®) (X10-8) (IACS%) (cgs)
B18S 2.81 22.3 38 0.37
SC80 2.70 21 36 0.34
ST80 2.74 21 36 0.34
(H#E) 4032 2.69 19.4 35 0.33
3.2 #BEHE

RA4IIOM B L UTOM OB E 2R Y, VIR
> F LR HEBEIC L) BT A0 5, OMOBES 3K
WIEDBBETHL, T2, WEREOSLLE v A —
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2R 130REEDOWRESNE L E by, TeHizwvwin
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