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3.12 Monitoring by Measuring of the Potential

The potential can be measured by using copper - copper sulfide or silver-
silver chloride electrode shown in Figures 3.3 and 3.4 respectively.

[-]

Figure 3.5 Copper- Copper Sulfate Reference Electrode
(a) Schematic (b) Real

B :

Fig 3.6 Silver- Silver Chloride Reference Electrode
(@) Schematic (b) Real
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3.13  Electrochemical Testing

An electrochemical corrosion test was carried out by the potentio-dynamic
anodic polarization using Potentiostat Galvanostat instrument according to the
ASTM Standard G-5. Two replicate tests of each measurement were performed. The
test was carried out in freshwater solutions. The temperature of solution was at
24+2°C. All the parameters are tabulated in Table 3.2.

Table 3.3: Potentiostatic Polarization Test Parameters

Parameters Unit
Exposure time 10 to 20 minutes
Corrosive solution Freshwater
Temperature Room temperature (25°C)

3.13.1 Principle of Measurement

The electrochemical test was conducted according to the ASTM G5.

The potentiostatic measuring equipment consists of three electrodes
procedure. They are Working Electrode, WE, Reference Electrode, RE and Auxiliary
Electrode, AE. Working electrode represents the specimen to be tested, reference
electrode to provide datum against which the potential of the working electrode is

measured and the auxiliary electrode which carries the current created in the circuit.
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A filtered direct current (DC) power supply, PS, supplies current (I) to the working
electrode is measured with respect to a reference electrode, with a series-connected
potentiometer, P.

The experimental arrangement placed the reference electrode which is
Saturated Calomel electrode separately from the electrochemical cell where the
junction test tube was filled with saturated KCI solution figure 3.7. The reference
electrode was then placed into the test tube. The Luggin probe is usually included to
minimize ohmic resistance interferences in the electrolyte. The luggin probe was
placed as near as possible to the surface of the metal being studied, as it allows
potential to be detected close to the metal surface. The working electrode becomes
the anode while the auxiliary electrode becomes the cathode [14].

Auxiliary electrode

Reference
electrode

Test solution

Working electrode

Figure 3.7 Cell kit Set-up
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3.13.2 Preparation of Working Electrode

The low carbon steel specimens were cut using precision cutter into small
pieces approximately 30mm x 20mm. Brazing technique was applied to connect the
specimen to the copper rod for ease of connection to the electrochemical cell
(Figures 3.5 (a) and (b)). Then the specimen was mounted by embedding in epoxy
resin for 24 hours as shown in Figures 3.6 (a) and (b). The surface of each sample
was smoothened and cleaned to remove any unwanted particles or grease [14].

Figure 3.8 Photographs of

(a) Connection of Specimen to Copper Wire by Brazing Technique;

(b) Mounting of Samples



Figure 3.9 Photographs of

(a) Working Electrode (WE)

(b) Typical Surface Area of a Sample
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3.14 Immersion Test

Immersion test was conducted to determine corrosion rate using weight loss
method in which a specimen known initial weight is exposed to the corrosive
environment for a specified period of time. By the end of the test, the specimen is
cleaned and weighed to determine the weight loss and the pits behaviour. The
immersion test is in accordance to ASTM G31-72 [15]. The parameters for the

immersion test are given by table 3.4.

Table 3.4: Immersion Test Parameters

Parameters Unit
Exposure time 30 Days
Corrosive solution Freshwater
Temperature Room temperature (25°C)

Calculation of corrosion rate in mm/yr for immersion test result is as follow:

Kw

Corrosion penetration rate, r (mpy), r=_-—

K = Constant (3.45x10°)

W = mass loss, g

A = Exposed surface area, cm?
T = Time of exposure, hour

D = Density of specimen, g/cm?



CHAPTER 4

RESULTS AND DISCUSSION

4.1  Chemical Composition of Materials Used

Chemical composition of the material used is obtained by using GDS (Glow
Discharge Spectrometer). There is only one material that is used in the test. It is
low carbon steel. The following is the result obtained from GDS. Table 4.1 show

the chemical compositions for low carbon steel.

Table 4.1: Chemical Composition of Low Carbon Steel

Element Compositions (%)
Fe 98.4

C 0.0555
Mn 0.524

S 0.0163
Si 0.145

V 0.00431
Mo 0.0252
Ti 0.0150
Al 0.00124
Sh 0.0115
Sn 0.0519
Pb 0.00635




4.2

42.1

54

Impressed Current Cathodic Protection Calculations

For Coated Steel Immersed in Stagnant Freshwater

Sample dimensions:

Length 40 cm

Width 7.5cm

Thickness 4 mm

Surface area S= (40x7.5x2) + (40x0.4x2) + (7.5x0.4x2)

S =638 cm? = 0.0638 m?
Current density for steel in stagnant freshwater based on P.T.S
Js = 10 mA/m?
Is=SxJs
Is = 0.0638 x 10 x 10°(1- CE)
CE: Coating Efficiency = 80%
Is=0.1276 mA
Current + 40% spare = 0.2 mA
Current layout Is=1mA
Type of anode (Aluminium)
Mass of anode: Ma = 0.5 kg
Life time of anode: Lr = 2 Months = 0.166666 year

Consumption rate of anode: C =2kg/A year



55

Calculation of required mass of anodes
Mt =L xCx1ls=0.16666 x 2 x1x10-3 = 0.33332 g

Number of anodes

I\/IT
n =—~-
b ma
n, = % =0.000666 anode =1lanode
Total circuit resistance Rt =R + Ree

Length of anode cable (L.a=5m)  Size of anode cable (Se; = 0.64 mm?)
Length of cathode cable (L.: = 5m)  Size of cathode cable (Se.= 0.64 mm?)

Type of cable conductor is copper specific conductivity K =56 sm/mm?

Anode cable resistance: Ra = =2 Ra = > 0.14Q
kxS, 56 x0.64
Cathode cable resistance:
R, = = R, = 5 ___ouo0
kxS, 56 x 0.64
Total circuit resistance Rr=0.14+0.14=0.28 Q
Current layout s=1mA
Output voltage
U=Rtxls
U=028Qx1mA=0.28mV
U=1mv
Output power p=Uxls

P=1ImVXx1ImA=1mwW

Layout of power source 1mA/1mV/1mwW
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4.2.2 For Bare Steel Immersed in Stagnant Freshwater

Surface area S= (40x7.5x2) + (40x0.4x2) + (7.5x0.4x2)
S =638 cm? = 0.0638 m?
Current density for steel in stagnant freshwater based on P.T.S
Js = 10 mA/m?
Is=SxJs
s = 0.0638 x 10 x 10°
Is =0.638 mA
Current + 40% spare =1 mA
Current layout Is=2mA
Type of anode (Aluminium)
Mass of anode: Ma = 0.5 kg
Life time of anode: Lr =2 Months = 0.166666 year
Consumption rate of anode: C=2kg/ A year
Calculation of required mass of anodes
Mt =L xCxls
Mt =0.16666 X 2 x2x10-2 = 0.666664 g

Number of anodes
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M
nb = m—;—
no— 0.0006666

’ 0.5
n, = 0.00133 anode = lanode

Total circuit resistance

Rt = Rea + Ree
Length of anode cable (L. =5 m) Size of anode cable (Sc; = 0.64 mm?)
Length of cathode cable (L. = 5m)  Size of cathode cable (Se.= 0.64 mm?)
Type of cable conductor is copper specific conductivity

K =56 sm/mm?
Anode cable resistance:

5

R, =—2 R,=—————=0.140Q
kxS, 56 x0.64
Cathode cable resistance:
R, = L. R, = > _014 0
kxS 56x0.64

Total circuit resistance
Rr=0.14+0.14=0.28 Q
Current layout ls=2mA
Output voltage
U=Rrxls=028 Qx2mA=0.56 mV
U =0.56 mV
U=1mVv
Output power p=UxIls=1mV x2mA =2 mW

Layout of power source 2mA/1mV/2mwW
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4.2.3 For Coated Steel Immersed in Flowing Freshwater

Surface area S= (40x7.5x2) + (40x0.4x2) + (7.5x0.4x2)
S =638 cm? = 0.0638 m?
Current density for steel in stagnant freshwater based on P.T.S
Js = 30 mA/m’
Is=SxJs
Is = 0.0638 x 30 x 10°(1- CE)
CE: Coating Efficiency = 80%
Is = 0.3828 mA
Current + 40% spare = 0.6 mA
Current layout: Is=1mA
Type of anode (Aluminium)
Mass of anode Ma = 0.5 kg
Life time of anode: Lr =2 Months = 0.166666 year
Consumption rate of anode C=2kg/ A year
Calculation of required mass of anodes .
Mt =L xCxls
Mt =0.16666 x 2 x1x10-3=0.33332 g

Number of anodes



M
n, —_ T
m,

0= 0.00033332
" 0.5
n, = 0.000666 anode = lanode

Total circuit resistance Rt = Rea + Ree
Length of anode cable (L.a=5m)  Size of anode cable (Se; = 0.64 mm?)
Length of cathode cable (L. = 5m)  Size of cathode cable (Se.= 0.64 mm?)
Type of cable conductor is copper specific conductivity

K =56 sm/mm?
Anode cable resistance:

L 5

Ra = QA Ro==—7—"—=-—-=014Q
kxS 56 x0.64
Cathode cable resistance:
Re = Le Re = L =0.14 Q
kxS 56 x0.64

Total circuit resistance
Rr=0.14+0.14=0.28 Q
Current layout ls=1mA
Output voltage
U=Rrxls
U=028Qx1mA=0.28 mV
U=1mvVv
Output power p=Uxls
P=1mV x1ImA =1mW

Layout of power source 1mA/1mV/1mwW
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For Bare Steel Immersed in Flowing Freshwater

Surface area S= (40x7.5x2) + (40x0.4x2) + (7.5x0.4x2)
S =638 cm? = 0.0638 m?
Current density for steel in flowing freshwater based on P.T.S
Js = 30 mA/m’
Is=SxJs
s = 0.0638 x 30 x 10°
Is=1.914 mA
Current + 40% spare = 2.6796 mA
Current layout Is=4mA
Type of anode (Aluminium)
Mass of anode Ma = 0.5 kg
Life time ofanode  Lg =2 Months = 0.166666 year
Consumption rate of anode C=2kg/ A year
Calculation of required mass of anodes .
Mt =L xCxls
Mt =0.16666 x 2 x4x10-3 = 1.33328 g

Number of anodes



Total circuit resistance
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M
nb —__ T
m,

N o= 0.00133328

" 0.5
n, = 0.00266 anode =1anode

Rt = Rca + Ree

Length of anode cable (L.a=5m)  Size of anode cable (Se; = 0.64 mm?)

Length of cathode cable (L. = 5m) Size of cathode cable (Se.= 0.64 mm™®)?

Type of cable conductor is copper specific conductivity

Anode cable resistance:

Cathode cable resistance:

Total circuit resistance
Current layout

Output voltage

Output power

K = 56 sm/mm?

L 5

R,=—"2 R,=——=0140Q
kxS, 56 x0.64

R. = L R, = 5 =014 Q
kxS 56 x 0.64

cc

Rr=0.14+0.14=0.28 Q

Is=4 mA

U=Rrxls
U=028Qx4mA=1.12mV
U=3mvVv

p=Uxls

P=3mV x4mA =12 mW

Layout of power source 4 mA /3 mV/ 12 mW
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4.3 Potential Measurement Results

Corrosion of steel in freshwater with pH=7.04 was monitored by measuring
the potential of steel by using Cu/CuSO, reference electrode and all these

measurements were taken at the center of the samples.

4.3.1 Coated and Bare Steel Immersed in Stagnant Freshwater with ICCP

From the results obtained shown in figure 4.1 the potential of coated steel
was initially -713mV Cu/CuSQO, and after applying ICCP system the potential has
shifted into the negative direction until it reached the protection level between (-
867mV to -875mV) Cu/CuSO, and these values were maintained until the end of
the test. Coated sample with ICCP after 1 month immersing in stagnant freshwater is

shown in figure 4.2 (a)

For the bare steel, the initial potential was -654mV and after applying ICCP
system and adjusting the variable resistance the potential has become more —ve until
reached the protection level between (-830mV to -854mV) Cu/CuSO, and these
values were almost the same until the end of the test and in this case the anode has
corroded more than the coated steel as shown in Figure 4.3. Bare sample with ICCP
after 1 month immersing in stagnant freshwater is shown in Figure 4.2 (b). Detail of

the potentials measurement is given in appendix A.
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900

850

800

750

—4—Bare Sample

Potential vs Cu/CuS04 {mV)

—fli— Coated Sample

0] 5 10 15 20 25 30

Time (days)

Figure 4.1  The potentials measurment for coated and bare steel in stagnant
freshwater with ICCP

Figure 4.2  Samples with ICCP after 1 month immersion in stagnant freshwater

(a) Coated Sample (b) Bare Sample
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Figure 4.3 ICCP anodes after 1 month immersion in stagnant freshwater for

(a) Coated Sample (b) Bare Sample

4.3.2 Coated and Bare Steel Immersed in Stagnant Freshwater without ICCP

From the results obtained shown in figure 4.4 that for the coated steel the
initial potential was -702mV Cu/CuSO4 and it started shifting immediately after few
hours into the positive direction. With increase in time the potential shifted to less
negative values until it reached -663 mV Cu/CuSO4 after 30 days which means out

of protection region.

For the bare sample the potential was initially -689 mV Cu/CuSO4 and then
has shifted slightly into the positive direction and only very little change has
happened until the potential reached -682 mV Cu/CuSO4.Among the two samples
the bare one has almost stable values of potentials.The steel showed some red rust
products as shown in figures 4.5 (c) and (d). Based on XRD analysis of the red rust
showed that the little change was due to oxide layer formed on the metal surface as

shown in figure 4.6. Detail of the potentials measurement is given in appendix A.
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Figure 4.4  The Potential measurment on coated and bare samples in Stagnant

freshwater without ICCP

Figure 4.5 Samples without ICCP after 1 month immersion in stagnant freshwater

(a) Coated Sample (b) Coated Sample (c) Bare Sample (d) Bare Sample
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Figure 4.6  Quantitative analysis of XRD pattern of corrosion products from the

bare sample in the stagnant freshwater

4.3.3 Coated and Bare Steel Immersed in Flowing Freshwater with ICCP

In all samples immersed in flowing freshwater the measurement were taken
when the freshwater was stagnant ( out of operation hours) because sometimes the
height of the waves reach to 0.44 meter and the length up to 6 meter. From the results
obtained, the potential of coated steel was initially -708mV Cu/CuSO, and instantly
after applying ICCP system it has been found that the value of the potential has
become more negative until it reached the optimum protection level between (-
845mV to -866mV) Cu/CuSQ, and these values were remained until the end of the
test as shown in Figure 4.7. Coated sample with ICCP after 1 month immersing in

flowing freshwater is shown in figure 4.8 (a).

For the bare steel, the initial potential was -648 mV Cu/CuSO, and after

applying ICCP system and adjusting the variable resistance the potential has shifted
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into the protection level between (-841mV to -853mV) Cu/CuSO4 and these values
were almost the same until the end of the test and in this case the anode has corroded
more than the coated steel as shown in figure 4.9. Bare sample with ICCP after 1
month immersing in flowing freshwater is shown in figure 4.8 (b). Detail of the

potentials measurement is given in appendix A.

900

850

800

750

700

650

Potential vs Cu/CuS04 (mV)

600

550 —&—Bare Sample

—ll— Coated Sample

500
0] 5 10 15 20 25 30

Time {(days)

Figure 4.7  The Potential measurment on coated and bare samples in Flowing
freshwater with ICCP

Figure 4.8  Samples with ICCP after 1 month immersion in flowing freshwater

(a) Coated Sample (b) Bare Sample
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Figure 4.9 ICCP anodes after 1 month immersion in flowing freshwater for

(a) Coated Sample (b) Bare Sample

4.3.4 Coated and Bare Steel Immersed in Flowing Freshwater without ICCP

From the results it was shown in figure 4.10, for the coated steel the initial
potential was -702mV Cu/CuSOas and it started shifting immediately after few hours
into the positive direction and this shifting increase with the time until reached -649
mV Cu/CuSOs after 30 days and these values are farther down the scope of
protection and small cracks in the coating developed and caused coating elimination
shown in figures 4.11(a) and 4.11 (b) .

For the bare sample the potential was initially -643mV Cu/CuSOa4 and then
has abruptly shifted into the positive direction with time and very high change in
potential has happened till the potential reached -549 mV Cu/CuSQOa. Due to high
velocities of waves the steel could not form oxide layer similar with bare steel in
stagnant freshwater as shown in figure 4.11(c) and 4.11(d). Detail of the potentials

measurement is given in appendix A.
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Figure 4.10 The Potential measurment on coated and bare samples in Flowing
freshwater without ICCP

Figure 4.11  Samples without ICCP after 1 month immersion in flowing
freshwater

(a) Coated Sample (b) Coated Sample (c) Bare Sample (d) Bare Sample
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4.4 The Effectiveness of the Reference Electrode Location on the Protection

Potrntial Result

Based on figures 4.12, 4.13, 4.14, and 4.15 the relation between the average
corrosion potential (mV) Cu/CuSOa4 and the depth of the reference electrode (cm) is
negative linear. The corrosion potential has the maximum average negative potential
at the top of the sample (60 cm below the water) and this potential systematically
decreases in the negative direction when the depth of the reference electrode increase
until the end of the sample (1 meter below the water).
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Figure 4.12  The Effectiveness of Reference Electrode Location on The Samples
Potential in Stagnant Freshwater With ICCP

720

710

700

690

680

670

660

Potential vs Cu/CuSO4 (mV)

650

640

630

708
699
685
654
—4— Coated sample without ICCP in stagnant freshwater
638
Bare sample without ICCP in stagnant freshwater
0 5 10 15 20 25 30 35 40 45

Depth From The Top of The Sample {cm)
60 cm Below The Water Level

Figure 4.13  The Effectiveness of Reference Electrode Location on The Samples
Potential in Stagnant Freshwater Without ICCP
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Figure 4.15  The Effectiveness of Reference Electrode Location on The Samples
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Figure 4.16  Bar chart for samples immersed in stagnant freshwater.
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Figure 4.17  Bar chart for samples immersed in flowing freshwater.
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4.5 Electrochemical Result

4.5.1 Visual Inspection

Figure 4.18 shows the surface area of specimens before and after the
electrochemical test. Visual inspection is important in order to observe any change
on the surface appearance. It was found that after the test, most of the metal surface
has changed due to the reaction of ions in the electrolyte and metal surface.

Figure 4.18  Specimens (a) before and (b) after electrochemical test.

45.2 Polarization Result

Table 4.2 shows the potentiodynamic anodic polarization data obtained when
the test was carried out in freshwater at room temperature. The value of icorr is

shown graphically in figure 4.19



Potential (V)
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Table 4.2: Electrochemical Result

Parameter Value
E(1=0) (mV) -413.158
icorr (}J.A) 5.219e+001
Ca. Beta (mV) 409.777
An. Beta (mV) 453.579
Corrosion Rate (mpy) 4.267e+000
Chi-Square 4.70
Fit Range (mV) (-436), (-389)
Density (g/cmd) 7.87
Surface Area (cm?) 3
Equivalent Weight (g) 15

§ Evslog(1)] e salam sampiet

Alcm'2

Figure 4.19 Tafel extrapolation curve for bare steel in freshwater
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4.6 Immersion Test Results

Corrosion rate determination at different condition of freshwater was carried
out by conventional immersion test for the exposure period of 1 month, the initial
weights for the bare samples in stagnant and flowing freshwater were 1318 g and
1313 g respectively and the initial weights for the coated sample in stagnant and
flowing freshwater were 1324 g ang 1319 g respectively the weight loss for each
sample and the corrosion rate results are in table 4.3.

Table 4.3: Corrosion Rate of Samples Without ICCP expressed in (mpy)

Stagnant freshwater Flowing freshwater

Coated sample Bare sample Coated sample Bare sample

Weight | Corrosion | Weight | Corrosion | Weight | Corrosion | Weight | Corrosion
loss (g) | rate(mpy) | loss (g) | rate(mpy) | loss (g) | rate(mpy) | loss (g) | rate(mpy)

3.45 3.292 4.5 4.29 8 7.634 17.6 16.8

A good agreement was observed for corrosion rate between weight loss
measurement (4.29 mpy) test and electrochemical test (4.27 mpy) for bare steel in

stagnant freshwater.




CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE
WORK

51 Conclusions

The result obtained from the experimental work had successfully fulfilled the
objectives of the project. The conclusions derived from this project are listed as

follows:

1.  Impressed current cathodic protection and coating give the optimum

protection for steel immersed in freshwater.

2. Steel immersed in flowing freshwater required current density higher

then steel immersed in stagnant freshwater.

3. The potential of steel shifted from less negative values to more negative
until it reached the optimum protection level when ICCP system

applied.

4.  Results from immersion test indicated that, bare steel immersed in
flowing freshwater exhibits the highest corrosion rate (16.8 mpy) and
coated steel immersed in stagnant freshwater exhibits the lowest

corrosion rate (3.29 mpy).
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5.2 Recommendations for Future Work

From the study that has been successfully carried out, the following are some

recommendations may be considered for the future work:

1.  Applying impressed current cathodic protection on various shapes of
steel in different environments and at different temperatures with other

types of anodes.

2. Further studies should be made to evaluate the effect of the life time of

the anodes on the economy of the whole process.
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APPENDICES

APPENDIX A

The potential measurement for coated and bare steel in stagnant freshwater
with ICCP.

Time (Day) Bare Sar?ral\e;)Potential Coated Sa(rpnp\)/l)e Potential
Before applying ICCP -654 713
2 -838 -874
4 -852 875
6 -850 -876
8 -848 -875
10 -847 874
12 -848 -875
14 -849 -875
16 -851 -873
18 -850 -872
20 -849 -873
22 -848 -870
24 -846 -871
26 -842 -870
238 -840 -870
30 -840 -866




The potential measurement for coated and bare steel in stagnant freshwater

without ICCP.

Time Bare Sample Potential Coated Sample Potential

(Day) (mV) (mV)
0 -689 -702
2 -688 -699
4 -687 -697
6 -686 -697
8 -685 -695
10 -685 -691
12 -685 -690
14 -684 -689
16 -684 -687
18 -684 -685
20 -685 -678
22 -684 -677
24 -683 -674
26 -683 -672
28 -682 -669
30 -682 -663
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The potential measurement for coated and bare steel in flowing freshwater

83

with ICCP.

Time Bare Sample Potential Coated Sample Potential

(Day) (mV) (mV)
0

Before applying -648 -708

ICCP
2 -842 -845
4 -853 866
6 -853 -865
8 -852 -864
10 -851 -864
12 -849 -862
14 -849 -862
16 -848 -861
18 -848 -861
20 -847 -861
22 -847 -860
24 -845 -860
26 -844 -858
28 -842 -857
30 -841 -857




The potential measurement for coated and bare steel in flowing freshwater

without ICCP.

Time Bare Sample Potential Coated Sample Potential
(Day) (mV) (mV)
0 643 702
2 640 697
4 636 695
6 632 694
8 622 692
10 612 689
12 603 689
14 589 685
16 S77 682
18 574 676
20 568 671
22 568 668
24 566 663
26 564 657
28 560 655
30 549 649

84



85

APPENDIX B
General properties of low carbon steel
Metric English
Physical Density 7.872 glcc 0.2844 Ib/inA3
Properties
Modulus of 200 GPa 29000 ksi
Mechanical Elasticity
Properties Bulk Modulus 140 GPa 20300 ksi
Poissons Ratio 0.29 0.29
Shear Modulus 80.0 GPa 11600 Ksi
Electrical Electrical 0.0000174 ohm-cm | 0.0000174 ohm-cm
Properties Resistivity
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Description: Wave Generator Towing Tank

Quantity : 1 Systenm

1.0 Scope of Supply

1 Wave Flap

1 Set Wave Flap Bearings and Seal Plate

2 Serva Hydraulic Actuators, with integrated Compensator

1 Set of Hydraulic Accumulator

1 Electronic Control Cabinet

i Power Unit Control Cabinet

1 Hydraulic Power Unit

i Set Hydraulic Piping Material incl. all necessary
accessories and installation material

1 Set Piping material for other utilities, 1nclud1ng all
necessary accessories and installation material

1 Set Electric Cabllng Material, dincluding all necessary
accessories and installation material

2 Sump pumps incl. level switches

1 Host computer with console terminal

1 DAC cakinet, integrated in host computer

2 Remote terminal

2 Telemetry Station

2 Matrix printer

1 Software package including:

- Wave Calculating software
- Wave Generating software
— System Support software
1 Uninteruptable power supply (UPS) for computer system

2.0 Technical Specifications
2.1 Wave Generators (dry back type)

The wave flap consists basically out of a steel door (steel
37.2), which has enough stlffness to operate within the
requirements. The wave flap is connected to the foundation by
means of a sufficient number of bearings.

The wave flap will be supplied with rubber seals in order to
prevent leakage at the rotating line. The wave flap is moving
between twe machined stainless steel plates which are to be
installed against the side walls of the basin, and is equ1pped
with seals to obtain a good watertightness.
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In case all the eqguipment at the dry side of the wave
generator is submerged, it can remain submerged only for a
maximum period of 1 week without any harm. In such situation
the wave generator cannot be operated,

The wave flap is executed with the following preservation or

equivalent:

Primer : Epoxy coal-tar coating 200 mu
Intermediar : Epoxy coal-tar coating 200 mu
Top : Epoxy coal-tar finish 200 mu

The waves are generated by means of moving the wave flap with
hydraulic actuators. For this flap, two flap-actuators will be
installed with the following main dimensions:

Bore dia. 56 mm
Rod dia. 43 mn
Stroke 350 nm

The flap actuators are of a special a-symmetric design with a
very low friction and equipped with a manifold block on which
servo valves and relief valves are integrated. The flap
actuators also feature built-in position transducers and
pressure transducers.

Each flap-actuator can be separated from the hydraulic power
supply by means of valves, for service purposes. The flap-
actuators operate on dissolvable - bio-degradable synthetic
hydraulic fluid, in order to eliminate possible contamination
problems.

‘The waveflap has water on only one side; this gives a static
force on the flap. These static forces are compensated through
the a-symmetry in the flap-actuators.

Hydraulic Accumulators are built inte the system, to reduce
required continuous hydraulic power.

The hydraulic power wunit is designed to serve the Wave
Generator Towing Tank only. :

The hydraulic power unit is constructed for industrial use and
is eqguipped with all the necessary accessories, such as
pressure filter, safety - valves, air  breather, fluid
conditioning circuit, level  switch, sight-glasses and
inspection man hole. All gratings within the hydraulic power
gﬁit room belong to the civil scope of works.
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The hydraulic power unit is alse equipped with a power unit
control cabinet, complete with motor-starters etc. The rated
pover is approx. 45 kW.

Also fresh cooling water is needed to keep the fluid
temperature within the specified range. Required water-flow is
4 m3/h at 1 bar and inlet temperature of max. 30 °C,
temperature rise will be 15 °C max. The hydraulic power unit
shall be located in a soundproof room at a max. pipe distance
of 20 m between the wave generator's centre and the HPU
outlet. The length and exact location of the hydraulic piping
for the Towing Tank Wave Generator shall be adapted to the
foregoing position of the outlet of the HPU and the location
of the Towing Tank Wave Generator as shown on the lay-out
drawing which is included in Exhibit No. 2 to the Technical
Specifications. The soundproof material belongs to the civil
scope of works.

Roomsize: minimum 4 x 4 x 2.5 meters (1 x w x h) with entry
size of approx. 2.5 x 2.5 meter (w x h). The electronic
control cabinet is designed to serve the Wave Generator Towing
Tank only and consists of a 19 inch cabinet with 2 servo

‘amplifiers and 2 position controllers, and features a built-in

power supply. The D/A convertor is located in +the host

- computer,

The position controllers maintain the wave flap's positions on
the varying values, dictated by the host computer.

-The electronic control cabinet shall be placed in an air-

conditioned room with self-closing door. Minimum space
requirements is 3 x 2 x 2.5 m, with door size 0.8 x 2.3 m.

Safety systems
The ECC contains appropriate safety systems such as:

- block system during startup of HPU

- smooth transition from parking to neutral position

- system for smooth fade-in and fade-out of computer signals
= various error detection systems

- emergency stop system

The ECC and the computer equipment as specified under this
Item No. shall be installed in the room which is designated as
AC computer room near Wave Generator on the lay-out drawing
which is included in Exhibit No. 2 to the Technical
Specifications.
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2.3 Computer Control System

The computer control system 1is designed to serve the Wave
Generator Towing Tank only and consists of a host computer
plus console terminal with D/A output and 2 remote terminals.
One remote terminal plus printer to ke installed in the
computer control room along the T.T. designated as data logger
computer room in the layout drawing attached as Exhibit 2 and
the other remote terminal plus prlnter to be installed on the
carriage.

The host computer features a 100 Mb harddisk and a tape.
streamer with exchangeable cartridges. On these cartridges
motion sequence data 1is written for flap actuators. Once
loaded onto the harddisk, wave generation software will move
these data fast towards the D/A convertor, after which the
analog signals are conveyed to the position controllers of the
‘actuators. The motion sequence data will be calculated off-
line by the remote terminals, with wave calculation software.

The host computer also features automatic start-up and shut-

down and status detection of the hydraulic power unit, by

means of serial communication facilities to its power unlt
" control cabinet.

An uninteruptable power supply (UPS) for the host computer
shall be supplied to ensure a stabilised power supply and to
prevent the loss of memory in case of external failure of the
power supply when the computer is in operation. The UPS shall
be of Merlin Maxipac SX 3000 (or equivalent) with a minimum
capability of 10 minutes.

From the remote terminals, the wave generators can be started
and the waves can be adjusted. Printed protocols can be made
containing all parameters that have been put into the computer
for the wave calculation and the parameters corresponding to
the calculated waves which have been sent to the ECC of the
wave generator.

Also all data, entered manually, will be protocollized if
desired. The remote terminal is p051t10ned on the towing
carriage. Communication of this terminal with the host
computer is through a wireless telemetry station.

The software package is designed to serve the Wave Genherator
of the Towing Tank only and includes:

A. System software
All software required to operate the complete. computer
Rysten including file handling.
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B. Wave calculation software

The wave calculation software can be operated from the
terminals and transforms the desired spectral shape
(JONSWAP, Pierson-Moskowitz and arbitrary forms) of the
wave spectrum into motion segquence data for the f£flap
actuators. This conversion process is based upon a random
phase difference between the various fregquency components
of this spectral shape. _
Any hand made spectrum can be made using any of the hand-
edited spectrum file provided .

C. Wave generation software
The wave generation software allows the operation of the
wave generator from the remote terminals. Adjustment of
the energy content is possible. The flap actuators can be
controlled regarding amplitude and frequency.

The following 2 provisions for basin management are
included:

- The ability to start anywhere within a specified wave
train

- The ability to select a time delay providing an audial
signal as start signal for the measuring to begin

3.0 Technical Data
Towing Tank Wave Generator
Waterdepth 2.50 m
Capabilities:

Generation of long crested regular and random waves, parallel
to the wave flap.

The wave lengths which are of interest for hydrodynamic
testing are always longer than about one fourth of the length
of the ship model. The basin is designed for ship model
lengths of 3.5 m. This corresponds to a wave length of 0.875 m
which means a wave period of 0.997. Therefore a period range
below 0.5 s is not practical. Another aspect of this matter is
that waves with lower periods than 0.5 s dampen out very
quickly due to viscous effects.
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Performance:

Regular waves

Full period range 0.5 s to 2.5 s with a height corresponding
to a maximum steepness of 1/10 in a period range of 0.5 to 1.7
s. The maximum wave height at a period of 1.7 sec. is 0.44 m.
Accuracy of wave height, after correction for the reflected
wave from absorber + or -~ 10 % of FSR in the maximum steepness
range up to 1.7 s, In the range from 1.7 s up to 2.5 s, 5
percent of FSR.

Accuracy of peried, + or - 2 % of reguired value.

Random waves

Spectral shape characterised by a JONSWAP, Pierson-Moskowitz
or an arbitrary form, with a significant wave height of 0.25 m
and an associated peak period of 1.7 sec.

Accuracy of significant waveheight, + or - 5 % of the Full
Scale Range. :
Accuracy of spectral density over the frequency range of a
random wave spectrum + or - 5 % of FSR provided that a
rhysically stable spectrum is generated.

Thex specified performance will be met 10 m behind the Wave
Generator. Since waves generated in a long basin have the
tendency to attenuate over the length of the basin, this
specific point for the performance of the generator has been

defined.

Accessories

1 Set of specific tools for maintenance.
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5.0 Special Notes

All equipment mentioned in this specification is designed for
indoor operation in Malaysia, and is fully tropicalized,
protection <¢lass 1IP54, isolation class F, with exceptions
stated below.

Environment

Fully tropical: Wave generators, .actuators, compensators,
accumulators, piping, hydraulic power unit.
Temperature range: 10 degr. C-40 degr. C
Rel. humidity range: 20 % - 100 % condensing

Air-conditioned: Terminals, printers, telemetry stations.
' Temperature range: 10 degr. C-40 degr. C
Rel. humidity range: 20 % - 90 % non-
condensing

Host computer, electronic control cabinet.
Temperature range: 20 degr. C-30 degr. C
Rel. humidity range: 20 % - 80 % non-
condensing

Operating Conditions:

The following supplies are required:

‘Electrical: ~ 415 V +/- 10 % 3-phases, 50 Hz +/-— 2 %
- 240 V +/- 10 % 2-phases, 50 Hz +/- 2 %





