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Study on the Flow Stress of Aluminum and
Aluminum Alloys at High Temperature

by Norio Chida, Hiroshi Kimura and Yoshio Baba

Flow stress of ingots and hot rolled slabs of pure aluminum and aluminum alloys has been
investigated experimentally using a cam plastometer and a drop hammer. Materials are 1100, 2017,
3003, 5052 and 5083. The flow stress-strain curves of those materials have been determined over
a temperature range 300 to 500°C and strain rate 1.3 to 854 sec™

The flow stress of 5083 and solution treated 2017 decreases with increase in natural strain.

Mean flow stress of ingots and hot rolled slabs are almost same for those materials. Maximum
deviations of the mean flow stress between several lots are 14%. In case of 2017, the solution
treatment increases the mean flow stress of anneald material by 20%.

The flow stress K¢ is expressed in the following formula.
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where ar br cr, au b, Ke K& and aw bw are material constants, Tu is homologous temperature,
€ is natural strain, ¢ is strain rate and &, is base strain rate.
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Fig. 1 Flow stress-strain curve for. 3003.
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Fig. 2 Temperature drop of specimen.
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Fig. 3 Specimen shape after compression and
the definition of barreling coefficient B.

Table 1 Experimental conditions for Fig. 1
Chemical compositions (%)
Treatment Testing machine
Cu Si Fe Mn | Mg
Hot rolled slab—annealed(500°C x6hr)
Arnold® 0.040.300.33/1.36| — . Cam plastometer
-»cold rolled—annealed (400°C X 1hr)
. Ingot—extruded->cold drawn-»anneald
Biibler'® 0.01}0.110.27|1.10 | 0.09 . Cam plastometer
(420C x 3hr)
Motomura' | 0.13 ] 0.18 | 0.46 | 1.01 | — | Hot rolled slab—annealed (410C X 3hr) | Cam plastometer
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Fig. 4 Relation between the barreling coefficient B
and mean flow stress.

LY LB BTH B, B M 03~9 SRtk bR
CEIBITh S b TEEERIEMOME L 3 % RED
ENELBRTERLD, BEFSEEAEZERTSC RS
hANL Y L S OEEERERCS L THER L 2 VER
KR IADTENWTE D,

2.1.3 &SR

Fig. 5 BB~ i 0 2R ds L3 938 2R
¥+, #E5056, <FEElbmme x 22mmbh, 8mme x 11.73mmh
ERE DR 3EB 2IEE 300C, 400C, 500C, i
DT AR 124 sec”! & DEETERL, FHERE
Fief Uiz & o ATE O BEERES L -8,
STESEORBE LN IDEARINIIOT, KEHTE
WTHE, 8 mmex11.73mmh ORERTEHVB L LTl
7o

30
L5 3000C S el
£ B Yoy
£ o
2 2 400C o 1o e
= QO O 15¢X 22k
2 15 ® 8 $Xx11.73"
& - 500C
= 2 —G |
QL
=

1

0 Material 5056

Mean strain rate 124 sec™!
] |
0 0.2 0.4 0.6 0.8 1.0

Natural strain

Fig. 5 Effect of the dimensions of specimen on
the mean flow stress.
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Fig. 6 Mean flow stress deviation in the billet section.
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Positicn Mo, § Position No. 12
Fig. 7 Macro-structures of compressed specimens.
Table 2 Chemical compositions and Mechanical properties of test materials
. . ’ Mechanical properties
Materials Chemical compositions (%) r
Tensile Yield ! ;
(Ingot) [ ; § P - strength strength Elongation
Cu | Si i Fe Mn | Mg | Zn | Cr Ti | (kg/mm?) | (kg/mm?) %)
2017 1% 4.0 0.29 0.31 0.47 0.50 [ 0.06 — 0.01 14.3 25.6 5
Z*i 3.8 0.3110.33  0.47  0.52 “ 0.04  0.02 | 0.01 14.0 27 .4 8
3% 3.7 0.2710.24 | 0.43 1 0.49 I 0.04  0.02:0.01 12.2 25.3 9
Test | . ‘ : ; :
5052 1* 0.02 1 0.10 1 0.27 1 0.02 : 2.40 <0.01 | 0.21 1 0.01 6.6 18.3 31
2*, 0.03{0.090.29;0.01 2.30 l 0.03,0.21, — | 6.6 18.6 30
3* 0.03  0.09  0.2310.02! 2.40 ‘ 0.01  0.201 — 6.7 18.7 32
1100 0.07 0.15|0.54 0.01 | 0.01 <0.01 <0.01 0.01 3.1 9.3 49
2017 4.0 10.290.31{0.47 | 0.54 ‘ 0.06 - 0.01 14.3 25.6 5
H {
Test 1 3003 \‘ 0.13 0.2610.591.10  0.01 {(0.01 ‘<0.01 0.01 4.7 11.6 35
5052 1 0.02 1 0.10 | 0.27 1 0.02 | 2.40 <0.01 0.21 1 0.01 6.6 18.3 31
5083 10.010.11 ; 0.19 | 0.04 1 4.30 0.01 é 0.18 1 0.01 | 12.0 28.2 13
* lot No.
Table 3 Experimental conditions
| Temperature | 400, 500C (450C for 2017)
Mean strain rate 85.4 sec™?
Test | Maximum strain 1.0 in natural strain
) Specimen size 8 mm¢x11.73 mmh
Lubricant Colloidal graphite
Testing machine Drop Hammer Type
Temperature 300, 400, 500C (450C for 2017)
Strain rate 1.3~34 sec’! (constant strain rate)
Test | Maximum strain 0.7 in natural strain
) Specimen size 8 mm¢ % 11.73 mmh
Lubricant Press oil+Talc for 300C, colloidal graphite above 400C
Testing machine Cam plastometer
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Fig. 8 Variations of mean flow stress between
several lots for 2017 at temperature 400°C

and mean strain rate 85.4 sec™.
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Fig. 10 Effect of heat-treatment on the mean flow stress.
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Fig. 11 Flow stress-strain curve for 1100.
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Fig. 12 Flow stress-strain curve for 2017.
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Fig. 15 Flow stress-strain curve for 5083.
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Fig. 19 Relations between K¢ and I/Tu at natural
strain £€=0.2 and strain rate £=5.6 sec™'.

Table 4 Values of constant in the equation
€ o “+bn 1/ & m --bm
i (ar 92+ 80 Y 5T s (S T

1100 1 2017 | 3003 5052 | 5083
ar ~3.723 —42.24 ~11.96 ~20.95 10.34
br 1.780 62.32 13.87 25.15 —25.66
Cr 2.829 ~14.60 —1.026 ~1.313 22.30
Ke 1.04 1.05 1.05 1.04 1.06
K 0.04 0.05 0.05 0.04 0.06
QA ~0.384 0.001 —0.287 ~0.380 ~0.257
ba 0.412 0 0.337 0.372 0.237
A 0.567 0.286 0.361 0.223 0.274
Do ~0.316 ~0.160 ~0.181 ~0.118 —0.151

& (sec™) 5.6 7.0 5.7 5.6 7.0

Melt. P (°K) 923 793 923 873 843
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Titanium Condenser Tubes—Problems
and Their Solutions for Wider Application
to Large Surface Condensers’

by Shiro Sato**, Yoshihiko Sugiyama***, Koji Nagata***,
Keizo Namba*** and Mikio Shimono***

To meet the demand for high reliability condensers for thermal and nuclear power plants,
especially for PWR plants, the condensers installed entirely with titanium tubes have been inves-
tigated and practised. However, some difficulties which are different from conventional copper
alloy tubes are known to exist. It is considered that further investigations are necessary on three
items; 1) tube vibration 2) joining tubes to tube plate 3) fouling (bio-fouling) control.

Literature survey on the tube vibration suggests that the probability of tube vibration due to
decreased stiffness of titanium tubes in comparison with conventional copper alloy tubes can be
well decreased by designing the proper span length between supports.

Experiments on seal welding of tubes to a tube plate have successfully proved that pulsed
TIG arc welding is applicable to get reliable and strong joints, even on site, by suitable counter-
measures.

Experiments on the fouling (bio-fouling) of titanium tubes in marine application have revealed
that the increased fouling' of titanium tubes could be controlled by proper application of sponge

ball cleaning.

1. Introducticn

Since its introduction as an engineering material,
titanium has been known as an attractive material
for condenser tubes due to its very outstanding corro-
sion resistance against variety of cooling water, espe-
cially against aggressive sea water. In Japan, during
the period of 1960 ~ 1965, a lot of titanium welded
tubes were served for field tests in the power plants
where polluted sea water was used as cooling water.
Their service results have been very satisfactory.
However, successful development of new copper alloy
condenser tubes (AP BRONZE) resistant to polluted
sea water together with relatively expensive price of
titanium tubes had prevented the practical application
of titanium tubes in this field. In 1970, titanium tubes
revived as the condenser tubes for air removal section
of the condensers and, now, 100,000 of pieces welded
titanium tubes have been being used in Japan’. Ser-
vice experiences of these titanium tubes have revealed
that these tubes are free from any type of corrosion
by sea water and steam containing ammonia. A few
problems experienced are galvanic attack on Naval

*Presented at the Annual Meeting of Institute of Japan
Thermal and Nuclear Power Engineering Oct. 7, 1976, at
Tokyo. Published in the Journal of Japan Thermal and
Nuclear Power 28 (1977), No. 6, 563.

*#*Technical Research Laboratories, Dr. of Eng.
#¥¥Technical Research Laboratories.

brass tube plates by titanium tubes and the hydrogen
absorption at the ends of tubes by application of ex-
cessive cathodic protection. These two problems are
considered to be prevented by controlling the applica-
tion of cathodic current as shown in our previous
paper®. So, they are not necessarily regarded as the
serious problems.

On the other hand, it has been reported that in
foreign countries, especially in the United States, a
number of condensers installed with titanium tubes
have been put into practical use and their service
results have been very successful®.

Though, at the initial stage, titanium tubes had
been selected to prevent the risk of corrosion of tubes
by aggressive cooling water, recent trends toward
the selection of titanium condenser tubes are being
made expecting to have high reliability condensers as
one of the ways to solve the troubles experienced in
steam generators in PWR plants. These situations have
been well demonstrated in the papers by Westinghouse
people presented at the American Power Conference
in April 1975”, Seminar on Condensers in June 1975,
and Seminar on Steam Generators in September 1975%.

It has been suggested through the discussion with
our customers and the literature survey that more
detailed investigations on the following three items
are necessary for further application of titanium con-
denser tubes,

1) Vibration of titanium condenser tubes and pre-
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ventive measures. o o v -5 ,wL* . )
2) Reliable process for joining titanium condenser 384 EI
3) ;uczelisn:goa::ibiisiﬁzzol of titanium condenser tubes. W=Ca-A-p _;]g """" @
Yg% ...... 3)

2. Vibration of titanium condenser tube

Although tube vibration is not a problem peculiar
to titanium tube, this type of problem has been con-
sidered to be likely to occur in titanium condenser,
simply because titanium tubes are used in light gauge
due to their excellent corrosion resistance, low thermal
conductivity and high metal price of tube.

Fig. 1 shows the example of the vibration damage
of titanium condenser tube in service. This damage
is due to the vibration which brings tube into contact
repeatedly with neighboring tubes. In this case, the
supporting plates were regarded as the fulcrums.

Fig. 1 An example of vibration damage of
titanium condenser tube in service.

Following basic considerations have been proposed
to explain the tube vibration mechanism in the con-
denser by Sebald®.

1) Oscillation produced by lower critical wind velo-
city which corresponds to Kdrmdn vortex is not
usually too severe.

2) Self excited vibration produced by high wind
velocity can cause severe damage.

3) Vibration frequency is the natural frequency
regardless of wind velocity.

4) The amplitudes increase with increasing wind
velocities.

5) The force which produces tube vibration is “drag”

by steam flow.
6) The basic aerodynamic phenomenon causing this
behavior is not yet well understood.
He has presented that tube vibration can be prevented
by keeping the maximum deflection of tube (Y) within
a quarter of ligament (a). The maximum deflection
(Y) can be solved as a function of the load by steam
(W), assuming that condenser tube is a beam freely
supported by plates, as shown in Fig. 2.

- |

Fig. 2 Tube deflection by a load due to steam flow.

Allowable maximum span length (L.) is calculated
as eq. (4) by assumption that ligament (a) is 10mm
and dragging coefficient (Ca) is 2.0.

. E-1 0.25
L= 13.68[WV—2—)
Maximum tensile stress (Omax) caused by deflection (Y)
is given as eq. (5).

24 E-D-Y
Gmax e [ —
jikd

Natural frequency is also given by eqs. (6) and (7).
In these equations, C is 1.57.

— cfgELYy
n c[ Wl } (6)
5 eyt
fn 157(384 ] (N

On the other hand, Coit et al” have proposed the
severity index (S) regarding tube vibration given as
eq. (8). They have suggested that it is effective to
keep the S value less than 1.7 in order to prevent
tube vibration based upon their considerations in

; service.
Severity, S = EBJ‘OZEXEKP_ ...... (8
k=S8 EL .. ©
Le= 218[5;52% S\iw]u—;slo,gzg [?T%Lz.l__ﬁ_)(’f?... (10)

Peake et al® have modified Coit’s idea based on
their further examinations of the application and reco-
mended to reduce the severity index regarding tube
vibration from 1.7 to 1.0 as a more conservative cal-

culated way.

=3 4.1 _Q:Y?.D_‘ ......
S=122x10 L[ BT 1
Se=10 e (12)
—g5[ EL Y
Lc—9.5[ ] 13)

In case of using the unit of m, kg and sec, eqs. (4),

(10) and (13) can be rewritten as eqs. (4”), (10°) and
(139.

o[ lEST e .
LC—1'17[D’ Y .sz] 4")
o= E/ : I; L ’
L.=0929 [“ﬁf ; g,’iiV/ZJ (10"

- E/ . I, CEL 4
L;=0814 [“DTT"O'/T'V?”] (13"

Eq. (13’) is the most conservative among three eqﬁa—
tions. Fig. 3 shows the relation between the maximum
allowable span length and tube wall thickness in tita-
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Fig. 3 Relation between maximum allowable span
length and wall thickness in titanium tube
condenser (According to eq. (13)].‘
nium tube condenser calculated according to eq. (13")
under proper operating conditions.

These considerations suggest that the vibration
damage of thin wall titanium tubes in condenser can
be prevented by setting the span length within the
value calculated in Fig. 3, though thin wall titanium
tube is inclined to vibrate much more by steam flow
in comparison with conventional copper alloy tube due
to the decrease in stiffness.

3. Joining titanium condenser tubes
to tube plate by seal welding

In case of roller expanding joints, the pull out force
of thin wall titanium tube out of tube plate is usually
half to one third of that of copper alloy tube. As
tubes in a condenser are longitudinally loaded during
Operation, the pull out force of expanded joints of thin
wall titanium tube to tube plate seems to be not

A : projected area of tubes, ft?*/in

a : minimum ligament, in

C : constant

Caq : drag coefficient

D : outside diameter of tube, in

D’ : ibid, m

D. : inside diameter of tube after roller expanding

D : tube hole diameter

E : modulus of elasticity, 1bs/in? (14.910° 1bs/in? for
tiatnium)

E’ . ibid., Kg/m? (1.05x10'° Kg/m? for titanium)

g : gravitational acceleration, 386 in/sec?

g’ : ibid., 9.8 m/sec?

I : moment of inertia, in*

I’ ¢ ibid, m*

fn : natural frequency, cycles/sec

Nomenclature

necessarily enough.

In addition, more strict airtightness at the joints are
being required in modern condenser, specially in
nuclear power plant condenser than conventional one.
To meet this requirement the double tube plate sys-
tem has been put into practice”.

Joining of titanium tube to titanium tube plate by
seal welding is a very attractive process to avoid
the problem of leakage at the joints. Peake et al,
however, have considered this process impractical for
following reasons; one is difficulty of obtaining large
titanium tube plates in their country and another is
instability of seal welding on site.

Under the background that Sumitomo is capable of
suppling the large titanium tube plates of desired
size, the experimental investigations on the seal wel
ding of titanium tubes to tube plate have been made.
An experiment on seal welding has been made to
demonstrate the basic welding conditions and to eva-
luate the performances of the welds. In addition to
this, considering the possible difficulties expected to

" arise during the practice of “on site seal welding”,

the welding experiments regarding the influence of
wind blow and of contamination on metal surface on
the soundness of welds have been made. Based on the
above experiments, seal welding on site was demon-
strated under the condition of windy weather in open
air at Atsumi Power Station along the sea coast.

3.1 Experiments on the factors affecting seal
welding (Test 1)

3.1.1 Materials

Titanium tubes and tube plate used in this test are
shown in Table 1. The conditions of tube hole are as
follows; size is 19.02 to 19.04 (measured), numbers are
14 (Test4) and 83 (Test2), pitch is 27mm, and arr-
angement is equilateral type.

3.1.2 Experimental procedure

(1) Roller expanding prior to seal welding

Roller expanding was usually made prior to seal
welding. The conditions of roller expanding prior to
welding are as follows; numbers ©f mandrel rollers
are 3, expanding length is 25 to 30 mm, and expan-
ding ratio (r) is 7.7 to 9.6%.

K : tube flexural stiffness parameter
L : span length, in

L’ : ibid, m
Lc : allowable maximum span length, in
Lé @ ibid, m

S : severity factor

Sc¢ @ critical severity factor

to : tube wall thichness before roller expanding, in
V : steam velocity, ft/sec

VvV’ : ibid., m/sec

W : load by steam flow, 1bs/in

Y’ : maximum deflection of tube, in

J : logarithmic decrement

o : steam density, 1bs/ft3

o 1 ibid., Kg/m?®
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Where, .
D. ~( Dn —2to(__11)2h—)]
r D x 100 (%). . Tube plate
2to<—‘-> 1.5mm
Dn Torch LR Tube
) Electrode I? 1‘ e
Table 1 Titanium tube and tube plate. W/// .
Tube 1 Plate /-._—-—-—,/{-‘.-: //1_.,___
-B 265, 7
. ASTM-B 338, Grade 2 ASTM-B 2 Extended length of tube — T}/ Mandrel
Material (as welded) Grade 2
(as hot rolled) Shield gas hoider
19¢ % 0.5t (nominal)
i ¢ ¢ Q.D. X X
Size (mm) | 18.84¢ to 18.92¢ O 31031034 Fig. 4 Schematic illustration of seal welding.
(measured)
Tensile : r
strength 41.0 42.7
(Kg/mm?)
Yield
strength 36.0 31.4
(Kg/mm?*) -
Elongation |
44 42
(%) o
Vickers 145-165 143-162
hardness

(2) Seal welding procedure

Seal welding was made by DCSP (direct current
straight polarity) TIG arc welding without filler under
the conditions shown in Table 2. Welding equipment
which has been developed by Mitsubishi Electric Corp.
as “MEL-O-MATIC MITSUBISHI Tube to Tube Sheet
TIG Automatic Welder”, is designed in order to cont-
rol heat input and to gain the stable welds even under
circular welding of horizontal position by using low
frequency pulsed current of about 1 to 4 Hz. Weld
zone can be protected by the shielding gas holder
from oxidation, as shown in Fig. 4, in which the guide
mandrel for torch is combined with the cap for shie-
Iding gas.

3.1.3 Results

Weld joints appear to have a very sound surface
as shown in Fig. 5. Any defects are not detected by

Table 2 Welding conditions.

| Item Content
Base 40 Amp, 0.1 sec
Pulsed welding current
Peak 80 Amp, 0.1 sec
Arc voltage (V) 11~12
Welding speed (cm/sec) 23
Shielding gas (1/min) Ar, 14
Pre-flow time (sec) 3
After flow time (sec) 7
Pass numbers 1~2

Fig. 5 Appearance of seal welded joints.

liquid penetrant test and the discoloration due to oxi-
dation is not found.

Fig. 6 shows the typical transverse cross sections
of a weld zone.Any weld defects such as cracks and
blow holes are not found. Little difference is found
among the cross sections of welds sampled from top,
bottom, right and left.

The penetration depth to the longitudinal direction
(a) and the radial direction (b) was measured as
shown in Fig. 7. Fig. 8 shows the penetration depth
of (a) and (b) as a function of the extended length
of tube from the end of tube plate. There is no rela-
tion between the penetration depth and the extended
length. The second pass was laid so as to increase the
penetration depth under the same welding condition
as the first pass. However, no effect of the number
of welding pass on the penetration depth was found.

Fig. 9 shows the hardness of cross section of welds.
Increasing in hardness of the weld metal from about
160 to 250 of Vickers hardness is found in the joint
prepared without roller expanding. While, appreciable
increasing in hardness is not found in the joint pre-
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Fig. 6 Transversal cross sections of weld zone.

Before welding After welding

Tube plate

Tube plate
Weld metal

/
Tube

Extended length of tube

Fig. 7 Measurement of penetration depth at

weld zone.

pared with roller expanding. These results suggest that
in case of without roller expanding the entering of air
from the backing side through the crevice between
tube and tube hole brings the contamination of weld
metal due to oxidizing and nitrizing, which results in
apperciable increasing in hardness. Therefore, it is
concluded that roller expanding prior to welding has
a beneficial effect on the prevention of the weld metal
from the contamination from the backing side.

Table 3 shows the pull out load of joints. Samples
joined by seal welding, regardless of expanding prior
to welding, show high pull out load by a factor of
about three times those of expanding joints, and are
not pulled out at the joint but ruptured at the tube
itself as shown in Fig. 10.
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Radial direction (b ): two passes

H T
Longitudinal direction (a)
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L ! !
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Effect of extended length of tube on the
penetration depth to the longitudinal and
radial direction.
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Without roller expanding
238 224 251160155 155
\ 1/

163 146
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X

With roller expanding
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Fig. 9 Vickers hardness distributions at the cross section of weld zone (Load 100g).

Table 3 Pull out load of joints.
Procedure Pull out load i
... Position of rupture i
of joining (kg)
. 1280
Welding 1250 Away from weld
. . 1320
Expanding and welding 1300 Away from weld
. 450
" .
Expanding 500 Joined part

* according to other test data.

Table 4 Test conditions (Test 2).
Factors investigated Remarks
) X1 degreased By acetone
Contamination of tube X. as mill finished
surface —
(without wind blowing) Xs lubricant oil on outside of tube Wiped by cotton dipped in
X4 lubricant oil on inside of tube oil
Y: velocity : 0 (same as Xi)
Disturbance of shield gas by Y. velocity : 0.7~0.9 m/sec Blowed horx‘zontrfllly by fun
wind blowing located 45 direction to tube
. : ity : 1,0~1.8
(degreasing by acetone) Ys velocity m/sec plate.
Y velocity : 2,0~2.8 m/sec

Velocity of wind blowing is measured at the welding plane by an anemometer (AM-B11/11-2111 of

Japan Science Ind. Corp).

3.2 Experiments on additional factors affecting
“On site seal welding” (Test 2)

3.2.1 Materials

Tube and tube plate are as same as those in Test
1. Tube holes are as follows; pitch is 40 mm and
numbers are 49. The reason why the pitch is designed
larger than that in Test 1 is to avoid the mutual in-
terference with adjacent tubes and to make clear the
effect of oil contamination and wind blow on the
quality of welded joints.

3.2.2 Experimental procedure
Tests were made under the conditions shown in

Table 4 in order to examine the effects of the conta-
mination with oil on the inner and outer tube surfaces
and of the disturbance of shielding gas by a wind
blow on the quality of welded joints. Seal welding
procedures are as same as those shown in Table 2. In
this test, seal welding was made after expanding.

3.2.3 Results

Fig. 11 shows the test conditions and the surface
appearance of welds after welding. Each welded joint
under the test conditions of X: to X. which was
welded under the various levels of contamination with
oil, appears to have a sound surface of silver white
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Fig. 10

Pull out test on seal weld joint.

color. It can be considered that there is no serious
effect of surface contamination with oil on the surface
appearance of the welded joints. While, each welded
joint under the test conditions of Y: to Y. which
was welded under the various velocities of wind blow,
appears to have some degree of tinting depending
upon the wind velocity. Though joints of Y: series
under no wind blow show a good weld bead of silver
white color, joints of Y: series under the gentle wind
and joints of Y: series under the normal wind show
clear tinting due to oxidation at the windward side.
These tinting zones consist of two kinds of color: one
is purple at the horizontal windward side (2 to 4 0o
clock) where the wind blowed hard upon the tube
plate and another is light yellow at the position of
the 45 degree up and down deviated from the horizo-
ntal windward direction (1 to 2 and 4 to 5 o'clock)
Even in these samples, the rest half zone of a circular
weld at the leeward side show silver white color.
Joints of Y. series under the strong wind show rem-
arkable tinting of dark grey excluding the quarter of
a circular weld at the leeward side (7 to 11 o’clock).
These surface appearances indicate that wind blo-
wing disturbs the shielding of argon gas and conse-
quently welded joints suffer oxidation. Furtheremore
it is found that the welded joints at the windward
side suffer the severe oxidation, and on the other
hand, the welded joints at the leeward side suffer the]
slight and little oxidation. These facts suggest that
some protecting plate against wind blow is effective
" to get the sound joints throughout a circular weld
by preventing the disturbance of inert gas shield.
Additional welding experiments were made with
protecting plate attached to the torch under the con-
dition of strong wind blowing. Test results are corre-
sponding to the position numbers of 23 to 25 in Fig.
11. Effect of this protecting plate is very remarkable,
as compared with the position numbers 36 and 37
without protecting plate.
Figs. 12 and 13 show the microstructure and hard-
ness of the cross section of welded joints, respectively.
The welded joints under gentle, medium and strong
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(For No.23~25, welding was made with shield plate
attached to the torch)

Fig. 11 Effect of surface contamination and wind
blow on appearance of seal welded joints.

winds with protecting plate do not show the change
of structure and the increase in hardness. These res-
ults suggest that oxidation in these cases is limited
near the surface of the weld. While, the welded joints
under strong wind without protecting plate show the
over-etched structure and the remarkable increase in
hardness due to oxidation all over the weld metal

3.3 Practice of on site seal welding (Test 3)

These experiments mentioned above have proved
that seal welding of titanium tube to titanium tube
plate can be applicable to get reliable joints even in
wind blowing condition, if proper shielding against
wind is applied. Practice of on site seal welding was
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carried out successfully with very simple protecting 4. Bio-fouling and its prevention of

plate under the wind velocity of 3 to 5m/s at Atsumi titanium condenser tubes

Power Station along the sea coast, as shown in Fig.

14.

The fouling on the heat exchanger tubes at the

wind velocity : 2.2 m/sec wind velocity: 2.8 m/sec cooling water side reduces remarkably the heat trans-
with shielding plate

without shielding plate

fer of condenser and heat exchanger. Following types
of fouling may occur in heat exchanger tubes using
sea water as coolants.

Crystalline fouling : Crystals of salts, such as calcium
carbonate, and calcium sulfate, can precipitate on the
tubes as increasing temperature due to their reduction
of solubilities.

Suspended solid fouling: Many types of silt, sand
or other fine particles may settle on the tubes.

Corrosion fouling: Corrosion products are formed
on the tubes due to corrosion reaction between tubes

Fig. 12 Longitudinal cross sections of welds showing and cooling water.
the effect of wind blow and shielding plate Biological fouling: Different kinds of biological grow-
attached to the torch under a strong wind th including algae, mussels and barnacles, etc, can
blow. _/  develop on the tubes.

Among these types, crystalline and suspended solid

550 fouling may occur depending upon the operating con-
50 1 ditions, such as temperature of tube surface, water
velocity, etc., not directly upon tube materials. On the
450 other hand, corrosion and biclogical fouling are closely
iy eV NG related to the characteristics of tube materials be-
= 400 sides the operating conditions.
§ / As titanium has excellent corrosion resistance to
T30 sea water, corrosion fouling does not occur. Since
5 / titanium is considered not to have the inherent toxicity
5 300 differing from copper alloys, biological fouling in tita-
£ / with shielding nium tubes is apt to be more severe than that in
3 2% plate \ copper alloy tube under the condition of using clean
S / sea water as coolants. Therefore, it is important to
-

20 %—t :no tinfing 1 examine the tendency for biological fouling of titanium
¢ d'§\ - tubes, in adopting all titanium tube condenser using

clean sea water.

iridescent purple .
100 L | The model condenser tests® on the fouling and cor-

0 0.5 1o LS 2.0 2:5 3.0 rosion properties of titanium tubes were conducted
Velocity m/sec ... . .

under the condition of using flowing clean sea water
of 1 to 2.5m/s without chlorination treatment for 12
Fig. 13 Effect of wind velocity on micro vickers months, comparing with aluminum brass tubes. Fig.
hardness of weld zone. 15 shows effect of sea water velocity and sponge ball

' cleaning on the inside deposit of titanium tubes.
These results show that the inside deposit decreases
with increasing flowing velocity and that the sponge
ball cleaning is very effective for removal of inside
deposit. Fig. 16 shows the comparison of titanium
tubes with aluminum brass tubes concerning inside
deposit at the velocity of 2m/sec. Inside deposit in
titanium tubes is clearly increasing after test period
of 6 months and reachs 2 or 3 times more than that

in aluminum brass tubes.

Recently, INCRA® has reported the test results
concerning the fouling properties in flowing sea water
for titanium tubes. It shows that the overall fouling
rates for titanium tubes were about 2.4 times those
Fig. 14 Practice of on site seal welding with shielding for 10% copper-nickel tubes. This result shows good

plate under a strong wind blow. coincidence with our rsesults.
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Fig. 16 Comparison of titanium tube with aluminum
brass tube concerning inside deposit on a tube.

5. Conclusion

To meet the demand for high reliability condensers
for thermal and nuclear power plants, especially for
PWR plants, the condensers installed entirely with
titanium tubes have been investigated and practised.

However, some difficulties which are different to con-
ventional copper alloy tubes are known to exist. It is
considered that further investigations are necessary
on three items; 1) tube vibration 2) joining tubes
to tube plate 3) fouling (bio-fouling) control.

Literature survey on the tube vibration suggests
that the increased probability of tube vibration due
to decreased stiffness of titanium tubes in comparison
with conventional copper alloy tubes can well be con-
trolled by designing the proper span length between
supports. Experiments on seal welding of tubes to
tube plate have successfully proved that pulsed arc
welding is applicable to get reliable and strong joints.

It has also been proved that the expectable problems
on site such as the contamination of tubes and tube
plate by oil and the wind blow have no serious effects
on the soundness of seal welded joints if suitable
countermeasures are taken.

Experiments on the fouling (bio-fouling) of titanium
tubes in marine application have revealed that the
increased fouling of titanium tubes could be controlled
by proper application of sponge ball cleaning.

The authors would like to thank the engineers of
the Welding Machine Development Group of Mistubi-
shi Electric Corp. who carried out the seal welding
of titanium tubes to tube plate.
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Introduction of Aluminium Reduction Plant
at Sumikei Aluminium Industries, Ltd.

by Tatsuo Munakata, Yozo Nishida,
Takemichi Otsu and Kenichiro Kitora

Sumikei Aluminium Indstries, Ltd., which was established as the affiliated company of Sumi-
tomo Light Metal Industries Ltd. in February 1973, has started up the Aluminium Reduction Plant
in January 1977. The Rolling Plant is scheduled to be constructed in future.

The output of this plant is about 100,000 short-tons/year at present.

This plant has the

Reduction shop (220 pots, 175,000 A prebaked type), the Green Block shop, the Baking furnance,

the Rodding shop and the Casting shop.

In order to comply with severe public demand for pollution control, many newly designed
equipments were adopted. Electric Power is supplied from the adjoining power station.
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