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There is the electrochemical corrosion among different metals of the ship in the seawater, of which the foremost is
the electrochemical corrosion between the steel hull and the bronze propeller. In this electrochemical corrosion process,
the hull is the electrochemical corrosion anode, and the propeller is the electrochemical corrosion cathode. Besides, the
corrosion current from the hull to the propeller current would generate around the ship. The corrosion current would
form an electrostatic field in the seawater, and field signal is easily detected by the mine and detection equipment,
which can bring a great threat to the ships. In this paper, based on the research on the metal polarization curve, the
potential balance method combining the anode polarization of the hull and the cathodic polarization of the propeller is
proposed, to make the potential difference reduce to OV. At this point, the corrosion current can be also greatly reduced,
and the associated underwater electric field can also be eliminated. It is demonstrated that the proposed method can
reduce the underwater electrostatic field indeed, and the electric field protection effect is obvious.

Keywords: Cathodic polarization; Anodic polarization; Tafair formula; Polarization potential; Electrostatic field
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1. INTRODUCTION

The ships are in service in seawater, of which
different underwater metallic materials (such as
hull, propeller, rudder, bulb, etc.) have different
electrode potentials. For instance, the electrode
potential of a commonly used marine steel plate is -
0.64 V, and the potential of the copper propeller is -
0.32 V. The present domestic ships are mainly shaft
through ships, of which the propeller-shaft and the
hull are in the electrical connection state [1]. In
terms of the shaft through structure, the
electrochemical corrosion between the propeller
and the hull is inevitable, and a certain potential
difference is maintained in the seawater. The
potential difference forms a primary battery
generating stable corrosion current via the
conductive seawater, thus a steady state electric
field is established. This macro-corrosion battery
with complex structure is one of major origins of
the underwater electric field generated by ships, of
which the voltage is determined by the materials
and the depolarization strength [2, 3].

In terms of China's ships, the sacrificial anode and
the impressed current cathodic protection methods
are adopted to protect the hull from corrosion.
However, both of aforementioned methods would
increase the strength of the electric field around the
ship and reduce the ship stealth [4, 5].
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According to some projections, the total sacrificial
anode protection current intensity of a medium-
sized ship can reach hundreds or even thousands of
amps. Due to the great intensity of the protection
current, the strong electrostatic field around the
ships can be generated even if the electrodes are
closer to each other.

There are few auxiliary auxiliaries in the
impressed current cathodic protection system, and
the protection current density is generally greater
than the sacrificial anode indicators (such as 10 ~
60mA/m of the the painting hull), and therefore the
stronger electric field would be generated around
the ship hull [6]

The shaft cutting technology applied to the
Russian ships make the propeller and the hull form
a direct electrical connection state without the
macroaxis, which greatly reduces the corrosion
current, and the underwater electric field around the
ship is reduced thereby. The China's present
macoraxis manufacturing level determines that
shaft cutting state can be achieved, and therefore
China's ships cannot use Russia's electric field
protection methods for reference. Based on this
background, it is very necessary to propose an
active protection method that is suitable for
homemade ships, which not only can protect the
hull from corrosion, but also can reduce the
strength of the underwater electric field around the
ships.
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2. THE ANODE POLARIZATION AND
CATHODIC POLARIZATION POTENTIAL
VARIATION LAW OF HULL-PROPELLER

Each metal in the seawater has a ceatian
electrode potential: the metal surface partial ions
would be affected by the water polar molecule in
the process of contacting with the electrolyte
solution, and a "double electrode layer" would
generate at the interface, causing the potential
difference between the metal and seawater. The
metal with different electrode potentials in the
electrolyte solution can form a corrosion current
loop when there is an external electrical connection,
which results in the occurrence of electrochemical
corrosion [7]. In this process, the electrode where
an oxidation reaction (lose electrons) is performed
is referred to as an anode, and the electrode where a

reduction reaction (obtain electrons) is performed is
referred to as a cathode. As shown in Figure.1, in
the process of ship’s electrochemical corrosion, the
steel hull (electrode potential is negative) is the
anode of electrochemical corrosion, and the bronze
propeller (electrode potential is positive) is the
cathode of electrochemical corrosion [8].

The corrosion current flows from the hull to
the propeller in the seawater, and the ship's
electrostatic field is formed. As a result of the
propeller rotation, the contact resistance between
the hull and the propeller changes periodically, and
the modulated corrosion current generates a
periodically varying shaft-frequency electric field.
Therefore, the ship's corrosion current is the main
source of the ship's electrostatic field and the shaft-

Seawater Propeller

(Cathode)
Shaft

frequency electric field [9].

Corrosion
current line

)8_
Hull (Anode) «

Fig.1. Schematic diagram of electrochemical corrosion of naval vessels.

In the process of the aforementioned metal
electrochemical corrosion, the corrosion current
would cause the electrons to move, and the
electrode polarization would occur in the hull and
the propeller: the electrons on the hull (anode)
would flow into the propeller (cathode) through the
main axis, resulting in a decrease in the electric
charge density of the electric double layer on the
hull, while the charge density of the electric double
layer on the propeller would increase [10].

In this way, the potential of the anode (hull)
gradually moves in the positive direction (anode
polarization), and the potential of the cathode
(propeller) gradually moves in the negative
direction (cathode polarization). In the process of
polarization, the potential difference between the
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hull and the propeller is gradually reduced, and the
corrosion current in the circuit is gradually reduced.
The polarization causes the electrochemical
corrosion to slow down. However, the degree of the
natural  electrode  polarization to  reduce
electrochemical corrosion is relatively weak, and
electrochemical corrosion cannot be eliminated [11].

If the electrode polarization can be controlled
artificially to decrease the potential difference
between the hull and the propeller to 0V, the
potential balance would be realized; the corrosion
current would disappear, and the associated
underwater electric field would also be eliminated.
The potential polarization balance is shown in
Figure 2.
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Fig.2. Potential balance polarization diagram. (a) propeller cathodic polarization; (b) Hull anodic polarization; (c)
potential balance)

The polarization reaction of the metal
electrode can be expressed by the Tafel formula:
E

I=1,—|1]|=1,,exp(

a C

Where | is polarization current density, |,
and 1,, are exchange current density of metal

anodic dissolution reaction and cathodic reduction
reaction respectively. E,, and E, are balance

potentials of metal anodic dissolution reaction and
cathodic reduction reaction respectively; g, and .

are Tafel slopes of metal anodic dissolution
reaction and cathodic reduction reaction
respectively.

In the case of 1=0, the metal does not produce
polarization reaction, and its potential is the metal
corrosion potential E_,, . At this time, the absolute

value of the current density of the metal anode
reaction is equal to the absolute value of the current
density of the cathode reaction, which is also equal
to the metal average corrosion current density 1, :

-E E.,—E
e,a) — IOYC exp(_ corr e,c) _ I

ﬂa ﬁc — Ycorr
Based on the Eq.(1) and Eq.(2), the Eq.(3) can be
obtained as follows:
E- Ecorr

E
I 0a exp( corr

E- Ecorr

=1 corr [eXp(—) - eXp(— —)] (3)

ﬂa ﬂc
The Eq.(3) is the E-l curve (polarization curve)
equation of the corrosion metal electrode. The
E.,. IS assumed as the origin of axis E, and then
the coordinates of E axis is changed to AE :
AE=E-E_, (4)
In fact, AE is the metal polarization potential value
after polarization based on the corrosion potential.
In the case of AE=0, there is no polarization
reaction about metal; AE>0: the metal is subjected
to anodic polarization reaction; AE <0 : the metal is
subjected to cathodic polarization reaction.

‘ﬂE“)— N exp(—%) 1)

)

Based on the Eq.(3) and Eqg.(4), the following
formula can be obtained through the further
mathematical operation:

I = Icorr [eXp(%) - eXp(— %f)] (5)

In the process of metal cathodic polarization,
the polarization rate is not only determined by the
electrochemical process on the metal surface, but
also the depolarization diffusion process in the
solution. In this case, the relationship between the
absolute value of cathode current density and
electrode potential is:

| E-E
||0| = {1_||_C|j IO‘c EXp(——ﬁ e,c) (6)

L c

Where 1 is the absolute value of the diffusion

current density of the cathode reaction. In the case
of E=E_, , the Eq.(7) can be deduced from the

Eq.(4) and Eq.(6):
AE
Icorr exp(_ 7)

tl=—5 - AE Q)
1-=2 [1-exp(~— )]
IL ﬂc

Then, the metal polarization equation

considering depolarization diffusion process can be
obtained as follows:

AE

AE Icorr eXp(— 7)

I = Icorr exp(_)_ I ‘ AE (8)
Ao

L c

The polarization experiment is performed on a
certain type of high-strength steel for marine, to
compare the experimental results with the
theoretically calculated Tafir curve, which is shown
in Fig.3.

From Fig.3, it is can be learned that the
polarization curve is basically consistent with the
theoretical Tafel curve. As a result, the Tafir
formula can be used as the basis for the research on
the polarization of the hull and propeller.
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3. POTENTIAL BALANCE ELECTRIC
FIELD PROTECTION EXPERIMENTAL
COUNTER DESIGN

On the basis of theoretical research, the
electric field protection experimental prototype is
developed, which is based on the potential balance
principle [12]. By means of the auxiliary electrodes

arranged at different parts of hull, the anodic
polarization is performed to the hull, and cathodic
polarization is performed to the propeller, to ensure
that the potential difference between the hull and
propeller keeps constant at OV. Fig.4 presents the
design principle of the electric field protection
experimental prototype [13].

— = Fitting curve

Exchange current density/A.cm

Voltage polarization

T
-1.2 -1.0 -0.8
Voltage/V

-0.6 0.4 -0.2 0.0

Fig.3. Fitting of polarization curve and Tafir curve of high strength steel of ship.
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Fig.4. Design schematic diagram of experimental prototype for electric field protection.

The potential difference between the hull
and the propeller is used as the control signal,
to control the anodic polarization current and
the cathodic polarization current outputting
from the electric field protection prototype.
When the potentials of propeller and hull are
close, the corrosion current would disappear,
and the underwater electric field would
eliminate [14, 15].

The operating principle of the electric
field protection experimental prototype is
presented as follows:

The potentiometric signal of the main axis
relative to the hull flows from the contact brush
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device to input port of the electric field
protection test prototype, and two sets of
current would output from the controlled port
of the electric field protection prototype: 1, The
anode polarization current flows from the hull
to the suxiliary electrode through the sea,
which will flow back to the electric field
protection test prototype finally; 2, The cathode
polarization current flows from the auxiliary
electrode to the propeller through the sea,
which will flow back to the electric field
protection test prototype through the main
axis .
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The electric field protection experimental
prototype composition diagram is shown in
Figure 5, which mainly contains the following

Polarization current output control device; (3)
Controllable constant current source (4)
Polarization current output electrode.

parts:(1) Potential detection device; (2)
Anodic Polarization
Current
Ship-Shaft : Polarization Controllable ————3(0) polarization
Potential > PDc;ttee T:ttlc?rl P Current Output =——J»  Constant Current Output
Difference €—— Control Unit Current Source | Electrode
Cathodic

Polarization Current

Fig.5. The composition diagram of electric field protection experiment prototype.

4. EXPERIMENTAL STUDY ON
UNDERWATER ELECTROSTATIC
FIELD PROTECTION OF SHIP MODEL
POTENTIAL BALANCE

4.1 Experimental program

The ship model potential balance and
electromagnetic field protection experiment is
based on the simultaneous anodic polarization of
the hull and cathodic polarization of the propeller,
which can make the potential difference between
the hull and the propeller equal zero, to measure the
change of the electric field around the ship model.
The experiment is based on two cases of propeller
rotating or not, to obtain electric field measurement
data before and after performing electrostatic field
protection, which is used to measure the protection
effectiveness.

4.2.Experimental preparation

The experiment is carried out in a non-
magnetic electric field pool, and the length, width
and depth of the pond are setto 8 m, 5 mand 1.5 m
respectively. The experimental sea water with depth
of 0.6m is poured into the pool, combined with the
industrial salt to make the conductivity of the sea
water equal 3.8s/m.

A set of Ag-AgCl electrodes with three-
component are placed at the bottom of the pool, to
measure the electric field values of Ex, Ey and Ez,
and calculate the electric field module values. The
immersion time of electric field sensor is set to 24
hours.

Based on the ship model drag device, the
experimental ship model is expected to be in
uniform motion state in the experimental pool, and
the three-component electric field sensor would

measure the passing characteristic curve of the
experimental ship model.

4.3.Experimental Results

The experimental process is based on the ship
model’s forward and backward uniform movement
in the experimental pool with the length of 8 meters.
Given that the confidentiality of experimental data,
the electric field values of given graphics have been
treated, which would not affect the judgment of the
electrostatic field protection effect after adopting
the potential balance electrostatic field protection
method.

According to the characteristics of the
underwater electrostatic field of the ship, the
electric field module value |E| contains the three
components of the electric field value, which can
reflect the protective effect more accurately, so that
the electric field module |E| can be used as the
evaluation criteria.

The electrostatic field protection experiment
in the case of non-rotating propeller. In the case of
propellers not rotating, the three-component electric
field values before and after adopting potential
balance protection method are wused for
experimental verification, and the variation of |E| is
presented as Fig.6 shows. The ordinate in the Fig.6
is the processed electric field value, the abscissa
represents time, the upper right corner is the curve
explaining, and the number is the time of
measurement.

The electrostatic field value and module value of
each component as well as the protective effect are
shown in Table 1.
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Fig.6. The propeller does not rotate, electrostatic field values of natural corrosion and invisible.

Table 1. The propeller does not rotate, electrostatic field value of ship model and its protective effect.

Time 18:50 19:01 19:39 19:56
Ex (Peak-to-Peak Value) 2.57 1.37 0.82 0.63
Ex(Decreasing Proportion )(%) 46.73 68.00 75.57
Ey(Peak-to-Peak Value) 0.48 0.31 0.24 0.22
Ey (Decreasing Proportion) (%) 34.85 51.04 53.53
Ez(Peak-to-Peak Value) 2.70 1.38 0.79 0.61
Ez(Decreasing Proportion) (%) 48.76 70.78 77.57
|E|(Peak-to-Peak Value) 3.03 1.55 0.85 0.60
|E| (Decreasing Proportion) (%) 48.67 71.94 80.22

There are some analysis from the with potential balance, which shows that the

aforementioned experimental results
1) Based on the electrostatic field protection
method with potential balance, three components
of the electric field values and electric field
model values at the same test point have been
significantly reduced. Once the potential balance
protection test prototype is initiated, the electric
field modulus |E| would be reduced by 48%; after
one hour of polarization, the electric field
modulus |E| would be reduced by 80%, and the
protective effect is demonstrated:;

The electric field three-component and
module characteristic curve dose not change after
adopting the electrostatic field protection method
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2)

method would not change the electrostatic field
distribution characteristic of the ship model, but
only reduces the numerical value.
3) From Fig.5, it can be concluded that the
longer the polarization is applied, the better the
electrostatic field is. The reason for the
aforementioned phenomenon is that the polarization
is a dynamic variation process, and it would take
some time to reach the dynamic equilibrium state,
which is in accordance with the theoretical analysis
results.
The electrostatic field protection experiment in
the case of propeller rotating (v=100r/min). In the
case of propellers rotating with velocity of 100
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r/min (to simulate the actual navigational status of
ships), the three-component electric field values
before and after adopting potential balance
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verification, and the variation of |E| is presented as
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Fig.7. Propeller speed is 100r/min, electrostatic field values of natural corrosion and invisible.

Table 2. The propeller speed is 100r/min, electrostatic field value of ship model and its protective effect

Time 15:16 15:33 15:57 16:18
Ex (Peak-to-Peak Value) 5.80 2.55 1.68 1.53
Ex(Decreasing Proportion )(%) 56.00 70.99 73.70
Ey(Peak-to-Peak Value) 1.03 0.40 0.24 0.19
Ey (Decreasing Proportion) (%) 60.89 76.56 81.23
Ez(Peak-to-Peak Value) 6.09 2.56 1.95 1.86
Ez(Decreasing Proportion) (%) 57.93 67.89 69.52
|E|(Peak-to-Peak Value) 7.38 3.10 2.07 1.90
|E| (Decreasing Proportion) (%) 57.97 71.94 74.33
There are some analysis from the reduced by 74%, and the protective effect is

aforementioned experimental results

1) Based on the electrostatic field protection
method with potential balance, three components of
the electric field values and electric field model
values at the same test point have been significantly
reduced. Once the potential balance protection test
prototype is initiated, the electric field modulus |E|
would be reduced by 57%; after one hour of
polarization, the electric field modulus |E| would be

demonstrated,;

2) The electric field three-component and
module characteristic curve dose not change after
adopting the electrostatic field protection method
with potential balance; there is only some
difference between the start time of measuring and
ship model moving, which makes each curve has a
certain translation on the time axis.
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3) From Fig.7, it can be concluded that the
longer the polarization is applied, the better the
electrostatic field is.

4) The final protective effect of the
experiment in the case of propeller rotating is only
74%, which is worse than the protective effect in
the case of propeller not rotating. The reasons for
the experimental results are presented as follows:
After propeller rotating, the propeller cathodic
polarization process is more complicated due to the
periodic change of the contact resistance near the
propeller; As a result of the simultaneous opening
of the axial frequency protection equipment, the
additional axial frequency protection current would
generate between the shaft and shell, which make
has an effect on the polarization process

5. CONCLUSION

On the basis of research on the hull-propeller
metal polarization law, the naval vessel electric
field protection method based on the potential
balance is proposed in this study. Then, the
experimental prototype is designed to carry on the
electrostatic field protection experiment in the
experimental pool, and the experimental results are
analyzed further. Finally, the electric field
protection control method is analyzed.

The experimental results show that the ship
model electrostatic field can be reduced by more
than 70% based on the proposed method, and the
electrostatic field protection effect is demonstrated.
In addition, once the axial frequency electric field
protection device is initiated, the electrostatic field
protection effect would get worse, and how to strike
a balance would be the focus of further study.

It is noted that the method of controlling the
polarization current level to achieve a better
potential balance is the key to achieve the electric

considered to lay out the reference electrode to
achieve polarization current controlling, of which
signal can be used to judge the potential balance
state.
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field protection. In the further study, it is

N3CJIEABAHE HA 3AIIMTEH METO/] OT EJIEKTPOCTATUYHOTO ITOJIE HA KOPABU,
OCHOBAH HA TIOJIAPU3ALIMOHHMA KOHTPOJI HA METAJIUTE

Ban Caurmxys, Jlo U, JI1o JlexoHr
Yuunuwe no enexmpo-unsicenepcmeo, Mopcku undscenepen ynusepcumem, Kumaii
[Mocrrnuna va 21 anpuin, 2018 r.; npuera Ha 28 romu, 2018 T.

W3BecTHa € eNCKTPOXUMHYHATA KOPO3HS Cpell Pa3IMYHUTE METalli MpH KOpaOWTe B MOpPCKa BOJAA, KaTo Haii-
3HAYHTEJIHA € Ta3U MEXK]y CTOMaHEHHs KOPIYC U OPOH30BOTO BHTIIO. [IpH TO3M €NeKTpOXUMHUYEH KOPO3HOHEH IIPOIIEC
KOpPIYCHT € aHOJ, a BUTIIOTO — Karoj. [Ipu ToBa ce reHepupa KOPO3MOHEH TOK, a 3a€JHO C TOBA M €JIEKTPOCTATUYHO
1oJjie B Mopckara BOja, KOETO JIECHO Ce OTKPHBAa OT MHUHM M OTKPHBAIU ChOPBKEHHS, KOMTO Ca ToJjisiMa 3aruiaxa 3a
kopabute. B HacrosiiaTa paboTa e MpeayioKeH METO/ 3a M3PaBHSABAHE Ha IOTECHIMAINTE MEXIy KOpIyca M BUTIOTO,
OCHOBAH Ha KPpMBHUTE HA NOJIIpU3aluad HA MCTAJIUTE U KOM6HHHpaﬁKH AHOJIHATa U KaToAHaTa IoJApUu3anudaTa. ITo To3m
HAYMH KOPO3HOHHUST TOK CHIIHO CE€ HaMaJsiBa, a CBbP3aHOTO C HEro IMOJBOJHO JIEKTPUYHO IOJIe MOXKE CHILO Ja ce
enmuMuHupa. [lokasaHo e, 4e ¢ MpeIoKEeHUs] METOJI Ce HaMaJlsiBa IOJIBOTHOTO €IEKTPUYHO I0JIe, a 3AUTHHUAT eheKT
Cpelily KOpOo3usi € OYeBH/ICH.
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