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Abstract 
 
This study investigated the efficiency of the physical water treatment method in preventing and controlling fouling 

accumulation on heat transfer surfaces in a laboratory heat exchange system with tap and artificial water. To investigate 
the fouling characteristics, an experimental test facility with a plate type heat exchange system was newly built, where 
cooling and hot water moved in opposite directions forming a counter-flow heat exchanger. The obtained fouling resis-
tances were used to analyze the effects of the physical water treatment on fouling mitigation. Furthermore, the surface 
tension and pH values of water were also measured. This study compared the fouling characteristics of cooling water in 
the heat exchange system with and without the mitigation methods for various inlet velocities. In the presence of the 
electrode devices with a velocity of 0.5m/s, the fouling resistance was reduced by 79% compared to that in the absence 
of electrode devices. 
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1. Introduction 

In the areas of air-conditioning systems for build-
ings and refrigeration or heat pump systems for indus-
tries, it is necessary to use the coolant for removing 
the heat generated from the condensing process. In 
general, tap water is used as the coolant for buildings, 
underground water is used for industries, and river 
water is used for district heating companies. However, 
for the cases of using the tap water and underground 
water, the coolant is usually sent to a cooling tower 
and is re-circulated after cooling down the heat by 
evaporating the water at the tower. In a re-circulating 
cooling system, concentration of mineral ions in wa-
ter continuously increases due to water evaporation. 
When the concentrated water is heated inside heat 
transfer equipment, the calcium and bicarbonate ions 
precipitate due to the changes in solubility, forming 

hard scale on the heat-transfer surfaces, and clogging 
pipes and manifolds. 

Fouling is defined as scale deposit layer such as the 
formation of calcium carbonate on heat transfer sur-
faces and occurs more rapidly when the concentrated 
water is circulated in the cooling towers and heat 
exchangers. The economic loss due to the fouling is 
one of the biggest problems in all industries dealing 
with heat-transfer equipment. It is very important to 
secure anti-fouling technology on the surfaces of heat 
exchange systems in order to reduce carbon dioxide 
products and utilize energy efficiently. Besides, as the 
fouling deposited on the heat transfer surfaces reduces 
the cross sectional areas of the flow passages, the 
flow rate of the coolant decreases and the pressure 
loss of the system increases [1]. 

Even though there are several researches reported 
in the worldwide open literature regarding improving 
the heat transfer rates of the heat exchange system 
against fouling, a complete solution is yet to come [2-
4]. 
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Domestically, researches related to the heat ex-
change system are focused only on structures of the 
heat exchanging system to improve the heat transfer 
efficiency. In the late 1990’s, the need for research on 
fouling were proposed but the number of publications 
was limited [5]. 

The objectives of this study were to investigate the 
characteristics of cooling water fouling in the heat 
exchange system depending on the two kinds of water 
as a coolant and to compare the fouling accumulation 
on heat transfer surfaces in the presence and the ab-
sence of the mitigation devices for various inlet ve-
locities.  
 

2. Fouling 

2.1 Fouling 

When any undesirable material is deposited on a 
heat exchanger surface, it is traditionally called foul-
ing [6], and it is further classified into precipitation 
fouling, particulate fouling, chemical reaction fouling, 
corrosion fouling, biological fouling, and freezing 
fouling. In general, the fouling that occurs in indus-
trial heat exchange systems is due to precipitation 
fouling. 
Fig. 1 shows the heating process of salt solution solu-
bility. Since the inlet temperature of the coolant flow-
ing through the heat exchange system is varying, its 
solubility is also changed. As the temperature of the 
salt solution (T1) increases along the saturation curve, 
precipitation fouling occurs when the solubility ex-
ceeds the saturation temperature (Ts) [7].  

Water qualities of cooling water causing fouling 
are CaCO3, BaSO4, CaSO4, Silica, and Fe. Since do-
mestic city water contains calcium ions, the major 
precipitation fouling part is CaCO3 when tap water is 

 

 
Fig. 1. A heating process of salt solution solubility. 

used as a coolant in a heat exchanger [8]. 
 

2.2 Fouling resistance 
The fouling resistance, Rf, can be expressed as fol-

lows: 
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Where Uf is the heat transfer coefficient in the pres-
ence of the fouling, and Uc is the heat transfer coeffi-
cient in the absence of the fouling. These heat transfer 
coefficients are calculated as follows: 
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Where A is the cross sectional area of the flow and 
LMTDT∆  is the logarithmic mean temperature differ-
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The amount of the heat transfer rate, Q&, can be 
calculated as follows. 
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In Eqs. (3) and (4), LMTDT∆  and Q& are calculated 
from the measured temperatures of the heat ex-
changer’s inlet and outlet and the measured volumet-
ric flow rates. Those of the heat exchanger’s tempera-
tures are measured by thermocouples and then con-
verted into different voltage values by using an A/D 
board. With the use of Visual Basic and Excel, 

LMTDT∆  and Q& are calculated from the converted 
voltage values. Finally, the fouling resistance, Rf, in 
Eq. (1) is evaluated from the relationship of Eq. (2). 
 

3. Experimental setup 

3.1 Experimental water 

Because the quality of water affects fouling differ-
ently, the selection of the water for the experiment is 
very important. In this study, tap water and artificial 
water were chosen. Compared with the waters in 
Europe and America, the domestic water has less 
hardness [9]. Since the low hardness of water results 
in slow fouling, this study used hard water with high 
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concentration to reduce the required experimental 
time.  

This study focused on the water circulating through 
the cooling tower. The tap water completed the con-
centration process by circulating through the cooling 
tower until 2,000 µS/cm of the electrical conductivity 
achieved was used. However, due to the longer ex-
perimental time, artificial water added with chemicals 
was also used instead of the direct use of the tap water 
[10]. CaCl2 of 0.669 g and NaCO2 of 0.784 g were 
artificially added into 1 liter of the tap water. The 
waters used were carefully analyzed before and after 
the experiments. With the use of EDTA (Ethylene 
Diamine Tetraacetic Acid), total hardness, calcium 
hardness, alkalinity, and chloride of the water were 
analyzed. Also, the electrical conductivity and the pH 
value of water were measured. 

 
3.2 Experimental apparatus  

To investigate the fouling characteristics in a heat 
exchange system, an experimental test apparatus with 
a plate type heat exchanger was newly built. A sche-
matic diagram of the fouling test apparatus is shown 
in Fig. 2. This experimental setup consists of the wa-
ter concentration adjustment part and the fouling 
forming part.  

The water concentration adjustment part included a 
cooling tower, an electrical heater, a hot-water sup-
plying pump, a cold-water supplying pump, an elec-
trical conductivity meter, a heat exchanger, a large 
water reservoir, flow meters, and several valves. To 
increase the water concentration, the water flowing 
through the electrical heater was evaporated at the 
cooling tower and then new water was added.  

The fouling forming part consisted of a copper 
plate as a heat-transfer surface, an observation win-
dow, a cooling-water channel, and a hot-water chan-
nel. The effective roughness of the copper plate used 
was 1.5 µm. The cooling water and hot water flowed 
in opposite directions, thus forming a counter-flow 
heat exchanger. In order to accelerate the fouling 
process, a high heat flux was used and the water con-
centration was increased to 2,000 µmhos/cm.  

To visualize the formation of fouling on the heat 
transfer surface, real time images were obtained by 
using a CCD camera with microscopy (×40). X-ray 
diffraction method was also used to characterize foul-
ing structures. Fouling resistances and overall heat 
transfer coefficients were experimentally measured to 
examine fouling characteristics. 

 
 
Fig. 2. Schematic diagram of the experimental apparatus. 
 

 
 
Fig. 3. Schematic diagram of the metal electrode device. 

 
Temperatures at the inlet and outlet of the test sec-

tion were measured by four thermocouples and re-
corded by an A/D board in real-time. The inlet tem-
perature of the cold water was maintained at 30±0.5 
°C by a cooling fan at the cooling tower. However, 
the inlet temperature of the hot water was regulated at 
95±0.5 °C by an electrical heater. The flow velocity 
of cooling water in the test section was changed in a 
range of 0.5-1.5 m/s, while the velocity of hot water 
was fixed at 3 m/s. 

In this study, the low voltage method was adopted 
to investigate the effects of fouling mitigation devices 
with metal and carbon electrode devices on the pre-
vention of fouling. Fig. 3 shows a schematic diagram 
of the metal electrode device and Fig. 4 shows the 
ring-type graphite electrode device. The graphite elec-
trode device has two rings. Inner and outer diameters 
of the rings are 9.5 mm and 18mm. The distance be-
tween two rings is 12 mm. These electrode devices 
were installed at the inlet of the heat exchange system. 
Fig. 5 shows 12 volts of the square wave signal sup-
plied into the electrode devices. The current supplied 
in to  the electrodes was maintained at 2.5 mA by a  
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Fig. 4. Schematic diagram of the graphite electrode device. 

 
 

 
 
Fig. 5. 12 volts of square wave signal captured by an oscillo-
scope for electrode devices. 

 
 

variable resistance and the input frequency was 
1,100 Hz. 
 

4. Experimental results and discussion 

4.1 Water analyses 

Depending on the water used, Table 1 shows the 
results of the water analyses. Tap water was taken at 
the experimental laboratory and hard water was con-
centrated in a cooling tower. As can be seen from 
Table 1, the electrical conductivity and the total hard-
ness of the tap water were 158 µS/cm and 62 mg/l, 
and those values of the hard water were 2,000 µS/cm 
and 770 mg/l. The electrical conductivity and the total 
hardness of the hard water were increased about 12 
times than those of the tap water by the concentration 
process. For the artificial water, the electrical conduc-
tivity and the total hardness were about 1,400 µS/cm 
and 230 mg/l. 

 

Table 1. Properties of the water samples. 
 

 Tap 
water 

Tap water 
(hard water) 

artificial 
water 

Conductivity (μ S/cm) 158 2000 1400 

pH 7.4 8.3 7.7 

Ca Hardness (mg/ℓ ) 50 640 220 

Mg Hardness (mg/ℓ ) 12 130 10 

Total Hardness (mg/ℓ ) 62 770 230 

Alkalinity (mg/ℓ ) 40 185 250 

Chloride (mg/ℓ ) 26 340 380 
 
 

4.2  Fouling formation with and without the anti-
fouling devices 

Using the experimental setup specified in Fig. 2, 
fouling was formed according to the tap and artificial 
waters. About 300 hours of the experimental time was 
required for the tap water and 100 hours was required 
for the artificial water. As can be seen from Fig. 6, the 
fouling coefficients were about 1.23×10-4 m2K/W 
for 0.5 m/s, 3.53×10-5 m2K/W for 1.0 m/s, and 1.53
×10-5 m2K/W for 1.5 m/s. As the flow velocity in-
creased, the fouling coefficient sharply decreased. Fig. 
7 shows the variations of the fouling coefficient ac-
cording to the different flow velocities for the artifi-
cial water. The fouling coefficients after 25 hours 
were about 9.83×10-5 m2K/W for 0.5 m/s, 1.83×10-5 
m2K/W for 1.0 m/s, and 0.33×10-5 m2K/W for 1.5 
m/s. Similarly, as can be seen from the results ob-
tained by the tap water, the fouling coefficient de-
creased as the flow velocity increased. When the flow 
velocity is high, some of the particles that arrive at a 
surface fail to stick and return to the bulk flow. 
Whereas, some particles hit the surface and rebound 
into the flow by a removal mechanism. Therefore, the 
fouling coefficient decreases as the flow velocity 
increases. The above fouling coefficients were mean 
overall averaged values since the fouling on the sur-
face might not be formed uniformly. 

Figs. 8 to 11 show the effects of fouling mitigation 
for tap and artificial waters depending on the different 
flow velocities. For a flow velocity of 0.5 m/s, the 
fouling resistance of tap water was 1.223×10-4 
m2K/W in the absence of the anti-fouling device and 
2.573×10-5 m2K/W with the metal electrode device 
after 250 hours. The fouling coefficient was de-
creased by approximately 79% with the use of elec-
trode device in Fig. 8. However, for a flow velocity of  
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Fig. 6. Variations of the fouling coefficient for tap water. 

 
 

 
 
Fig. 7. Variations of the fouling coefficient for artificial water. 

 
 

1.0 m/s, the fouling resistance was 6.643×10-5 
m2K/W without the anti-fouling device and 2.433×
10-5 m2K/W with the metal electrode device in Fig. 9. 
As the flow velocity increased, the effect of fouling 
mitigation slightly reduced. With the use of the artifi-
cial water, the fouling resistances were 9.83×10-5 
m2K/W in the absence of the anti-fouling device, 3.83
×10-5 m2K/W with the metal electrode device, and 
6.33×10-5 m2K/W with the graphite electrode device 
for the flow velocity of 0.5 m/s after 26 hours in 
Fig. 10. For a flow velocity of 1.0 m/s, the fouling 
resistances were 3.33×10-5 m2K/W in the absence of 
the anti-fouling device, 2.143×10-5 m2K/W with the 
metal electrode device, and 2.623×10-5 m2K/W 

 
 
Fig. 8. Variations of the fouling coefficient for tap water with 
the electrode mitigation device (average velocity, 0.5 m/s). 

 

 
 
Fig. 9. Variations of the fouling coefficient for tap water with 
the electrode mitigation device (average velocity, 1.0 m/s). 

 

 
 
Fig. 10. Variations of the fouling coefficient for artificial 
water with/without the electrode mitigation devices (average 
velocity, 0.5 m/s). 
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Fig. 11. Variations of the fouling coefficient for artificial 
water with/without the electrode mitigation devices (average 
velocity, 1.0 m/s). 

 
with the graphite electrode device in Fig. 11. The 
fouling resistances for the metal and graphite elec-
trode devices were decreased by about 35% and 
21%, respectively. It was found that the electrode 
fouling prevention devices reduced the formation of 
aragonite calcium carbonate compared to the 
case of the absence of mitigation devices. 

 
4.3 pH variations 

Several researchers found that the value of pH af-
fected the results of the fouling. As the value of pH 
increased, the amount of the precipitation fouling 
decreased. While the value of pH decreased, the 
amount of the precipitation fouling increased [11]. 
Since a decrease in pH value increases the solubility 
of CaCO3, the tendency of CaCO3 precipitation can 
be indirectly estimated by monitoring pH changes in 
water. Thus, the effects of fouling mitigation devices 
could be evaluated by measuring the variations of the 
pH values.  

To investigate the effects of pH on the fouling, the 
pH values were measured according to the numbers 
of cooling water circulations through the fouling 
mitigation device as was shown in Fig. 12. The num-
ber of circulations was calculated by dividing the total 
amount of the cooling water flowing through the foul-
ing mitigation device into the amount of water at the 
large water reservoir. During these measurements, the 
velocity at the fouling mitigation devices was con-
trolled at 1 m/s. The pH values were measured at two  

Table 2. Variations of pH according to the number of the 
cooling water circulation. 
 

Number 
of circulation 

 pH at the reser-
voir 

 pH at the elec-
trode surface 

0 7.89 7.89 
1 7.89 8.10 
2 7.91 8.11 
3 7.98 8.15 
5 7.94 8.14 
10 7.98 8.12 
20 7.98 8.13 

 

 
 
Fig. 12. Variations of pH according to the number of cooling 
water circulations. 

 
different locations. One was at the cooling water res-
ervoir and the other was at the electrode surface of the 
fouling mitigation device. To measure the pH at the 
electrode surface, a needle having a diameter of 0.7 
mm was installed at 0.5 mm above the electrode sur-
face. Then the surface water was taken from the nee-
dle that was parallel to the flow direction. 

Table 2 and Fig. 12 show the variations of the pH 
at the two locations. The values of pH at the water 
reservoir gradually increased after the first circulation 
and then maintained the same values after three times 
of the cooling water circulations. The values of pH at 
the electrode surface largely increased as soon as the 
cooling water circulated through the fouling mitiga-
tion devices, and then maintained the same values 
after three circulations of the cooling water. It could 
be concluded that the precipitation fouling decreased 
with the fouling mitigation devices since the pH val-
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ues largely increased as soon as the cooling water 
circulated. 

 
4.4 Surface tension variations 

Surface tension is a property of the liquid and de-
pends on the other fluid in contact with it at the inter-
face. The surface energy of a liquid-liquid state is less 
than that of a solid-liquid state in water [12]. Hence, 
the surface energy at the interface of water molecules 
and the glass tube is much bigger than that of between 
two water molecules. However, as the number of the 
colloidal particles increases in the water, the surface 
energy at the interface of water molecule and colloi-
dal particles increases. In other words, the surface 
energy at the interface between water molecule and 
glass tube decreases relatively. Therefore, the surface 
tension of the water decreases as the number of col-
loidal particles increases in the water. The colloidal 
particles that led to bulk precipitation might have 
reduced the fouling on the surface. Thus, it is possible 
to predict the fouling mitigation effects by measuring 
the surface tension. 

Fig. 13 depicts a schematic diagram of a capillary 
tube system to measure the surface tension of water, 
and Table 3 shows the results of the water surface 
tensions measured after passing through the graphite 
electrodes. In Table 3, ρ is the density of water, h and 
R denote the height of the water column and the ra-
dius of the capillary tube and σ is the surface tension, 
defined by Equation (5):  

 
σ = ρghR/2  (5) 
 
To measure the surface tension of water accurately, 

the height of water in the Pyrex glass capillary 
tube inserted into sample was recorded. The diameter 
of the capillary tube was 1.15 mm and the length was 
100 mm. The end of the capillary tube has sharp 
edges to reduce the interfacial force and it was in-
serted about 5 mm beneath the water surface by a 
height control screw to measure the liquid level. Since 
the surface tension depended on the temperature, the 
temperature of the tested water was maintained at 
25 °C. 

The uncertainty analysis for the height of the water 
column measurements in Table 3 showed about ±1% 
error. As can be seen from the table, the surface ten-
sion of the artificial water decreased with the increase 
of the circulation. Thus, the fouling mitigation device 

Table 3. Results of the surface tension measurements for 
artificial water with the numbers of the circulation (graphite 
electrode). 
 

Numbers 
of circulation

(0.5 m/s) 
h (mm)  ρ (kg/㎥) R (m)  σ  

(N/m) 
Reduction
rate (%) 

0 25.6 997.1 0.00057 0.07133 0.0 
1 25.4  997.1 0.00057 0.07077 0.78 
2 25.0  997.1 0.00057 0.06966 2.3 
3 25.0  997.1 0.00057 0.06966 2.3 
5 24.3  997.1 0.00057 0.06771 2.1 
10 23.2  997.1 0.00057 0.06465 9.4 
20 23.0  997.1 0.00057 0.06401 10.2 

 

 
 
Fig. 13. Schematic diagram of the surface tension measure-
ments. 

 
might have reduced the fouling resistance through 
bulk precipitation. 
 
5. Conclusions 

This study suggested fouling mitigation methods 
by using electrode devices. This study investigated 
the efficiency of the fouling mitigation devices in 
preventing and controlling fouling accumulation on 
heat transfer surfaces in the laboratory heat exchange 
system with tap and artificial water. Fouling coeffi-
cients, pH values, and surface tensions of the cooling 
water were experimentally measured with and with-
out the mitigation devices for various inlet velocities. 
Based on these experimental results, this study sug-
gests the following. 

(1) With the use of the tap and artificial waters, the 
fouling coefficients were strongly dependent on the 
velocity of the flow since the fouling resistances were 
sharply increased as the flow velocity changed from 
1.0 m/s to 0.5 m/s. 

(2) For a flow velocity of 0.5 m/s, the fouling coef-
ficients of the tap water were decreased by about 79% 
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after 250 hours with the use of the electrode device. 
However, for a flow velocity of 1.0 m/s, the fouling 
coefficients were decreased by about 63%. 

(3) For a flow velocity of 0.5 m/s, the fouling coef-
ficients were decreased by about 61% in the metal 
electrode device, and 36% in the graphite electrode 
device with the use of artificial water. For a flow ve-
locity of 1.0 m/s, the fouling coefficients in the metal 
and graphite electrode devices were decreased 
by about 35% and 21%, respectively. 

(4) The precipitation fouling decreased with the 
fouling mitigation devices since the pH values largely 
increased as soon as the cooling water circulated 
through the mitigation device. 

(5) The surface tension of the artificial water de-
creased due to the increase of the flow circulation. 
Thus, the fouling mitigation device reduced the foul-
ing resistance through the bulk precipitation. 
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