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Abstract
The inner copper tube of a double tube heat exchanger was fitted with zinc rings transverse to the flow of saline water to protect the
inner tube against corrosion by sacrificial cathodic protection. Rate of Zn consumption during cathodic protection of copper in NaCl
solution was determined under different operating conditions. The rate of dissolution of Zn rings surrounding the inner copper tube
was found to increase with increasing solution flow rate, temperature and NaCl concentration. Activation energy Ea was found to be
3.864 kCal/mol, this value shows that Zn consumption takes place through a diffusion controlled mechanism. The rate of zinc
consumption was found to decrease with increasing ring thickness. The rate passes through a maximum with increasing ring spacing.

The importance of the present study in assessing the cost of sacrificial cathodic protection in comparison with the competing impressed
current cathodic protection was highlighted. Also, the possible rate of zinc rings as turbulence parameters to enhance the rate of heat
transfer and increase the efficiency of the heat exchanger was pointed out.
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Introduction
Copper and copper alloys are usually used to fabricate heat exchangers in view of their high thermal conductivity and
relatively low cost. Unfortunately, the rate of corrosion of copper and copper alloys is high in sea water (3.5% NaCl) used as
a coolant in the cooling system of a marine vessels and coastal plants. Also heat exchangers used in desalination plants where
NaCl concentration exceeds 3.5% suffer from severe conditions [1].

Corrosion control is a process in which humans are very much in control of materials and environments can regulate the rate
of corrosion, keeping it within acceptable or at least predictable limits for life of the structure [2].
There are many methods for corrosion control such as (cathodic protection, anodic protection, protective coating such as
paint, corrosion-resistant metals and alloys, addition of inhibitors, very pure metal). The selecting method depends on many
factors such as cost, efficiency, availability, contamination of environment with corroding metal, etc. [3,4].
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There are two proved methods of applying cathodic protection: Sacrificial anode (galvanic) and impressed current. Each
method depends upon a number of economic and technical considerations and as certain advantages. For every structure,
there is a special cathodic protection system dependent on the environment of the structure [5].

Current distribution in cathodic protection system is dependent on several factors, the most important of which are driving
potential, anode and cathode geometry, spacing between anode and cathode and the conductivity of the aqueous environment
which is favorable toward good distribution of current [6].

Cathodic protection is normally applied on the exterior surfaces of pipelines, ships' hulls, jetties, foundation piling, steel
sheet-piling and offshore platforms. Cathodic protection is also used on the interior surfaces of water-storage tanks and
water-circulating systems. However, since an external anode will seldom spread the protection for a distance of more than
two or three pipe-diameters, the method is not suitable for the protection of small-bore pipework. Cathodic protection has
also been applied to steel embedded in concrete, to copper-based alloys in water systems and exceptionally to lead-sheathed
cables and to aluminum alloys, where cathodic potentials must be very carefully controlled [7,8].

Equipment used in the desalination and cooling systems which uses saline water as a coolant suffers severely from corrosion
owing to the presence of the highly aggressive chloride ions in high concentration [9,10].

This problem can be solved by either using expensive alloys in equipment or by using cheaper alloys and applying cathodic
protection, they are protected by cathodic protection with sacrificial anodes, therefore, hundreds of researches were done in
the subject of cathodic protection system with sacrificial anode, but few of them were dealing with the presence of bacteria in
these systems [10-12].

Cathodic protection can also be applied in crude oil industry as the industry suffers a lot of corrosion problems, crude oil
transportation has become a complex and highly technical operation [13]. Reports around the world have confirmed that
some oil companies had their pipelines ruptured due to corrosion [14,15]. Corrosion is worth investigating in oil field
applications, because corrosion problems represent a large portion of the total costs for oil producing companies every year
worldwide [16-19]. Recent industrial catastrophes have it that many industries have lost several billions of dollars as a result
of corrosion. The total annual cost of corrosion in the oil and gas production industry is estimated to be in billions, broken
down into million in surface pipeline and facilities cost, millions annually in down hole tubing expenses [14]. In petroleum
industry, general and localized corrosion are the most common types of corrosion occurrences. The other large problem in
operating pipelines is internal corrosion [16,20,21]. The crude oil explored from reservoirs generally contains water, exactly
brine. Before water separation, the oil-brine mixtures need to be gathered and transported by pipelines to the treatment
stations. However, the transport pipelines would be suffered from corrosion attack [22,23]. Corrosion would be much serious
when acid gases such as (CO2, H2S) are introduced into the transporting systems [22-25]. At low water cuts this is not an
issue as water-in-oil dispersion are observed. As the water cut increases, water "break-out" may occur, leading to stratified
flow of separate layers of water and oil phases. Consequently, the possibility of corrosion is very high where the water phase
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wets the pipe wall [26,27]. Produced water occurs in two ways: some of the water may be produced as free water and some of
the water may be produced in the form of emulsions. Produced oil-field emulsions can be classified into three groups: [13,
28,29].
The present study would assist in comparing to between the impressed current cathodic protection and sacrificial cathodic
protection for double tube heat exchanger handling saline solutions. While electrical energy consumption constitutes a major
cost item in impressed current cathodic protection, zinc consumption is the major cost item in sacrificial cathodic protection.

The aim of the present work is to explore the possibility of using sacrificial cathodic protection to protect the internal copper
tube of a double tube heat exchanger against corrosion in NaCl solutions. To this end zinc rings were fitted to the internal
copper tube at regular intervals. In order to assist in assessing the economic feasibility of using Zn consumption was
determined under different conditions of salt concentration, solution flow rate, temperature and Zn ring dimension by
spectrophotometer analysis of the dissolved zinc. The use of zinc rings surrounding the internal copper tube has also the
advantage of promoting turbulence which enhances the rate of heat transfer between the inner and the outer solution.

Materials and Methods
An apparatus was installed to be able to monitor the rate of corrosion of anodes in an electrochemical cell through cathodic
protection depending on galvanic series of metals.
The apparatus was built to simulate the electrochemical cell where the anode will be scarified to protect the cathode. The
apparatus consists of water tank with dimension 27*27*27 cm made of PVC with capacity 19.6 L, where the water flows
from the water tank by a plastic centrifugal pump which is ¼ horse power to the reaction cell where the copper rod act as
cathode with 20 cm length and 21 mm diameter fitted in zinc rings act as anodes inner diameter 21 mm which were fitted by
external force, this reaction cell is made of Plexiglas and have two over weirs made of PVC where the water flows back to
the water storage tank as shown in FIG. 1.

FIG. 1. The Experimental setup.
*1. Electrical source, 2. Electrical heater, 3. Saline water tank, 4. Electrical pump, 5. Pump recycle valve, 6. Recycle
feedback pipe, 7. Overflow feedback pipe, 8. Reaction cell, 9. Zinc rings, 10. Copper rod, 11. Wax stopper, 12. Tank
drain, 13. Pump discharge valve, 14. Back overflow to water tank, 15. Holding Stand, 16. Tank drain valve.
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Before each run 12 liters distilled water were added to the water tank, with the required mass fraction of NaCl, the water
temperature was adjusted at the required temperature by using the electrical heater, the flow was adjusted by adjusting the
valve.

The experiment starts after adjusting the variables, after 60 min a sample of 30 ml is withdrawn from the water tank and at
the end zinc rings are washed with water to remove zinc traces. Different parameters studied: solution flow rates (1.2, 2.5,
4.62, 6.67, 7.5 and 10.4) L/min, temperatures varies from 25°C to 35°C, concentration varies from 2.5 wt% to 7.5 wt%),
spacing (3 cm, 4 cm and 5 cm) and width (0.5 cm, 1 cm and 1.5 cm).

Atomic absorption device was used for the analysis of the anode (Zn) samples.

Results and Discussion
Zinc dissolution takes place under the present conditions through galvanic cell.
Zn/NaCl solution (PH=7)/Cu whose reactions are:
Zn→Zn+++2e¯ (1) (anode)
1/2O₂+H₂O+2e¯ →2OH¯ (2) (cathode)
Rate of corrosion was calculated by:
R=X*no of liters/t*A (g/cm2.sec)
Where X is the value obtained by the analysis of Zn (mg/L), t is the experiment time (sec)
A is the area (cm2).

FIG.2. Effect of flow rate on the rate of corrosion.

FIG. 2 shows that the rate of consumption of zinc rings contacting the inner copper tube increases with increasing solution
flow rate and NaCl concentration. The increase in the rate of zinc consumption with increasing solution rate is ascribed to the
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increase in the rate of mass transfer of dissolved oxygen from the solution bulk to the cathode surface where the diffusion
controlled oxygen reduction reaction takes place [30], increasing solution flow rate reduces the diffusion layer across which
O2 diffusion takes place according to the equation (2).
In addition, as the flow crosses the zinc rings hydrodynamic boundary layer separation takes place downstream of the rings
with the formation of turbulent wake [31], the turbulence generated by boundary layer separation penetrates the diffusion
layer and enhance the rate of mass transfer furthermore.

FIG. 3. Effect of temperature on the rate of corrosion.

FIG. 3 shows the effect of temperature on the rate of Zn dissolution. The previous data show that the rate of Zn increases
with increasing solution temperature. Temperature has two opposing effects on the rate of Zn dissolution 1-Increase of
temperature decrease the solubility of dissolved oxygen [32], accordingly the rate of Zn dissolution decreases according to
Zn → Zn+++2e¯
2-According to Arrhenius equation increasing the solution temperature should lead to increasing the rate of Zn dissolution.
It seems that under the present conditions effect 2 outweighs effect 1, i.e. the rate of Zn dissolution increases as shown as in
FIG. 3.

FIG. 4. plot of Arrhenius equation.
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FIG. 4 shows that the present data fit Arrhenius equation R’’=A e-Ea/RT with activation energy of 3.864 Kcal/mole this
value shows that Zn dissolution through Zn/NaCl/Cu takes place through a diffusion controlled mechanism [33].
R’’ is rate constant, A is frequency factor, Ea is activation energy, R is universal gas constant and T is the absolute
temperature.

FIG. 5. Effect of salt concentration on rate of Zn dissolution.

The increase in the rate of Zn dissolution as the concentration of NaCl increases is the outcome of two opposite effects
1-As the NaCl concentration increases the concentration of dissolved oxygen decreases because of the salting out effect of
NaCl [30]. This effect tends to reduce the rate of Zn dissolution in NaCl solution according to,
Zn → Zn+++2e¯
2-As NaCl concentration increases the solution conductivity increases, solution resistivity decreases since the corrosion can
be approximated by ohm’s law.
I Corrosion=E/R
Where E=Potential difference between the two electrodes of the cell (Zn/NaCl/cu).
The decrease in solution resistance R tends to increase the corrosion current and the rate of Zn dissolution. The increase in
the rate of Zn dissolution with increasing NaCl concentration as shown in FIG. 5 indicates that effect 2 is predominating
effect 1.
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FIG. 6. Effect of rings spacing on the rate of Zn dissolution.
FIG. 6 shows the effect of ring spacing on the rate of Zn dissolution, the rate of Zn dissolution increases with increasing
spacing, it reaches the maximum then starts to decrease with further increase in spacing. The initial increase in the rate of Zn
dissolution may be attributed to the fact that turbulence wake generated downstream of each ring has a better chance of
reattachment with the copper cylinder as the spacing increase. Previous studies on turbulence promoters have shown that the
mass transfer becomes maximum at the point of reattachment [34]. As the spacing increases furthermore, the hydrodynamic
boundary layer thickness increases after the point of reattachment with a consequent increase in the diffusion layer thickness.
As a consequence, the rate of oxygen reduction at the cathode and the rate of Zn dissolution decrease.

FIG. 7. Effect of rings width on the rate of corrosion.

FIG. 7 shows the effect of ring width on the rate of Zn dissolution, the data show that the rate of Zn dissolution increases with
decreasing ring width, this may be attributed to the fact that this ring of small width dissolves mainly from the downstream
flat side which is highly turbulent (because of boundary layer separation) while thick rings of large width dissolves from the
cylindrical part parallel to the flow as well as from the downstream flat side.
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The rate of dissolution of the cylindrical part of the ring is lower than that of the downstream flat area because the intensity of
turbulence at the cylindrical part of the ring is less than the downstream flat part of the ring.

Conclusion
The factors affecting the rate of corrosion for the sacrificial anode were studied experimentally and the results observed show
that as the temperature of the corrosion media increases the rate of Zn dissolution of the sacrificial anode increases.
Increasing the salinity of the artificial saline water will increase the rate of corrosion. Rate of corrosion will increase while
increasing the spacing between the anodes, then with further increase the rate of corrosion decreases. Also as the width for
the anode increases the rate of corrosion decreases.

Besides protecting the heat exchanger against corrosion, the zinc rings act also as turbulence promoters to enhance the rate of
heat transfer from the outer side to the inner side of the copper tube.
The present results which show that the rate of Zn consumption ranges from 0.5633 g/cm 2s to 4.6966 g/cm2s would help the
designer in estimating the cost of sacrificial cathodic protection in comparison with the competing impressed current cathodic
protection. Future studies should include measuring the pressure drop across the tube fitted with the zinc rings to make sure
that the increase in delta P and the cost of the pumping power don’t exceed the benefits gained by cathodic protection and
heat transfer enhancement.
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