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Abstract

The objective of the present study was to investigate the feasibility of using electronic anti-fouling (EAF)

technology to control precipitation fouling in a spirally-ribbed tube commonly used in chillers. Fouling experiments
were conducted with two new tubes: one with an EAF treatment and the other without it. Brush punching of a
fouled tube with an enhanced spin-grit brush cleaned almost all of the scale above the ®ns for the case with the
EAF treatment, thus recovering 90% of the initial overall heat transfer coe�cient values. However, for the case

without the EAF treatment, the spin-grit brush punching was not e�ective in removing scale. The present
experiment indicated that the EAF technology could be used to control precipitation fouling in a spirally-ribbed
tube. # 1999 Elsevier Science Ltd. All rights reserved.

1. Introduction

When hard water is heated (or cooled) in heat trans-

fer equipment, scaling occurs. When scale deposits on

a heat exchanger surface, it is traditionally called `foul-

ing'. The type of scale di�ers from industry to indus-

try, depending on the mineral content of the available

water. One of the most common forms of scale is cal-

cium carbonate, CaCO3 [1], which is the subject of the

present study.

Once scale builds up on a heat transfer surface, at

least two problems associated with scale occurs. The

®rst problem is the degradation in the performance of

the heat transfer equipment. Due to the small thermal

conductivity of scale, a thin coating of scale on the

heat transfer surface will greatly reduce the overall

heat transfer performance. The second less critical

problem is that a small change in tube diameter sub-

stantially decreases the ¯ow rate or increases the press-

ure drop across the heat transfer equipment.

Various scale-inhibiting chemicals such as dispersing

or chelating agents are used to prevent scale [2]. Ion

exchange and reverse osmosis are also used to reduce

water hardness, alkalinity, and silica level [2].

However, these methods are expensive at the industrial

level, requiring heavy maintenance for proper oper-

ation. Once fouling occurs in a heat exchanger, scale is

removed by using acid chemicals, which shorten the

life of heat exchanger tubes, necessitating premature

replacement. When acid cleaning is not desirable,

metal or nylon brushing, hydro-blasting, or sand blast-

ing is used, operations which incur downtime and

repair costs.

The present study deals with fouling problems in a

spirally-ribbed tube commonly used in chillers by the

air-conditioning industry. When heat transfer enhance-

ment techniques such as spirally-ribbed tubes are used,
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it is not clear whether the heat transfer enhancement

techniques promote or reduce fouling [3]. If one con-

siders the trapping of foulant between ®ns, the

enhanced surface may promote the deposition rate.

Furthermore, using the heat and mass transfer

analogy, the mass transfer coe�cient of metal ions can

be greater in a ribbed tube than in a plain tube, thus

also promoting the growth rate of the fouling deposit

[4]. However, the enhanced surface can signi®cantly

reduce the temperature of heat transfer surface and

subsequently fouling. Also, the shear stress at the

enhanced surface tube can be greater than in the plain

tube. Hence, the enhanced surface tube may reduce

asymptotic fouling at su�ciently high ¯uid velocities

[3,5]. In spite of the positive performance of the

enhanced surface, fouling cannot completely be pre-

vented in a heat exchanger with enhanced surface

tubes.

Hence, the real issue is whether or not any brush

can indeed remove scale from an enhanced surface

tube when fouling eventually occurs. If one cannot

remove scale from the enhanced surface tube, the ben-

e®t of high heat transfer coe�cients is short-lived.

The objective of the present study was to investigate

the fouling behavior and subsequent brush cleaning

performance of a spirally-ribbed tube in a laboratory

condition simulating chiller operation with typical

cooling tower water. It was not to compare fouling

between plain and enhanced tubes. In an attempt to

control precipitation fouling, an electronic anti-fouling

Nomenclature

A heat transfer surface area [m2] (tube OD projected area)
A cross-sectional area vector [m2]
B magnetic ®eld strength vector [N Aÿ1 mÿ1]
do outside tube diameter [m]
DH hydraulic diameter [m]
Ds inside shell diameter [m]

E induced electric ®eld intensity vector [V mÿ1]
Q heat transfer rate [W]
Rf fouling resistance [m2 K Wÿ1], based on area of tube OD

s line vector along the circumferential direction [m]
t time [s]
Tc,in inlet temperature of cold water [K]
Tc,out outlet temperature of cold water [K]

DTLMTD log-mean-temperature-di�erence [K]
U overall heat transfer coe�cient based on outside tube diameter [W mÿ2 Kÿ1]
Uclean overall heat transfer coe�cient at clean state [W mÿ2 Kÿ1]

Fig. 1. 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.
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(EAF) treatment was used. Test results will be pre-
sented for two cases: one without the EAF treatment

and the other with the EAF treatment. For both cases,
the fouled ribbed tube was cleaned with a new spin-
grit brush, and both the U values and inside diameters

were measured before and after brush punching, based
on which the fouling behavior of the ribbed tubes and
the bene®t of using the EAF treatment were examined.

2. The operating principle of electronic anti-fouling

technology

Fig. 1 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, form-
ing a solenoid. The two ends of the wire are connected

to an EAF control unit. The EAF unit produces a pul-
sing current to create a time-varying magnetic ®eld
inside the pipe. Subsequently, the time-varying mag-

netic ®eld creates an induced electric ®eld inside the
pipe, a phenomenon which can be described by
Faraday's law [6]:

Fig. 2. Schematic diagram of recirculation-¯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.

�
E � ds � ÿ @

@ t

�
B � dA �1�

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 0.2 A and 500 Hz, respectively. More
descriptions on the use of the electronic anti-fouling

technology can be found elsewhere [7±11].
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), forming
CaCO3 nuclei, see Fig. 1.

Ca2� � 2HCOÿ3 ÿÿÿ4CaCO3 � H2CO3 �2�
As ¯uid temperature increases inside a heat exchanger,
the CaCO3 nuclei particles grow to large crystals,
further consuming dissolved mineral ions, thus

reducing both the di�usion and reaction of the ions on
the heat transfer surface. Subsequently, new fouling
can be mitigated or prevented. The concept of introdu-
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cing ®ne particles to reduce fouling is not new. Troup
and Richardson [12], 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 CaCO3 particles or

forming Al(OH)3 particles in solution using aluminum
electrodes across which an alternating current was
passed.

3. Experimental method

Fig. 2 schematically shows the test facility which
consists of a reservoir tank, a pump, a ¯ow meter, an

electronic anti-fouling control unit, a solenoid coil
wrapped around a pipe, the main heat transfer test sec-
tion, a plate-and-frame heat exchanger, and a shell-

and-tube heat exchanger.
The main heat transfer test section was made of two

concentric tubes, which formed a counter-¯ow heat

exchanger. The tube was made of a spirally-ribbed
tube (Wolverine Turbo CII), commonly used in a
chiller by the air-conditioning industry. The shell side
diameter (ID ) was 2.54 cm, whereas the ribbed tube

inside and outside diameters were 1.482 and 1.867 cm,
respectively. The total axial length of the tube was
1.524 m, and the actual heat transfer section inside the

heat exchanger was 1.3716 m. 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 into the tubeside, whereas hot water
moved through the shellside, resulting in scale-deposits

on the inside wall of the ribbed tube.
Since the hardness of tap water available in

Philadelphia is approximately 1.4 mol mÿ3 as CaCO3,
it is not suitable for fouling experiments. Note, 1 mol

mÿ3 is equal to 100 mg lÿ1 for CaCO3. Therefore, arti-
®cially hardened water of 7.5 mol mÿ3 was prepared in
a 200 liter tank by adding 166.5 g of calcium chloride

and 252 g of sodium bicarbonate to the tank. Because
of the deposition of CaCO3, the water hardness
decreased with time. After 12 h of operation, 166.5 g

of calcium chloride and 252 g of sodium bicarbonate
were added again.
The inlet temperature of the hard water was main-

tained at 30820.5 K during the scale build-up process

for the present tests. Tubeside ¯ow rate during the
scale build-up process was kept at 11.356 � 10ÿ5 m3

sÿ1 (i.e., 1.8 U.S. gal minÿ1), which resulted in the

tubeside velocity of 0.658 m sÿ1. The corresponding
Reynolds number was 9870. It is of note that the vis-
cosity and density of the test water used in the

Reynolds number calculation were evaluated at the
average temperature of the water. Since the present
study investigated the e�ect of brush punching on the

removal of scale, this relatively low ¯ow velocity of

0.658 m sÿ1 was chosen to ensure scale build-up at the

laboratory. Note that the minimum ¯ow velocity for

the standard chiller design in the air-conditioning

industry is approximately 1.0 m/s.

Two fouling experiments were conducted following

the above scale build-up process: the ®rst one under

relatively severe fouling conditions and the second

under less severe fouling conditions. The temperature

of the hot water entering shellside was 33821.0 K for

the ®rst test, and 323 2 1.0 K for the second test,

whereas shellside ¯ow rate was kept constant at 5

GPM for the ®rst test and 6 GPM for the second test.

The hot water was continuously produced using high

pressure steam provided by the Philadelphia city steam

network in a plate-and-frame heat exchanger.

Thermocouples used in the present study were

Omega model TMTSS-125G-6 (grounded copper± con-

stantan T type). Calibration was carried out at 273

and 373 K, con®rming the manufacturer's claim of the

accuracy of 20.1 K. Flow meters were also calibrated

over a range of ¯ow rates by measuring the weight of

water accumulated over time, and the calibration

results were reported elsewhere [13].

After the scale was produced inside two ribbed tubes

under identical conditions except that the water in one

tube (]2) was treated by the EAF unit, the overall heat

transfer coe�cient (U value) and inside tube diameter

were measured for both tubes. Scale thickness was

obtained by measuring the inside tube diameter with a

bore micrometer (Brown and Sharp INGAGE Internal

Bore Micrometer Model 78.110602 with 6-in. exten-

sions) at eight di�erent axial positions over the ribs.

Then, the two tubes were cleaned using a Goodway

RAM-4 tube cleaner with an enhanced spin-grit brush

(by Goodway ESGB-062), as shown in Fig. 3. Two

punches from the inlet side and two punches from the

outlet side were applied for this cleaning. After brush

cleaning, both the U value and inside diameter were

measured again.

The e�ectiveness of the EAF treatment was evalu-

ated by comparing the changes in both the inside di-

ameter and U value. Since the inlet temperature of the

cold water in¯uences the magnitude of the overall heat

Fig. 3. Photograph of enhanced spin-grit brush (Goodway).
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transfer coe�cient [14], all U value measurements were
carried out with an inlet temperature of the cold tap
water at 29820.4 K in a range of ¯ow rates of 1±4.5

GPM in the present study. The ¯ow velocity and
Reynolds number corresponding to 4.5 GPM were
1.645 m/s and 24,675, respectively. U values were cal-

Fig. 4. Overall heat transfer rate vs ¯ow rate after scale build-up for relatively severe fouling condition. ]1 tube is for untreated

case and ]2 tube is EAF treated case. Note: 1 W/m2 K=0.1762 Btu/h-ft2 8F.

Fig. 5. Scale thickness vs axial distance after scale build-up and brush punching for relatively severe fouling condition. ]1 tube is

for untreated case and ]2 tube is EAF treated case.
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culated using the log-mean-temperature-di�erence

(LMTD) method [15]. The log-mean-temperature-
di�erence, DTLMTD, was obtained from the four tem-
peratures measured at both the inlet and outlet of cold
and hot streams.

Q � UADTLMTD � _m cCp�Tc,out ÿ Tc,in� �3�

U � _m cCp�Tc,out ÿ Tc,in�
ADTLMTD

�4�

Note that the value of the heat transfer surface area,

A, was determined by normal projected area at the
outside diameter of ribbed tube, which was 1.867 cm.
Fouling resistance, Rf , was calculated using the usual

de®nition [16]

Rf � 1

U�t� ÿ
1

Uclean

�5�

where U(t ) and Uclean are the overall heat transfer
coe�cients corresponding to fouled and initial clean

states, respectively. The errors estimated from the
uncertainty analysis for Q, U, Rf

, and A (heat transfer
surface area) were 2.5, 2.8, 7.7 and 1.1%, respectively.

4. Results and discussion

Figs. 4±6 present test results obtained from the ®rst
series of fouling experiments conducted under rela-

tively severe fouling conditions. Fig. 4 shows U values
as a function of ¯ow rate in both the clean and fouled
states for the two di�erent tube cases: one without the

EAF treatment (designated as ]1 tube), and the other

with it (designated as ]2 tube). In the clean state, the

U values of both tubes were basically the same. After

the scale build-up process, the U values were measured

again over a range of ¯ow rates of 1±3 GPM. A higher

¯ow rate than 3 GPM was not used for fear of scale

being removed, an operation which might have altered

inside diameter data. The U values in the untreated

tube ]1 dropped by 42% from the initial U value,

whereas the U value in the treated tube ]2 dropped by

34%. Subsequent brush punching with a spin-grit

brush increased the U values by approximately 5% for

both tubes.

Fig. 5 represents scale thickness measured over the

ribs as a function of axial distance for both tubes. At

the beginning of each test, the inside diameter of a

clean new tube was measured at eight axial locations.

The average inside diameter of the clean ribbed tube

was 1.482 cm. In other words, the tip of spiral ®ns is

the reference point of scale thickness measurements.

After scale was produced, the inside diameters were

measured again at the eight axial locations, and the

scale thickness was thus determined. Because water

was heated inside the tube, the outlet temperature was

higher than the inlet temperature, rendering more scale

near the outlet. For example, scale thickness was

0.00737 cm near the inlet and 0.0204 cm near the exit

for the untreated tube ]1, whereas the corresponding

scale thickness for the treated tube ]2 was 0.00635 cm

and 0.01352 cm, respectively, before punching. The

scale thickness with the EAF treatment was approxi-

mately 33% less than without the EAF treatment near

the outlet.

Fig. 6. Fouling resistance vs ¯ow rate for moderate fouling condition. ]1 tube is for untreated case and ]2 tube is EAF treated

case. Note: 1 m2 K/W=5.68 h-ft2 8F/Btu.
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Scale thickness results measured after brush punch-

ing show that the treated tube ]2 was cleaned better
with the spin-grit punching than the untreated tube ]1.
Fig. 6 shows fouling resistance results of the ®rst

fouling tests for the two tubes before and after brush
punching. Fig. 6 clearly depicts that the EAF treat-
ment renders smaller fouling resistances. The fouling

resistance for the treated tube ]2 before punching was
28% less than the untreated tube ]1. Furthermore, the
fouling resistance for the treated tube ]2 after punch-
ing was 34% less than the untreated tube ]1.
One interesting observation in Fig. 6 is that the foul-

ing resistance varied with ¯ow rates when it was calcu-
lated based on the changes in U values using Eq. (5),

although the amount of scale on the heat transfer sur-
face did not change. Traditionally, the fouling resist-
ance, Rf , is de®ned as

Rf � x

kf

�6�

where x and kf are the thickness and thermal conduc-
tivity of scale, respectively. According to Eq. (6), the
fouling resistance must be constant for a given fouling

condition and cannot vary with ¯ow rates. The authors
believe that the above de®nition of the fouling resist-
ance, Eq. (6), should be used with care.

The results in Fig. 6 clearly depict that the fouling

resistance of a heat exchanger reaches an asymptotic

value at high ¯ow velocities (i.e., greater than 1.5 m/s)

so that the use of a constant fouling resistance is justi-

®ed at high ¯ow velocities. However, when the ¯ow

velocity in a heat exchanger is small (i.e., less than

1.0 m/s), the actual fouling resistance is signi®cantly

greater than the asymptotic value obtained at high vel-

ocities. In other words, the actual U value that can be

obtained from the heat exchanger is much smaller than

the design capacity based on the asymptotic fouling re-

sistance.

Recently, Cho et al. [14] reported that fouling resist-

ance is critically a�ected by the inlet temperature of

cooling water. Even when there is no change in the

actual fouling conditions inside a heat exchanger, the

overall heat transfer coe�cient decreases in winter,

resulting in an increased fouling resistance. Typically,

there is an approximately 25% increase in the fouling

resistance from summer to winter in a shell-and-tube

heat exchanger. When one examines the fouling resist-

ance results without considering the seasonal e�ect,

one may conclude erroneously that fouling actually

occurs during winter and that it somehow disappears

miraculously during summer, a phenomenon which has

caused serious concerns among plant operating engin-

Fig. 7. Overall heat transfer rate vs ¯ow rate after scale build-up for moderate fouling condition. ]3 tube is for untreated case and

]4 tube is EAF treated case. Note: 1 W/m2 K=0.1762 Btu/h-ft2 8F.
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eers. This is another good example showing that the
de®nition of the fouling resistance as given in Eq. (6)

is insu�cient and misleading.
Figs. 7±9 present test results obtained from the sec-

ond series of fouling experiment which used less severe

fouling conditions than the ®rst series of the exper-
iment. Fig. 7 shows U values as a function of ¯ow rate

in both the clean and fouled states for the two di�erent
tube cases: one without the EAF treatment (designated
as ]3 tube) and the other with it (designated as ]4

Fig. 8. Scale thickness vs axial distance after scale build-up and brush punching for moderate fouling condition. ]3 tube is for

untreated case and ]4 tube is EAF treated case.

Fig. 9. Fouling resistance vs ¯ow rate for relatively severe fouling condition. ]3 tube is for untreated case and ]4 tube is EAF

treated case. Note: 1 m2 K/W=5.68 h-ft2 8F/Btu.
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tube). In the clean state, the U values of both tubes
were basically the same. After the scale build-up pro-

cess, the U values were measured again over a range of
¯ow rates of 1±3 GPM. Fig. 7 shows that the U values
in the untreated tube (]3) dropped to 66% of the in-

itial U value, whereas the U value in the treated tube
(]4) dropped to 82% level. Subsequent brush punching
with the spin-grit brush increased the U values to 71%

of the initial U value for the untreated tube (]3),
whereas it restored to 90% of the initial U value for
the treated tube (]4).
Fig. 8 represents scale thickness as a function of

axial distance for both tubes after scale build-up and
brush punching. The scale thickness after scale build-
up process was 0.00711 cm near the inlet and

0.0110 cm near the exit for the untreated tube ]3,
whereas the corresponding scale thickness for the
treated tube ]4 was 0.00114 cm and 0.00521 cm, re-

spectively. The scale thickness in the tube with the
EAF treatment was approximately 53% less than with-
out the EAF treatment near the outlet.

Scale thickness results measured after brush punch-
ing show that the scale from the treated tube (]4) was
almost completely removed beyond the ®ns, whereas

the scale from the untreated tube (]3) was hardly
removed as depicted by open square symbols in Fig. 8.
Fig. 9 shows fouling resistance results for the two

tubes before and after brush punching. Fig. 9 clearly

depicts that the EAF treatment renders much smaller
fouling resistances. The fouling resistance for the
treated tube ]4 before punching was 2.76 � 10ÿ5 m2

K/W, whereas that for the untreated tube was 6.22 �
10ÿ5 m2 K/W, indicating that the fouling resistance for
the treated tube was 54% less than the untreated tube

]4. Furthermore, the fouling resistance for the treated
tube ]4 after punching was 68% less than the
untreated tube ]4.

5. Conclusions

The present study was conducted in order to investi-
gate whether or not the combined use of an electronic

anti-fouling technology and brush cleaning can e�ec-
tively remove scale from a spirally-ribbed tube com-
monly used in a chiller. When an electronic anti-
fouling (EAF) treatment was applied during the nor-

mal operation of a chiller, new scale build-up was sig-
ni®cantly less compared with the case without the
EAF treatment. Subsequent brush punching with an

enhanced spin-grit brush recovered 90% of the initial
U value. One of the reasons why the combined use of
the EAF treatment and enhanced spin-grit brush

punching did not recover 100% of the initial U value
was that the foulant between the ®ns could not totally
be removed with the enhanced spin-grit brush.

However, when the EAF treatment was not used,
the spin-grit punching did not e�ectively remove scale

from the ribbed chiller tube. In other words, without
EAF treatment one can make only a marginal di�er-
ence in overall heat transfer coe�cient due to brush

cleaning and in fact never return a chiller to original
performance once the U value is reduced by 30±40%
due to fouling. This is not good news for those using

internally enhanced tubes. Currently, fouling tests are
being conducted with various brushes and techniques
and the results will be reported in the future.
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