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ABSTRACT

Article History:

Heat exchangers used in the ships are mostly of water-cooled shell and tube
type, whose tube stacks are made of copper-based materials due to the
requirement of high corrosion resistance and high thermal conductivity. Even
though, the copper made heat exchanger tubes do fail on board ships because of
corrosion. More point of contention arises when it is manufactured by
companies that have limited supporting data and documentations. In this
context, the present paper investigates the corrosion behavior of copper tubes
of heat exchanger to assess the life span of the tube stack for on-board
applications. A series of experiments have been undertaken to investigate the
corrosion rates of copper tubes in sea water and river water with flow velocity
of 1.0 𝑚/𝑠, 1.5 𝑚/𝑠 and 2.0 𝑚/𝑠 for the tube side entry temperature of 20°𝐶.
The same experiments have been repeated for the shell side temperatures of
20°𝐶, 40°𝐶, 60°𝐶 and 80°𝐶. The investigations have revealed that the corrosion
in sea water is about three times higher than that of river water. The increases
in temperature and flow velocity have increased the rate of corrosion to a
significant level contributing to shorten the life span.

Received: 30th April 2020
Revised: 06th June 2020
Accepted: 04th August 2020
Published: 16th December 2020
Keywords:
Corrosion
Copper tube
Heat exchanger
River vs sea water
Life span estimation

© 2020 MIJST, All rights reserved.

1. INTRODUCTION
Copper is chosen for the tube stacks of heat exchanger due
to its superior thermo-mechanical properties such as
thermal conductivity, resistance to corrosion, strength, and
formability (Collini, 2012). It may be mentioned that
copper is located in the periodic table in line of noble
metals, and thus copper is considered as immune from
corrosion. The corrosion immunity of copper is also based
on a postulation on the existence of native copper in the
earth’s crust (Davis, 2001). In the atmosphere, a very thin
layer of brownish-green or greenish blue in color known as
patina is formed (Graedel et al., 1987; Leygraf et al.,
2019). Established patina becomes stable and remains as a
permanent part of the copper object in the atmosphere.
Examples of the corrosion resistance of copper materials
are artifacts that have been found in nearly pristine
condition after having been buried in the earth for
thousands of years, and copper roofing in rural atmosphere
has been found to corrode at rates of less than 0.4 mm in
200 years (Cramer & Covino, 2005, pp. 125). But, in
water, copper corrodes due to number of factors as

considered differently by different researchers (Hedin et
al., 2018; Hultquist et al., 2009, 2011 & 2015; Hultquist,
2015; Simpson & Schenk, 1987; Szakálos et al., 2007).
According to a group of researchers (Hultquist et al. 2015),
the oxygen is consumed through hydrogen-oxygen reaction
and the hydrogen is coming out from the reaction of
copper with water. It is considered that the hydrogenoxygen reaction is faster than the formation rate of the
initially atomic hydrogen from the corrosion reaction itself
on copper (Hultquist et al., 2015) and it is not possible to
detect the hydrogen released from copper if the supply rate
of oxygen to the surface exceeds the rate of hydrogen
generation; and copper is considered erroneously as
corrosion resistant (Hultquist et al. 2009 & 2011). On the
other hand, few researchers (Simpson & Schenk, 1987;
Hedin et al., 2018) have expressed the disagreement on the
corrosiveness of copper in pure water.
However, corrosion of copper in sea water is accepted by
all the mariners as well as researchers due to
aggressiveness of ingredients like dissolved oxygen,
chloride, sulphate, dissolved solids, suspended solids etc.
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present in the sea water (Abdallah et al., 2009; Farro et al.,
2009; Francis, 2010; Gudas & Hack, 1979; Nunez et al.,
2005; Orozco-Cruz et al., 2017; Pehkonen et al., 2002;
Rahmanto et al., 2002; Schumacher, 1979; Zakowski et al.,
2014). Beside the aggressive ingredients, few dynamic
parameters such as velocity, pressure, temperature,
conductivity, pH value, etc. are playing some role in the
corrosion behavior of metal in contact with sea water
(Gerasimov & Rozenfeld, 1958; Kong et al., 2017;
Kristiansen, 1977; Lee et al., 2016; Mor & Beccaria, 1979;
Poulson, 1993; Roy et al., 2018; Sabri et al., 2012;
Utanohara & Murase, 2019; Wan et al., 2012; Yatsenko et
al., 1999). Moreover, various types of corrosion attacks
can occur to the marine equipment made up of copper
materials exposed to sea water. In view of above, the
corrosion behaviors of metals including copper coming in
contact with sea water especially during operations at
elevated temperature along with significant flow velocity
need to be characterized at specific water and environment
conditions to assess the performance of marine machinery
(Pehkonen et al., 2002).

drift detector for element identification) and
microstructures were observed using computer interfaced
Optical Electronic Microscope (model: Nikon BW-S500
having 4.19 Mpixel camera). The chemical composition of
tube is found to be of 99.934% 𝐶𝑢 , 0.019% 𝑆𝑖 ,
0.016% 𝑃, 0.018% 𝐹𝑒, and 0.013% 𝑁𝑖.

Bangladesh being a maritime nation with long glory of
shipbuilding heritage must have development in marine
sector (Rahman, 2017). At the same time, a good number
of vessels are plying in the inland water ways and at the
coast of Bangladesh, which use river/sea water in heat
exchangers to cool fresh water and lubricating oil of
marine engines for propulsion and power generation. This
requirement pushes the stake holders to look for reference
data to have design allowances and life span assessment of
marine equipment especially the heat exchanger on the
issue of corrosion. But, unfortunately, necessary data for
making decisions based on experimental results on
corrosion are neither available to mariners nor even to
local shipbuilding industries. One of such cases is the
reliability problem due to absence of data of locally
manufactured shell and tube type heat exchanger having
copper tube stack.

Table I
Contents and properties of water used for investigation

At this juncture, it is very important to carry out the study
on characterization of corrosion behavior of materials
commonly used on board ships, which are especially
coming in contact of sea water so that the shipbuilding can
be enhanced as the real ‘thrust sector’ of national economic
progress with the implementation plan of sustainable
development goals (SDGs). To this effect, the present
work is an attempt to investigate the corrosion behavior of
locally made copper heat exchanger tubes to be used in the
inland river water as well as coastal sea water environment
of Bangladesh region.
2. MATERIALS AND EXPERIMENTAL DETAILS
To investigate the corrosion behavior of copper-based tube
stack of shell and tube type heat exchanger for onboard
ships with marine propulsion and power generation
engines, two bundles of copper tubes manufactured in a
local shipyard of Bangladesh for coastal vessels were
collected. Each tube was of 400 𝑚𝑚 length, 9.525 𝑚𝑚
outer diameter and 1.245 𝑚𝑚 (18 𝐵𝑊𝐺 ) wall thickness.
Before the corrosion testing experiments, the chemical
composition of the tube material was tested using XRF
machine (model: Olympus DPO-2000-CC having silicon
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The heat exchangers for ships are supposed to cool the
engine lubricating oil and jacket water through an engine
driven pump that supplies water from river or sea
according to the plying location of the ship. The designated
ship is designed to be operated from Khulna to Chittagong,
and thus the heat exchangers would use inland water near
Khulna area for river cruise as well as sea water during
crossing the Bay of Bengal up to Chittagong. Considering
the operational requirements of the ship, two identical
experimental set-up arrangements were prepared, i.e., one
for river water and another for sea water. Accordingly,
5000-liter water from each location, i.e., Rupsha River and
the Bay of Bengal was collected for the experimental
purpose. The laboratory test result of the collected water is
presented in Table 1.

Parameter

River
Water

Sea
Water

pH

7.08

7.14

Total Dissolved Solids (mg/liter)

250

28000

Total Suspended Solids (mg/liter)

15

48

Chloride (mg/liter)

4500

21000

Sulphate (mg/liter)

--

1320

Dissolved Oxygen (mg/liter)

6.55

7.29

Electric Conductivity (µS/cm)

450

48000

The components for each experimental set-up include
pumps, tanks, flexible pipes, fittings, manifold, heat
exchanger tubes, flow meter, thermometers, thermostat,
relay, electric heater, etc. The straight tubes were placed
with the removable headers and manifolds in the
experimental set-up to observe their corrosion behavior
using gravimetric method. The operating temperature of
the heat exchanger of a marine engine remains normally
from 45℃ to 75℃ on shell side for the temperature of
lubricating oil and jacket water due to variation of engine
load, and in the tube side, the cooling water temperature is
from 18℃ to 30℃ due to seasonal variation. Therefore,
experiments were carried out for the shell side
temperatures of 20℃ , 40℃ , 60℃ and 80℃ so that
corrosion behavior against these temperatures can be
obtained. For the experiment at 20℃, normal fresh water
was passed through the shell side, and for 40℃, 60℃, and
80℃, hot water was circulated using electric heaters to
maintain the temperature during each experiment. The
cooling water was stored in the open type tank for natural
air cooling and an arrangement was made on the return line
of tube side cooling water to spray in the atmosphere for
maintaining the normal temperature. Both hot water and
cooling water were reused with closed circuit arrangements
as shown in Figure 1.
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Figure 1: Layout of Experimental Setup Arrangement

After every designated period, the pump was stopped for a
very short time; tubes were removed from the system and
cleaned in distilled water to investigate weight, thickness
and microstructures and fitted back. The weighing machine
(model: Sartorius Entris 224-1S having pan diameter of
90 𝑚𝑚 with the maximum weighing capacity of 220𝑔) of
0.1𝑚𝑔 precision and ultrasonic thickness gauge (model:
CG100 ABDL having measurement resolution of
0.01𝑚𝑚) were used for the experimental purposes. The
test readings were taken after one day, three days, six days,
twelve days, eighteen days, twenty-four days and finally
thirty days. On completion of thirty days operation, the
changes in weight and dimensions were found to be very
nearer to the immediately previous readings and thus it was
considered as one complete cycle of the experiment. The
same experiment was repeated for different operating
temperatures and flow velocities. Likewise, three cycles of
experiments were conducted to get the mean corrosion so
that life span of heat exchanger tube could be calculated.
The mathematical expressions used for calculating weight
loss and corrosion rate are following the ASTM manual as
given below (Baboian, 2005).
Amount (weight) loss of metal:
∆𝑊 =

(𝑊𝑜 −𝑊𝑓 )
𝐴

(1)

Corrosion rate:
𝑅𝑐𝑜𝑟𝑟 =

(𝐾 𝑥 ∆𝑊)
(𝜌 𝑥 𝑇)

(2)

Where,
𝑊𝑜

= Initial weight (𝑔)

𝑊𝑓

= Weight after designated period (𝑔)

∆𝑊

= Weight loss per exposed surface area (𝑔/𝑐𝑚2 )

𝐴

= Exposed surface area (𝑐𝑚2 )

𝑅𝑐𝑜𝑟𝑟

= Corrosion Rate (𝑚𝑚 per year, i.e., 𝑚𝑚𝑝𝑦)

𝐾

= Unit conversion factor

𝜌

= Density of metal (𝑔/𝑐𝑚3 )

𝑇

= Exposed time (𝑑𝑎𝑦)
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3. RESULTS AND DISCUSSION
A. Trend Analysis of Corrosion for River Water
Environment
In chemical terms, copper is demarcated in the noble metal
family and considered as highly resistant to corrosion and
oxidation. Copper’s resistance to corrosion is attributed
mainly to a thin oxide film called patina that forms on the
surface of copper when exposed to a medium. This patina
firmly adheres to the outer surface of the copper material
and can protect the underlying copper layers from further
corrosion (Graedel et al., 1987; Leygraf et al., 2019).
However, the water chemistry and other factors cause the
medium increasingly aggressive towards copper breaking
up the patina to some extent. This phenomenon is
comprehensive in the gravimetric analysis of the present
experiment. Here, the loss of specimen weight per unit
surface area (𝑔/𝑐𝑚2 ) exposed to the corrosive media is
calculated using Equation (1) for four temperatures that are
important to the operations of marine engines. Figure 2
presents the copper leaching in contact of river water
against the period of operations while flowing through the
copper tubes of heat exchanger at a velocity of 1.0 𝑚/𝑠 for
the external shell temperatures of 20℃, 40℃, 60℃, and
80℃. It is observed that the weight loss is increased with
the increase of operating period, and all the curves are
steeper at the initial tenure of attack with gradual flattening
over further period. After 30 days operations, the weight
loss curves have no incremental gradient and thus the
slopes reach towards almost zero. At the same time, weight
loss is found to be higher for higher temperature over the
whole operating period. On completion of one day’s
operation, weight loss per unit exposed surface for the
operating temperatures of 20℃, 40℃, 60℃, and 80℃ are
found to be 229 × 10−6 𝑔/𝑐𝑚2 , 314 × 10−6 𝑔/𝑐𝑚2 ,
2
399 × 10−6 𝑔⁄𝑐𝑚 , and 492 × 10−6 𝑔/𝑐𝑚2 , respectively,
and after 30 days operations, the copper tubes have lost
1978 × 10−6 𝑔/𝑐𝑚2 , 2139 × 10−6 𝑔/𝑐𝑚2 , 2249 ×
10−6 𝑔/𝑐𝑚2 , and 2343 × 10−6 𝑔/𝑐𝑚2 , respectively.
Therefore, after 30 days’ operation, weight loss on average
is increased by 8.63, 6.81, 5.64, and 4.76 times from the
weight loss of the first day. For the change in operating
temperature from 20℃ to 80℃ , the weight loss is
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increased on average by 18.45% . In other words, the
average weight loss is increased by 6.98 × 10−6 𝑔/𝑐𝑚2 /
℃. The average value of change in weight loss has been
taken for the change in operating temperature from 20℃ to
40℃ , from 40℃ to 60℃ , and from 60℃ to 80℃ . It is
because the effect of change in thermal condition on
corrosion is not linear, rather in many cases it is complex
phenomenon and the corrosion does not have stable
correlation with respect to temperature (Kong et al., 2017;
Kuźnicka, 2009; Lee et al., 2016; Melchers, 2001; Mor &
Beccaria, 1979; Wan et al., 2012).

with the flow velocity of 1.0 𝑚/𝑠.

Figure 3: Corrosion rate against corrosion period for the
variation of operating temperature with the river water flow
velocity of 1.0 𝑚/𝑠

Figure 2: Weight loss per unit exposed surface against
operating period for operating temperatures of 20℃, 40℃,
60℃, and 80℃ with the river water flow velocity of 1.0 𝑚/𝑠

Basically, the river water contains certain amount of
dissolved oxygen, total dissolved solids (TDS), total
suspended solids (TSS) and chlorides as observed through
laboratory tests, and thus the environment is aggressive
enough to make the copper tube susceptible to corrosion.
Further notable issues are general (uniform or galvanic)
corrosion over the exposed surface area because of electrochemical phenomenon, erosion corrosion due to flow
velocity of water through the tube and thermal effect due to
variation in operating temperatures. There is a close
relation between solution conductivity and corrosion
reactions also. Again, the electrolyte conductivity increases
with the increase in temperature due to enhanced mobility
of ions (Gerasimov 1958; Wang et al., 2016). The
conductivity of most natural water increases with the
increase in temperature by 2 to 3 percent per degree
Celsius (Miller, 1988). Due to higher conductivity at
higher temperature, copper particles are released from the
patina, and some copper atoms move away with the flow
of water; but some atoms stay at the vicinity if the flow of
water is not too turbulent. It results in the formation of
copper hydroxychloride due to presence of chloride in the
water (Abdallah et al., 2009). As a result, significant
increase in weight loss is observed for the operating
temperature of 60℃ and 80℃.
Based on the loss of weight, corrosion rates have been
calculated using Equation (2) at the operating temperatures
of 20℃, 40℃, 60℃, and 80℃ for different time intervals
up to 30 days. Figure 3 depicts that the corrosion rate is the
highest at the initial attack period, and then, it is reduced
gradually but nonlinearly for all operating temperatures
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After 30 days of operations, corrosion rates are found to be
almost steady showing minimum values. Copper reacts
with dissolved oxygen and forms at first cuprous oxide
which reacts with oxygen to procedure cupric oxide.
These copper oxides react with the available anions in the
vicinity to form compounds further (Imai et al., 2009; Lee
et al., 2016; Zakowski et al., 2014). The time delay in the
formation of copper oxides and development period of the
patina in stable state might be the reason for the highest
corrosion rate to be occurred at the initial attack period.
The thermal effect on corrosion rate is as like that of
weight loss, i.e., higher corrosion rate is witnessed for
higher operating temperature.
It is observed that the corrosion rate gets affected by the
velocity of fluid flow inside the tube also (Kuźnicka, 2009;
Utanohara & Murase, 2019). Figure 4 illustrates the effect
of changing flow velocity of 1.0 𝑚/𝑠 , 1.5 𝑚/𝑠 , and
2.0 𝑚/𝑠 on the rate of corrosion at the operating
temperature of 80℃. Since the cooling water flow velocity
for marine engines are normally maintained within
2.0 𝑚/𝑠 to ensure the proper suction of the pump from the
sea under the conditions of all six degrees of ship motion,
the effect of velocity on corrosion rate is not that
significant. However, for the initial attack, the corrosion
rates for the flow velocity of 1.0 𝑚/𝑠 , 1.5 𝑚/𝑠 , and
2.0 𝑚/𝑠 are found to be 20.2 × 10−3 𝑚𝑚𝑝𝑦 , 20.9 ×
10−3 𝑚𝑚𝑝𝑦 , and 21.6 × 10−3 𝑚𝑚𝑝𝑦 respectively, i.e.,
the corrosion rate has been increased by 6.8% for the
change of flow velocity from 1.0 𝑚/𝑠 to 2.0 𝑚/𝑠.
B. Trend Analysis of Corrosion for Sea Water
Environment
Like the river water environment, the loss of specimen
weight per unit surface area exposed to the corrosive
environment of sea water is calculated using Equation (1)
for four operating temperatures and the result of 30 days
operation is presented in Figure 5. Here also, the weight
loss (𝑔/𝑐𝑚2 ) is taken as the copper leached due to overall
corrosion effect in contact of sea water for the external
shell temperatures of 20℃, 40℃, 60℃, and 80℃, while
the sea water is flowing through the copper tube of heat
exchanger at a velocity of 1.0 𝑚/𝑠. It is observed that the
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Figure 6: Corrosion rate against corrosion period for the
variation of operating temperature with the sea water flow
velocity of 1.0 𝑚/𝑠
0.0030
0.0025

Weight Loss, g/cm

2

weight loss is increased with the increase of operating
period, and all the curves have very high slope at the initial
attack period with gradual flattening over the long
operating period as like that of river water. After 30 days
operations, the weight loss curves have no incremental
gradient and thus the slopes tend to almost zero. At the
same time, weight loss is found to be higher for higher
operating temperature over the whole operating period. As
such, on completion of one day’s operation, weight loss for
the operating temperatures of 20℃, 40℃, 60℃, and 80℃
are found to be 1078 × 10−6 𝑔/𝑐𝑚2 , 1247 × 10−6 𝑔/
𝑐𝑚2 , 1468 × 10−6 𝑔/𝑐𝑚2 , and 1519 × 10−6 𝑔/𝑐𝑚2 ,
respectively, and after 30 days operations, the sample
samples have lost 2218 × 10−6 𝑔/𝑐𝑚2 , 2385 × 10−6 𝑔/
𝑐𝑚2 , 2580 × 10−6 𝑔/𝑐𝑚2 , and 2835 × 10−6 𝑔/𝑐𝑚2 ,
respectively. After 30 days’ operations, the weight loss
values in sea water have been increased by 2.02, 1.91,
1.76, and 1.87 times than those of the first day’s operation
against the operating temperatures of 20℃, 40℃, 60℃,
and 80℃ , respectively. For the change in operating
temperature from 20℃ to 80℃, weight loss is increased on
average by 29.96%. In other words, the average weight
loss in sea water is increased by 10.35 × 10−6 𝑔/𝑐𝑚2 /℃.
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Figure 7: Corrosion rate against corrosion period for the
variation of sea water flow velocity at the operating
temperature of 80℃
Figure 4: Corrosion rate against corrosion period for the
variation of river water flow velocity at the operating
temperature of 80℃

Figure 5: Weight loss per unit exposed surface against
operating period for operating temperatures of 20℃, 40℃,
60℃ and 80℃ with the sea water flow velocity of 1.0 𝑚/𝑠
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The sea water contains dissolved oxygen of 7.29 𝑚𝑔/
𝑙𝑖𝑡𝑒𝑟, TDS of 28000 𝑚𝑔/𝑙𝑖𝑡𝑒𝑟, TSS of 48 𝑚𝑔/𝑙𝑖𝑡𝑒𝑟, and
chlorides of 21000 𝑚𝑔/𝑙𝑖𝑡𝑒𝑟, and it has conductivity of
48000𝜇𝑆/𝑐𝑚 as perceived through laboratory tests. Thus,
the sea water environment is highly aggressive to make
copper susceptible to corrosion with no doubt once some
level of corrosion has been observed in river water. In
addition, the velocity of sea water through the heat
exchanger tube and the temperature of the shell side water
are important factors contributing on corrosion as to that of
river water. As a result, significant level of weight loss is
observed in sea water environment as shown in Figure 5.
Like that of river water, corrosion rates in sea water have
been calculated using Equation (2) at the four operating
temperatures for different time intervals up to 30 days.
Figure 6 elucidates that the corrosion rate is found to be the
highest at the initial attack period and then reduced
gradually but nonlinearly with the increase of operating
period as happened for river water in all operating
temperatures. After 30 days of operations, corrosion rates
are found to be almost steady showing minimum values.
Here, the magnitude of maximum values of corrosion rates
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obtained for four operating temperatures are 44.2 ×
10−3 𝑚𝑚𝑝𝑦 , 51.2 × 10−3 𝑚𝑚𝑝𝑦 , 60.2 × 10−3 𝑚𝑚𝑝𝑦 ,
and 62.3 × 10−3 𝑚𝑚𝑝𝑦, respectively. It indicates that the
life span of a copper tube stack in heat exchanger is
affected for a considerable period based on corrosion rate.
In the present experiment, the variation of the sea water
flow velocity, i.e., 1.0 𝑚/𝑠, 1.5 𝑚/𝑠, and 2.0 𝑚/𝑠, results
in change in corrosion rates as shown in Figure 7. The rate
of corrosion has been found to be increased in sea water
environment with the increase of flow velocity over the
whole period of investigation. For the initial attack period,
the corrosion rates at sea water for flow velocity of
1.0 𝑚/𝑠 , 1.5 𝑚/𝑠 , and 2.0 𝑚/𝑠 are found to be 62.3 ×
10−3 𝑚𝑚𝑝𝑦 , 64.1 × 10−3 𝑚𝑚𝑝𝑦 , and 71.4 ×
10−3 𝑚𝑚𝑝𝑦, respectively. Therefore, the corrosion rate for
the change of flow velocity from 1.0𝑚/𝑠 to 2.0𝑚/𝑠 is
increased by 14.5%, which is significant and has bearing
on the operational life of the heat exchanger. Corrosion
rate has been affected by velocity variation at sea water
condition due to mainly high values of TDS and TSS
which cause the erosion corrosion also (Kuźnicka, 2009).
C. Comparative Corrosion in River and Sea Water
The cooling water properties as presented in Table 1
indicate that the pH values and dissolved oxygen are very
closer for both river water and sea water, so their
contribution would have been nearer on corrosion behavior
of copper tube. But the sea water has significantly higher
values of TDS (28000 𝑚𝑔/𝑙𝑖𝑡𝑒𝑟), chloride (21000 𝑚𝑔/
𝑙𝑖𝑡𝑒𝑟 ), sulfate ( 1320 𝑚𝑔/𝑙𝑖𝑡𝑒𝑟 ) and conductivity
(48000 µ𝑆/𝑐𝑚) than those of the river water, and thus the
sea water is more corrosive than the river water.
Figure 8 illustrates the maximum values of corrosion rates
in sea water side by side that in river water at the operating
temperatures of 20℃ , 40℃ , 60℃ , and 80℃ for flow
velocity of 1.0 𝑚/𝑠, which indicates that the temperature
has considerable effects on the corrosion in both the
waters. The corrosion rate is increased with the increase in
operating temperature from 20℃ to 40℃ , from 40℃ to
60℃, and from 60℃ to 80℃ by 37.02% , 27.02% , and
23.41% respectively for river water. On the other hand,
the corrosion rate is increased with the increase in
operating temperature from 20℃ to 40℃ , from 40℃ to
60℃ and from 60℃ to 80℃ by 15.74% , 17.69% , and
3.47% respectively for sea water. It is noticed that
corrosion rates are increasing in both the environment, but
there is a big gap in the incremental values in two
corresponding environments. Moreover, no linearity in the
increment of corrosion rate against temperature is
observed. Another point to note that the corrosion rates in
sea water are found to be 4.70, 3.97, 3.68, and 3.09, times
higher than that of river water for the corresponding
operating temperatures of 20℃ , 40℃ , 60℃ , and 80℃ ,
respectively.
Figure 9 demonstrates the maximum values of corrosion
rates in sea water side by side that in river water for the
flow velocities of 1.0 𝑚/𝑠, 1.5 𝑚/𝑠, and 2.0 𝑚/𝑠 at the
operating temperature of 80℃. The corrosion rates in sea
water are found to be almost three times higher than that of
river water for all three flow velocities, i.e., 1.0 𝑚/𝑠 ,
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1.5 𝑚/𝑠 and 2.0 𝑚/𝑠 . However, the corrosion rate is
increased with the increase in flow velocity in both the
environments. For river water, the corrosion rate is
increased for the change of velocity from 1.0 𝑚/𝑠 to
1.5 𝑚/𝑠 and from 1.5 𝑚/𝑠 to 2.0 𝑚/𝑠 by 3.5% , and
3.3% , respectively. For sea water environment, the
corresponding increments in corrosion rate are 2.8% and
11.4%. Therefore, no linear relation has been observed for
velocity variation also.

Figure 8: The maximum values of corrosion rate against
operating temperatures for river water and sea water with
the flow velocity of 1.0 𝑚/𝑠

Figure 9: The maximum values of corrosion rate against flow
velocity for river water and sea water for the operating
temperature of 80℃

D. Microstructural Observation
The microstructures observed through OEM before
carrying out the corrosion test without etching, after
corrosion test for 30 days in river water and after corrosion
test for 30 days in sea water are presented as Figure 10 (a),
(b), and (c) respectively. Micrograph shown as Figure
10(a) configures smooth and regular microstructure of
copper material. Figure 10(b) depicts sign spots of
combined uniform, pitting and erosion corrosion occurred
by the river water for the duration of 30 days with the flow
velocity of 1.0 𝑚/𝑠 . On the copper surface, water is
bonded to a first layer copper atom by the oxygen
electrons. This surface offers easy interaction between the
hydrogen atoms of water and the topmost copper atoms

20

Rahman & Ahmed: Corrosion Behavior of Copper Based Heat Exchanger
Tube in Waters of Bangladesh Region at Varied Temperature and Flow Velocity

and results in this microstructure. Similarly, Figure 10(c)
elucidates huge number of spots indicating different kinds
of corrosion that occurred by the sea water for the duration
of 30 days with the flow velocity of 1.0 𝑚/𝑠. The chloride
ions present in the sea water environment have resulted in
breakage of the patina surface layer and aggravated the
corrosion (Srivastava & Balasubramaniam, 2005). For the
variation of operating temperature and flow velocity, no
significant differences have been observed in the
microstructures and as such those micrographs have not
been shown here.

to marine engineers, because the engine life is more
important than that of heat exchanger based on cost and
service values. Accordingly, on completion of the first
cycle of the corrosion test, i.e., after 30 days operations,
the tubes are cleaned as a part of routine maintenance using
standard chemical agents and the corrosion tests are carried
out for the second cycle of 30 days. Similarly, another
series of tests have been done for the third cycle of 30 days
operations.
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Figure 11: Mean corrosion rates of three operating cycles
along with error level against operating temperatures for
river and sea water with the flow velocity of 2.0 m/s

Figure 10: Micrographs with the magnification factor of
320𝑥: (a) before carrying out the corrosion test without
etching, (b) after corrosion test for 30 days in river water, and
(c) after corrosion test for 30 days in sea water

E. Life Span Assessment of Heat Exchanger
The life span estimation of a copper tube stack can provide
the schedule for major overhauling or renewal
requirements of a heat exchanger in line with the overall
refit/renovation plan of the vessel based on corrosion rate.
In the present study, it is observed that the curves for
weight losses as well as corrosion rates become flat after
30 days of operation both in river and sea water. Here, two
postulates may be taken into consideration, such as: (i) the
flat rate of corrosion obtained after 30 days may continue
throughout the lifetime of the heat exchanger, or (ii) the
ship’s crew may carry out chemical cleaning every after 30
days to avoid bio-fouling or marine growth for maintaining
heat transfer coefficient intact or at least within the cooling
requirement level. The second option is always preferable
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The life span of tube stack is then assessed with the
combined experimental results of three corrosion cycles.
The mean corrosion rates of the three cycles for four
operating temperatures are presented in Figure 11. Out of
mean corrosion rates for four operating temperatures, the
highest mean value is obtained for 80℃ , i.e., 8.7 ×
10−3 𝑚𝑚𝑝𝑦 with an error level of 6% for river water and
16.6 × 10−3 𝑚𝑚𝑝𝑦 with an error level of 5% for sea
water. Since the vessel needs to travel nearly one-fourth in
the river and three-fourth at sea route, the life span is
calculated taking corrosion rates of river and sea water
with the weightage values 1: 3 and incorporating the
allowance for error level. By this way, the life span is
found to be 24 years considering the uniform loss of
thickness, but practically it does not happen, because the
failure of heat exchanger tube normally originates at the
pitting location. Therefore, considering the pitting
susceptibility allowance of > 15%, the estimated life span
comes down to 20 years which is reasonable with the
designed life of the ship.
4.

CONCLUSIONS

This work presents a comprehensive experimental analysis
of locally manufactured marine engineering item such as,
shell and tube type heat exchanger for its life span
assessment based on corrosion behavior. Based on the
results obtained in the present work, the notable findings
can be summarized as follows:
i.

Copper tube of heat exchanger corroded both in
river water and sea water environments. The rate
of corrosion was higher at the beginning of heat
exchanger operation for both the environments.
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ii.

iii.

iv.

v.

Corrosion on copper tube in sea water
environment was about three times higher than
that of river water environment due to water
chemistry including dissolved oxygen, TDS, TSS,
chloride, conductivity, etc.
Corrosion increased with the increase of operating
temperature, but no linear relation was obtained.
However, the average weight loss gradient was
found to be 6.98 × 10−6 𝑔/𝑐𝑚2 /℃ in river water
while in sea water it was 10.35 × 10−6 𝑔/𝑐𝑚2 /
℃.
The effect of velocity was observed for both
environments, and the corrosion rates were found
to be increased by 6.8% in river water and 14.5%
in sea water with the change of velocity from
1.0 𝑚/𝑠 to 2 𝑚/𝑠.
The life span of copper tube (18 BWG) of heat
exchanger was estimated to be 20 years with the
three-fourth period of operations at sea and the
one-fourth at river water, which was proportionate
to the designed life of ship.
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