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Abstract

The objective of the present study was to investigate the validity of an electronic anti!fouling "EAF# technology in
the mitigation of precipitation fouling in a once!through ~ow system with a single!tube heat exchanger[ E}ects of ~ow
velocity and water hardness on the e}ectiveness of the EAF technology were experimentally studied[ The water hardness
varied from 6[4 to 09 mol m−2 as CaCO2[ For both 6[4 and 09 mol m−2 solutions\ the EAF treatment reduced fouling
resistance by 19Ð27) at a ~ow velocity between 9[41 and 9[67 m s−0[ As the velocity decreased to 9[17 m s−0\ the EAF
treatment was not helpful in reducing fouling[ SEM photographs of scale produced from the 09 mol m−2 solution at
9[67 m s−0 indicated that calcium carbonate scales without the EAF treatment were needle!shaped aragonite\ which is
sticky\ dense\ and di.cult to remove[ Scales with the EAF treatment showed a cluster of elliptic shape crystals[ Both
the heat transfer test results and SEM photographs obtained in the present study support the validity of the EAF
technology in mitigating precipitation fouling[ Þ 0887 Elsevier Science Ltd[ All rights reserved[

Nomenclature

A heat transfer surface area ðm1Ł
A cross sectional area vector ðm1Ł
B magnetic _eld strength vector ðN A−0 m−0Ł
dO outside tube diameter ðmŁ
DH hydraulic diameter ðmŁ
DS inside shell diameter ðmŁ
E induced electric _eld intensity vector ðV m−0Ł
Q heat transfer rate ðWŁ
Rf fouling resistance ðm1 K W−0Ł
s line vector along the circumferential direction ðmŁ
t time ðsŁ
Tc\in inlet temperature of cold water ðKŁ
Tc\out outlet temperature of cold water ðKŁ
DTLMTD log!mean!temperature!di}erence ðKŁ
U overall heat transfer coe.cient based on outside tube
diameter ðW m−1 K−0Ł
Uclean overall heat transfer coe.cient at clean state
ðW m−1 K−0Ł
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0[ Introduction

When hard water is heated "or cooled# in heat transfer
equipment\ scaling occurs[ When scales deposit on a heat
exchanger surface\ it is traditionally called {fouling|[ The
type of scale di}ers from industry to industry\ depending
on the mineral content of the available water[ One of
the most common forms of scale is calcium carbonate\
CaCO2\ which is the subject of the present study[

Once scales build up on a heat transfer surface\ at
least two problems associated with scales occur[ The _rst
problem is the degradation in the performance of the
heat transfer equipment[ Due to the small thermal con!
ductivity of scales\ a thin coating of scales on the heat
transfer surface will greatly reduce the overall heat trans!
fer performance[ The second problem is that a small
change in tube diameter substantially decreases the ~ow
rate or increases the pressure drop across the heat transfer
equipment[

Various scale!inhibiting chemicals such as dispersing
or chelating agents are used to prevent scales ð0Ł[ Ion
exchange and reverse osmosis are also used to reduce
water hardness\ alkalinity\ and silica level ð0Ł[ However\
these methods are expensive at the industrial level\ and
require heavy maintenance for proper operation[ Once
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fouling occurs in a heat exchanger\ scales are removed
by using acid chemicals\ which shorten the life of heat
exchanger tubes\ thus necessitating premature replace!
ment[ When acid cleaning is not desirable\ scraping\
hydro!blasting\ sand blasting\ metal or nylon brushing is
used\ operations which incur downtime and repair costs[

The objective of the present study was to conduct foul!
ing experiments in a once!though ~ow system to examine
whether an electronic anti!fouling technology mitigates
precipitation fouling in a heat exchanger or not[ Flow
velocity and water hardness were varied to provide
di}erent fouling conditions\ in which the performance of
an electronic anti!fouling treatment was examined[

1[ Operating principle of electronic anti!fouling

technology

Figure 0 shows a schematic diagram of the operation
of an electronic anti!fouling "EAF# device[ A wire is
wrapped around a feed pipe to a heat exchanger\ forming
a solenoid[ The two ends of the wire are connected to the
EAF control unit[ The EAF unit produces a pulsing
current to create time!varying magnetic _elds inside the
pipe[ Subsequently\ the time!varying magnetic _eld cre!
ates an induced electric _eld inside the pipe\ a phenom!
enon which can be described by Faraday|s law ð1Ł]

gE = ds � −
1

1tgB = dA "0#

In order to maximize the induction\ a pulsing current
having a square!wave signal is used[ The current and
frequency of the square!wave signal used in the present
study were 9[1 A and 499 Hz respectively[ More detailed

Fig[ 0[ Schematic diagram of the concept of electronic anti!fouling "EAF# technology[ EAF control unit produces a solenoid!induced
molecular agitation through Faraday|s law and is installed in a feed pipe prior to heat exchanger[

descriptions on the operating principle of the electronic
anti!fouling device can be found elsewhere ð2Ð6Ł[

The induced electric _eld\ which oscillates with time\
provides molecular agitation to charged mineral ions
such that dissolved mineral ions such as calcium and
bicarbonate collide and precipitate with the help of
impurities in water "e[g[ iron oxide particles#[

Ca1¦¦1HCO−
2 : CaCO2¦H1CO2 "1#

As ~uid temperature increases inside a heat exchanger\
precipitated CaCO2 particles and heat exchanger surface
compete for dissolved mineral ions inside the heat
exchanger[ Since the combined surface area of the CaCO2

particles can be greater than the surface area of the heat
exchanger\ the fouling at the heat exchanger surface can
be mitigated or prevented[

The concept of introducing _ne particles to reduce
fouling is not new[ Troup and Richardson ð7Ł\ who
reviewed both chemical and physical methods of water
treatment used to prevent fouling in heat exchangers\
reported that fouling could be reduced by simply feeding
_ne CaCO2 particles or forming Al"OH#2 particles in
solution using aluminum electrodes across which an alter!
nating current was passed[

It is of note that the precipitation of CaCO2 particles
by the electronic anti!fouling technology occurs in the
presence of hard water[ Hard water has excess dissolved
mineral ions well above the saturation limit of each dis!
solved ion\ and hence the water becomes unstable ð8Ł[ It
is this supersaturated and unstable nature of hard water
that causes {severe| fouling in a heat exchanger in a time
period of weeks or months[ Of course\ fouling also occurs
with saturated water when it becomes supersaturated
inside a heat exchanger[ In this case\ the fouling takes
place slowly\ i[e[ over a period of years\ and the use of
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either chemical or physical scale prevention method is
often not justi_ed from economical reasons[

2[ Experimental method

Figure 1 schematically shows the test facility which
consists of two reservoir tanks\ two pumps\ two ~ow
meters\ a static mixer\ an electronic anti!fouling control
unit\ a solenoid coil\ the main heat transfer test section
made of a shell!and!tube heat exchanger\ and a plate!
and!frame heat exchanger[

Most previous fouling studies ð09Ð04Ł were conducted
using a recirculating ~ow system[ The critical drawback
of conducting a fouling test using a recirculating system
is the continuous reduction of hardness during the test[
Indeed\ most fouling problems in the real world occur in
a once!through ~ow system or in a circulating system
where the hardness of cooling water does not vary with
time[ In order to create the best simulation of fouling
problems occuring in the real world\ the present study
conducted fouling test in a once!through ~ow system[

Fig[ 1[ Schematic diagram of a once!through ~ow system with a counter!~ow single!tube heat exchanger[ An EAF solenoid coil is
located between pump and the inlet of the main heat transfer test section[

The main heat transfer test section was made of two
concentric copper tubes\ which form a counter!~ow heat
exchanger[ Two reducing unions were used at both the
inlet and outlet of the heat exchanger for easy connection
between the heat exchanger and connecting tubes[ Hard
"cold# water was pumped to the shell side whereas hot
water moved through the tube side[ Hence\ scales were
deposited on the shell side only[ The inside shell diameter
was DS � 9[90573 m\ whereas the tube outside diameter
was dO � 9[90164 m\ rendering the hydraulic diameter
DH � 9[99398 m[ The diameter of both the inlet and
outlet connecting tubes was 9[9098 m[ The axial length
of the tube in the heat exchanger was 9[6 m[

Since the hardness of tap water available in Phi!
ladelphia is approximately 0[4 mol m−2 as CaCO2\ it is
not suitable for fouling experiments[ Note that 0 mol m−2

is equal to 099 mg L−0 for CaCO2[ Therefore\ hard water
in a range of 6[4 to 09 mol m−2 was prepared in a labora!
tory[ For example\ in order to prepare 09 mol m−2 CaCO2

solution\ calcium chloride "CaCl1# of 333 g was dissolved
in one tank containing 9[1 m2 water\ and sodium bicar!
bonate "NaHCO2# of 561 g was dissolved in the other
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tank of the same size[ The two solutions were pumped
using two separate pumps\ passed through ~ow meters\
and later mixed using a static mixer as shown in Fig[ 1[
Table 0 gives values of alkalinity\ electric conductivity\
and pH of each concentration solution[

The inlet temperature of the hard water was main!
tained at 29129[4 K for all tests[ Flow rates varied from
1[60×09−4 m2 s−0 "9[32 U[S[ gal min−0# to 6[46×09−4

m2 s−0 "0[1 U[S[ gal min−0#\ which resulted in the shell!
side velocity of 9[17 and 9[67 m s−0\ respectively[ The
Reynolds numbers corresponding to 9[17 and 9[67 m s−0

were 0769 and 4919\ respectively[ It is of note that the
viscosity and density of the hard water used in the Rey!
nolds number calculation were evaluated at an average
temperature of the hard water[

Thermocouples used in the present study were Omega
model TMTSS!014G!5 "grounded copperÐconstantan T
type#[ Calibration was carried out at 162 and 262 K\
con_rming the manufacturer|s claim of the accuracy of
29[0 K[ The temperature of the hot stream entering the
tube side varied from 244 to 25620[9 K[ To produce hot
water continuously\ a plate!and!frame heat exchanger
was used\ where high pressure steam provided by the
Philadelphia city steam network was used[ Flow meters
were also calibrated over a range of 5[2×09−5 to
5[2×09−4 m2 s−0 by measuring the weight of water
accumulated over time\ and the calibration results were
reported elsewhere ð05Ł[

The overall heat transfer coe.cient\ U\ was calculated
as a function of time using the log!mean!temperature!
di}erence "LMTD# ð06Ł\ which was obtained from the
four temperatures measured at both the inlet and outlet
of cold and hot streams[ Fouling resistance\ R\ was cal!
culated using the usual de_nition ð07Ł[

Q � UADTLMTD � m¾ cCp"Tc\out−Tc\in# "2#

U �
m¾ cCp"Tc\out−Tc\in#

ADTLMTD

"3#

and

Rf �
0

U"t#
−

0
Uclean

"4#

where Uclean is the overall heat transfer coe.cient cor!
responding to the clean state\ i[e[ at t � 9[ The Uclean

Table 0
Values of alkalinity\ electric conductivity\ and pH of each concentration solution[ Also shown are the amounts of calcium chloride
"CaCl1# and sodium bicarbonate "NaHCO2# required for one liter of 6[4 and 09 mol m−2 solution

Concentration CaCl1 NaHCO2 Alkalinity Conductivity
"mol m−2# "mol# "mol# "mg l−0# "mS cm−0# pH

6[4 9[9964 9[904 659Ð709 2959Ð2089 6[77Ð7[09
09 9[90 9[91 879Ð0939 2759Ð2849 6[70Ð7[94

average values for 9[17\ 9[41\ 9[54 and 9[67 m s−0 cases
were 1359\ 1005\ 2334 and 3029 W m−1 K−0\ respectively[

The errors estimated from the uncertainty analysis for
Q\ U\ Rf and A "heat transfer surface area# were 1[4)\
1[7)\ 6[6)\ and 0[0)\ respectively[ During the course
of the present fouling experiment\ it was discovered that
the accuracy of the outlet temperature reading could be
signi_cantly a}ected by the scaling of the thermocouple
probe itself ð08Ł[ Therefore\ the thermocouple measuring
the outlet temperature of the cold water was cleaned
every time before each temperature measurement[ It is
speculated that much of the previous fouling data in the
literature might have been seriously a}ected by the probe
fouling because the thermocouple fouling could easily
cause a temperature measurement error by several
degrees ð08Ł[

3[ Results and discussion

Figure 2 represents variation in fouling resistance as a
function of time at a ~ow velocity of 9[67 m s−0 "0[1 U[S[
gal min−0# and a concentration of 09 mol m−2 with and
without electronic anti!fouling "EAF# device[ The hot
water inlet temperature was 256 K for both cases\ and
the ~ow velocity of hot water was 1[12 m s−0 "2[2 U[S[
gal min−0#[ The fouling resistance for both cases\ as mani!
fested by the slopes in Fig[ 2\ increased linearly with time[

From the slope of the curve of Rf vs time in Fig[ 2\ the
fouling rate without the EAF device was calculated as
0[34×09−5 m1 K J−0\ whereas the value with the EAF
device was 0[04×09−5 m1 K J−0[ At the end of 75 min of
operation\ the fouling resistance without the EAF device
was 0[29×09−3 m1 K W−0\ whereas it was 0[94×09−3

m1 K W−0 with the EAF device\ a 19) drop[
It was hypothesized that the EAF treatment produced

CaCO2 particles\ reducing the concentration of calcium
ions in bulk solution and subsequently the scale deposit
rate[ In order to examine this hypothesis\ a scanning
electron microscope "SEM# was used to visualize crystal
structures of scales[ SEM photographs given in Figs[ 3"a#
and 3"b# were obtained from scaled tubes produced at a
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Fig[ 2[ Fouling resistances vs time for two di}erent cases] without and with electronic anti!fouling "EAF# device[ Concentration of test
solution�09 mol m−2^ cold water ~ow velocity�9[67 m s−0^ hot water ~ow velocity�1[12 m s−0^ hot water inlet temperature�256 K[

~ow velocity of 9[67 m s−0 and a concentration of 09 mol
m−2 without and with EAF device\ respectively[

Scale specimen for SEM was prepared with a utility
knife by scraping small amounts of scales from the outlet
region of each scaled tube[ SEM photographs of scales
produced without the EAF device "Fig[ 3"a## revealed
that CaCO2 scales were needle!shaped aragonite ð19Ł\
whose dimensions were approximately 14 mm×1 mm[
Aragonite is a dangerous form of calcium carbonate
scale\ which is crystallized at a temperature above 297 K
ð19Ł[ It is sticky\ dense\ and di.cult to remove[ The long!
needle shaped crystals con_rm that the precipitation reac!
tion occurred on the heat transfer surface without the
EAF device[

In contrast\ the scales produced with the EAF device
"Fig[ 3"b## depicted a very di}erent structure from the
one produced without the EAF device[ The scales pro!
duced with the EAF device were a cluster of small elliptic
shape particles "e[g[ 09 mm×2 mm# with no particular
orientation\ suggesting that many _ne particles were
formed in bulk solution\ attached to the heat transfer
surface\ and then grew in size through precipitation reac!
tion[

The SEM photographs in Fig[ 3 support the hypothesis
of the EAF technology\ which is to convert dissolved
mineral ions into crystals in a bulk solution\ thus reducing
both the di}usion of dissolved ions to the heat transfer
surface and subsequent precipitation reaction on the heat
transfer surface[ As a result\ the production of aragonite
type calcium carbonate is prevented[ Calcium carbonate
crystals formed with the EAF device appeared to be
loosely connected[ In other words\ the scales formed with
the EAF device may be removed at a small ~ow velocity
"e[g[ 0 m s−0#\ whereas the scales formed without the
EAF device may not be removed even at a large ~ow
velocity "e[g[ 4 m s−0#[

Figure 4 represents variation in fouling resistance as a
function of time at a ~ow velocity of 9[41 m s−0 and a
concentration of 09 mol m−2 with and without the EAF
device[ The hot water inlet temperature was maintained
at 250 K for both cases\ and the ~ow velocity of hot water
was 9[63 m s−0[ In spite of a reduced ~ow velocity of cold
water "i[e[ 9[41 m s−0#\ the fouling resistance leveled o}
after approximately 89 min of operation\ reaching
asymptotic fouling resistances of 6[72×09−4 m1 K W−0

and 5[92×09−4 m1 K W−0 for the cases without and with
the EAF device\ respectively[ The asymptotic fouling
resistance obtained with the EAF device was 12) less
than that without the EAF device[

Figure 5 shows variation in fouling resistance as a
function of operating time at a cold water ~ow velocity
of 9[17 m s−0 and a concentration of 09 mol m−2 with
and without EAF device[ The hot water inlet temperature
was 256 K for both cases\ and the ~ow velocity of hot
water was 1[12 m s−0*a severe fouling condition[ At
the end of 139 min of operation\ the fouling resistance
obtained with the EAF device was almost identical to the
one obtained without the device[ The EAF treatment at
this reduced ~ow velocity was found to be not useful in
mitigating fouling[

In order to understand why the EAF treatment did not
reduce fouling under these severe fouling conditions\ one
can examine the fouling curve in Fig[ 5[ Initial fouling
rate without the EAF device was greater than that with
the EAF device "i[e[ see the slope of the fouling curves at
t � 9#[ Hence\ more scales deposit on tube surface with!
out the EAF device\ reducing scale surface temperature[
Subsequently\ less scales deposit due to the decrease in
the surface temperature\ as indicated by arrow {A| in
Fig[ 5[ On the other hand\ less scales deposit initially with
the EAF device[ Subsequently\ the heat transfer surface
maintains the initial high temperature\ and fouling con!
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Fig[ 3[ Photographs taken using a scanning electron microscope with scale specimen from scaled tubes produced at a ~ow velocity of 9[67
m s−0 and a concentration of 09 mol m−2 "a# without electronic anti!fouling device and "b# with EAF device[ Magni_cation � 0499×[

tinues to progress as indicated by arrow {B| in Fig[ 5[ As
enough scales deposit on the tube surface\ the surface
temperature drops eventually\ resulting in the same
asymptotic fouling resistance as the one without the EAF
device[

Figure 6 presents variation in fouling resistance as a
function of time at a ~ow velocity of 9[67 m s−0 and a
concentration of 6[4 mol m−2 with and without the EAF
device[ The hot water inlet temperature was 256 K for
both cases\ and the ~ow velocity of hot water was 1[12 m
s−0[ At the end of 78 minutes of operation\ the fouling
resistance without the EAF device was 4[98×09−4 m1

K W−0\ whereas the value with the EAF device was
2[67×09−4 m1 K W −0\ a 15) drop[ Compared with the
results given in Fig[ 2\ the percentage drop in the fouling
resistance due to the EAF device was greater for the 6[4

mol m−2 solution than for the 09 mol m−2 solution\
suggesting that as a fouling condition becomes less severe
the bene_t of the EAF treatment becomes larger[

In order to verify this suggestion\ the inlet temperature
of hot water was reduced from 256 K to 244 K\ and
the corresponding results obtained with and without the
EAF device are shown in Fig[ 7[ The ~ow velocities of
cold and hot water were 9[54 and 1[12 m s−0\ respectively[
At the end of 094 min of operation\ the fouling resistance
without the EAF device was 4[14×09−4 m1 K W−0\
whereas the value with the EAF device was 2[15×09−4

m1 K W−0\ a 27) drop[ As the hardness of cold water
decreased from 09 to 6[4 mol m−2\ the percentage drop
in the fouling resistance due to the EAF device increased
from 19 to 27)[ Of note is that the hardness of cooling
tower water is usually maintained at an electric con!
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Fig[ 4[ Fouling resistances vs time for two di}erent cases] without and with electronic anti!fouling "EAF# device[ Concentration of test
solution�09 mol m−2^ cold water ~ow velocity�9[41 m s−0^ hot water ~ow velocity�9[63 m s−0^ hot water inlet temperature�250 K[

Fig[ 5[ Fouling resistances vs time for two di}erent cases] without and with electronic anti!fouling "EAF# device[ Concentration of test
solution�09 mol m−2^ cold water ~ow velocity�9[17 m s−0^ hot water ~ow velocity�1[12 m s−0^ hot water inlet temperature�256 K[

ductivity between 0199 and 0499 mS cm−0\ which is equi!
valent to a hardness of approximately 3[4Ð4[9 mol m−2[
Hence\ the EAF treatment should reduce the fouling
resistance in a heat exchanger used in any cooling tower
system at least 39)[

Figure 7 also shows a peculiar fouling behavior during
the _rst 19 min of operation for both cases with and
without the EAF device[ As soon as tests started\ the
fouling resistance became negative for both cases\ indi!
cating that the overall heat transfer coe.cient\ U\
increased from that of the clean state[ This peculiar
phenomenon has not been uncommon ð07Ł[ This can be
explained as follows] the nascent fouling deposit pro!
duces a roughened heat transfer surface[ As the surface
becomes rough\ the convective heat transfer coe.cient

increases through better mixing and breaking the laminar
sublayer at the wall[ Hence\ the overall heat transfer
coe.cient initially improved\ resulting in negative fouling
resistances[ As fouling deposits continue\ the fouling
layer acts as a thermal insulator\ decreasing the overall
heat transfer coe.cient[ The fouling resistance begins to
increase and becomes positive at t � 02 min without the
EAF device and at t � 12 min with the EAF device[ The
trend of the fouling resistance having negative values
initially must have occurred for other tests shown in this
paper[ However\ it is speculated that the period of the
heat transfer improvement was too brief to observe[

It is of note that one of the problems of conducting
fouling experiments in an actual heat exchanger is lack
of knowledge of the continuously changing depositÐ~uid
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Fig[ 6[ Fouling resistances vs time for two di}erent cases] without
and with electronic anti!fouling "EAF# device[ Concentration of
test solution � 6[4 mol m−2^ cold water ~ow velocity � 9[67
m s−0^ hot water ~ow velocity � 1[12 m s−0^ hot water inlet
temperature � 256 K[

Fig[ 7[ Fouling resistances vs time for two di}erent cases] without
and with electronic anti!fouling "EAF# device[ Concentration of
test solution � 6[4 mol m−2^ cold water ~ow velocity � 9[54
m s−0^ hot water ~ow velocity � 1[12 m s−0^ hot water inlet
temperature � 244 K[

interface temperature\ which is one of the most important
parameters in scaling analysis[ This problem could have
been overcome by using constant heat ~ux electric heat!
ing\ which would have given a constant local depositÐ
~uid interface temperature that is equal to the initial
measurable wall!surface temperature[ Since actual heat
exchangers do not use constant heat ~ux heating\ this
condition is usually not achieved in practice[ Alter!
natively\ one can analytically estimate the deposit!~uid
interface temperature as a function of time using the
NTU method ð06Ł and a fouling modeling\ a procedure
which is summarized in Choi ð05Ł[

4[ Conclusions

The present study was conducted in order to investigate
the validity of electronic anti!fouling "EAF# technology\
which was considered as a means to control new pre!
cipitation fouling in a heat exchanger[ Fouling tests were
carried out in a counter!~ow shell!and!tube heat
exchanger\ and the fouling resistances obtained without
the EAF device were compared with those obtained with
the EAF device for two di}erent water hardness "6[4 and
09 mol m−2# and four di}erent ~ow velocities "9[17\ 9[41\
9[54\ and 9[67 m s−0#[

Scanning electron microscope "SEM# photographs of
scale produced without the EAF device revealed needle!
shaped aragonite "i[e[ sticky\ dense\ and di.cult to
remove#\ whereas the scale obtained with the EAF device
produced a cluster of loosely!connected small elliptic
shape particles "i[e[ easier to remove than needle!shaped
aragonite#[

For the 09 mol m−2 solution at a velocity of 9[67 m
s−0\ the fouling resistance with the EAF device was 19)
smaller than that without it[ As the hardness of water
decreased from 09 to 6[4 mol m−2\ and the inlet tem!
perature of hot water decreased from 256 to 244 K\ the
percentage drop in the fouling resistance due to the EAF
device increased from 19 to 27)[ However\ at a reduced
~ow velocity at 9[17 m s−0 or less\ the EAF treatment
was not helpful in the mitigation of fouling[

Although the present paper uses calcium carbonate as
an example of the mineral scales\ the electronic anti!
fouling treatment is not limited to the calcium carbonate
scale[ This is because the EAF treatment utilizes the elec!
trical charges of dissolved ions to foster collision and
precipitation into insoluble crystals[
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