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Abstract

In this paper the effectiveness of a permanent magnet for the prevention of scale was investigated.  Experiments were

conducted on two electrically heated domestic hot-water storage tanks. Ten experiments were conducted, each over a period

of 28 d in which 8 000 l of water was heated to 75°C, while the quality of the feed water and mass precipitation of calcium

were monitored. In four of the experiments reproducibility was investigated which was found to be good. In the other six

experiments the effect of the permanent magnet was evaluated by commuting it between the two storage tanks. It was

found that the permanent magnet was effective in suppressing the mass precipitation of scale in all six these experiments.
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Introduction

Scaling problems in a heating or cooling system can be recognised

by one or more of the following symptoms: reduction in heat transfer

rate, in which the formation of an insulating deposit on a heat transfer

surface significantly reduces the cooling or heating efficiency of the

equipment; reduced water flow, which results from a partial or

complete blockage of pipelines, condenser tubes, or other openings.

Even a small build-up of scale on a heat exchange surface reduces

water flow. Scale may continue to build up in boilers until heat transfer

is so low that the metal overheats, permitting the tubes to rupture

under the operating pressure. Scale is usually found in water-

handling equipment in which water is heated, i.e. hot-water storage

tanks, boilers, etc.

        The magnitude of this problem may be appreciated by considering

that scaling can cause degradation, or complete failure in thermal

and hydraulic performance which increases initial and operating

costs (Chan and Ghassemi, 1991). In a fairly low-pressure boiler,

only 0.6 mm of calcium sulphate scale on the tubes results in a 180°C

temperature drop. The cost involved due to heat transfer ineffi-

ciency and the removal of scale, in Britain alone, is estimated at £1

billion per annum (Darvill, 1993). Poor conductivity of a 25 mm

thick CaCO
3
 scale layer can decrease the heat transfer by 95%

(Glater et al., 1980), whereas a SiO
2
 scale layer 0.5 mm thick results

in a 90% decrease in heat transfer (Grutsch and McClintock, 1984).

 The suggested mechanism by which scaling occurs is as follows:

The calcium in the solution, is derived either from dissolution from

natural resources, or from chemicals added during water treatment.

The concentration of CO
2
 dissolved in the water determines the

dissolution of calcium carbonate. Calcium carbonate becomes less

soluble at higher temperatures and on heating, CO
2
 escapes favouring

the bicarbonate decomposition reaction which causes calcium

carbonate to precipitate. At a pH value of less than 8.8, the solubility

of calcium carbonate increases with decreasing pH and decreases

with rising temperature. If the pH is larger than 8.8, the solubility

increases with increasing temperature and pH (Yacoby, 1995). Pure

calcium carbonate is found in three general forms, i.e. vaterite, calcite,

and aragonite with calcite being the major constituent in calcium

carbonate scale. To try to prevent or minimise the formation of scale,

different techniques have been developed. These techniques can be

divided into the following groups: chemical, detonation-wave tech-

niques, blow-down, and physical water treatment (PWT).

Since the first physical water treatment patent was registered

in 1945 (Vermeiren, 1958), hundreds of these PWT devices have

appeared on the market that are reported to reduce scale formation and

blow-down requirements without chemical treatment. These devices

include those based on permanent magnets, electromagnets, high

frequency electric fields, high voltage electrostatic fields, ultrasonic

treatment, flow restriction and catalytic conversion.

The efficiency of physical water treatment devices for the

prevention of scale is a controversial subject. Busch et al. (1986),

for example, surveyed approximately 60 papers on this subject.

They have found that many contradictions exist in the claimed

effects, and that even when performance is reported to be effective,

the results are typically characterised by low reproducibility. Busch

et al. (1986) state that “No agreement exists on optimum operating

parameters that should be used in the installation of these devices,

and in many cases, exact experimental conditions are not given,

which makes valid inter-comparison of the results nearly impossi-

ble. Finally, many of the theories relating magnetic fields to scale

formation involve unsubstantiated, pseudoscientific postulations

of strange, mysterious effects of the magnetic field on the structure

of water and dissolved minerals. All of these factors have created a

great deal of scepticism with regard to this technology.” In a review

paper by Baker and Judd (1996) it was concluded that at that stage

it was still not certain as to whether magnetic suppression of scaling

was a bona fide phenomenon.

It is the purpose of this study to evaluate the effectiveness of a

permanent magnet, as a physical water treatment device, for the
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on the right side of the centre of the pipe. The reason is that the

magnetic field lines change direction in this multi-pole unit with a

south-north-north-south configuration, shown schematically in

Fig. 1. For this configuration, the measurements along the magnet’s

length (Fig. 4) on the centre line on levels DD, EE and FF, should

be zero because the magnetic field changes direction as the polarity

changes. This is not the case, which indicates that the tube was not

exactly in the centre of the magnet. It is, however, evident from these

measurements, that the magnetic field lines change direction through

the length of this unit. This implies that the polarity of the magnet

also changes lengthwise. Since the field lines change direction across

the width and length of the magnet it can be described as a multi-pole,

multi-axial unit.

        The manufacturers of the physical water treatment device

made four recommendations on the installation of the device, which

were followed carefully: the device should be clamped onto the feed-

water line as indicated in Fig. 1; the flow direction through the tube

should be in the same direction as indicated with an arrow on the

device; the power cells should be installed in pairs where the number

of pairs is determined by the size of the pipe diameter; lastly, the

device should be installed 2 m to 3 m upstream of the storage tank.

Test procedure

Before any experiments were conducted, the tanks were cleaned with

a 10% acetic acid solution. The solution was drained from the tanks

and rinsed with 1 000 l of feed water. The hot-water storage tanks

were simultaneously filled with water from the feed-water line at a

flow rate that ensured an average velocity of 1.75 m/s in the tubes.

One water sample was taken from the feed-water line three times a

week to monitor the water quality. The instrumentation used for

measuring the water quality parameters for each experiment is listed

in Table 1. After every 12 h, 200 l of water was drained from each

tank, again at a flow rate ensuring an average of 1.75 m/s flow velocity

through the tubes. This was repeated for a period of 28 d (672 h),

heating a total of 8 000 l of water in each storage tank (during the

weekends the water was not drained from the tanks). The scale on

the electrical elements and on the inside walls of the storage tanks

was stripped with a fresh 200 l, 10% acetic acid solution. Samples

were taken every half an hour at the outlet of each storage tank

whereafter the maximum concentration of calcium content was

measured.

prevention of scale formation in domestic hot-water storage tanks.

The permanent magnet used was an arbitrary choice, and is

commercially sold as an ENEFLOWTM1000 Fluid Dynamic Power

Cell and is schematically shown in Fig. 1.

Experimental set-up

The experimental set-up is shown schematically in Fig. 2. It consisted

of two domestic, electrically heated, horizontal hot-water storage

tanks, connected in parallel. Their measured capacities were 197 litres

and 191 litres, respectively, for storage tanks one and two. The inside

of the storage tanks was manufactured from mild steel coated with

glass enamel. The tanks were insulated with 50 mm of polyurethane

and their standing losses were 2.6 kWh per day. The thermostat

setting on both tanks that controlled the electrical current to the

resistance elements was adjusted and calibrated to keep the water

temperature constant at 75°C with an average error of ± 2°C. They

were each fitted with electrical resistance elements with measured

heating capacities of 2960 W and 2850 W each. The resistance

elements were manufactured from copper plated with nickel. The

average surface temperatures on the electrical resistance elements

varied between 92°C and 97°C. Both tanks received water from the

same feed-water line connected to the municipal main water supply

of Johannesburg. Upstream of each tank a water meter and a flow

meter were installed. The water meter was of the positive displacement

type that could measure the volume of water used with an error of

±2%. The flowmeter was a rotameter that could measure the flow rate

with an error of ±4% at full scale. When the water was drained, the

water temperature was measured in the water stream with a K-type

thermocouple. The thermocouple was calibrated to an accuracy of

±0.1°C. All the tubes to and from the storage tanks were 22 mm (ID)

copper tubes, which were soft-soldered in position. The wall

thickness of the tubes was 0.5 mm.

Upstream of each storage tank the distance to the position (when

installed with cable ties) of the physical water treatment device was

2 m.  When installed, the length, width and height of the device when

clamped into position were 128 mm, 66 mm, and 32 mm respectively.

        The maximum measured field strength of the physical water

treatment device was 129 mT (milli-Tesla). Measurements were

made with a digital teslameter with an error of ±2% in a constant

magnetic field between 10-5 and 1 T. The field strength distribution

was measured on the centre line while the two halves of the magnet

were clamped 23 mm from each other onto a similar copper tube used

for the feed-water line. The measured field strength distributions are

given in Figs. 3 and 4. In Fig. 3 the field strength is a negative value

Figure 1

Schematic representation of the permanent

magnet clamped onto a water pipeline

Figure 2

 Schematic representation of the experimental set-up
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the other storage tank had no device and

was used as control. In experiment 7 the

experiment was again conducted without

any device on either of the two tanks to

verify reproducibility. In experiments 8

to10 the physical water treatment device

was again commuted between the two

storage tanks.

Results and discussion

The average water quality parameters

represented by calcium and zinc con-

centration, alkalinity, pH, and pH
s

(saturation pH), and conductivity, are

given in Figs. 5 to 7 for each experiment.

In Figs. 8 and 9 the Langelier Saturation

Index (Langelier, 1936) and Ryznar Sta-

bility Index (Ryznar, 1944) are also given.

These indexes can be useful tools

(ASHRAE, 1999) for predicting the cal-

cium carbonate scaling tendency of the

feed water.

        All measurements of the water quality

parameters were done at ±25ºC, except

the conductivity values, which were

measured at ±75ºC and were used to

calculate the Langelier and Ryznar in-

dexes. Barring the calcium concentration

in the feed water during experiment 3, the

average concentration of calcium in the

feed water stayed approximately con-

stant throughout the evaluation period of

the permanent magnet, as illustrated in

Fig. 5. Figure 5 also shows how the

concentration of zinc changed in the feed

water. Figure 6 shows the changes in the

pH of the feed water. It is important to

note that the pH was never higher than

8.8, which would have increased the solu-

bility of calcium carbonate in the water

and decreased the formation of scale.

Figure 6 also shows the saturation pH of the water inside the storage

tanks at operating temperatures. The saturation pHwas calculated

after measuring the conductivity inside the tanks also at operating

temperatures. Figure 6 shows that there were also no significant

changes in the alkalinity during experimentation with a maximum of

8% deviation from the average alkalinity, measured as the concen-

tration CaCO
3
 in the feed water. The conductivity is an indication

of the total dissolved solids in the feed water. The higher this value

the more likely it is that scale formation will occur. The conductivity

values are illustrated in Fig. 7 and varied between 24.5 and 26.8

µS/m. The variation in the conductivity of the feed water was

therefore small. Figures 8 and 9 illustrate the Langelier and Ryznar

indexes for both the feed water and the heated water inside the

storage tanks. The Langelier index is the numeric difference between

the actual pH and the saturation pH (pH-pH
s
) where a positive value

would indicate a scaling tendency and a negative value a corrosion

tendency of the water. The Ryznar index is the numeric difference

between twice the saturation pH and the actual pH (2pH
s
-pH)

where a value below six indicates a scaling tendency and a value above

six a corrosion tendency of the feed water. The Langelier index shows

that the feed water had a corrosion tendency for all the experiments.
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Figure 3

Measured field strength across and outside the tube over three sections

(The orientation of the magnet relative to the tube is also shown)

Figure 4

 Measured field strength in the flow direction on three sections including the tube

centre line (The orientation of the magnet relative to the tube is also shown)

TABLE 1

Instrumentation used for measuring water quality

Instrument Error

Atomic absorption spectrometer for Ca (AAS) ±3%

Induction coupled plasma spectrometer

(ICP-AES) for Zn (Varian Liberty) ±3%

Portable pH  meter ±0.01 pH

Conductivity meter ±1%

Nephelometric turbidity meter ±2%

Ten experiments were conducted. During experiments 1 to 3

the physical water treatment device was not used on any of the

storage tanks. The purpose of these experiments was to determine

the reproducibility of the mass of scale formed in the two tanks. In

the next three experiments (experiments 4 to 6) the physical water

treatment device was commuted between the two tanks. The device

was therefore installed upstream of one of the storage tanks while
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dropped to an average of 6.7. This indicates that the water

was almost neutral (six being a neutral value for the Ryznar

index which indicates that the water had neither a scaling

tendency nor a corrosive nature).

    The total mass of calcium precipitated on the inside

wall of each hot-water storage tank together with the mass

of calcium precipitated on its heating element for each

experiment is shown in Fig. 10. The positions of the

physical water treatment device for each experiment are

also shown. The difference in mass of calcium precipi-

tated in the two storage tanks  during first three experi-

ments is relatively small. The differences were 1.3%

(experiment 1), 5.2% (experiment 2) and 0.42% (experi-

ment 3) from the average between the two tanks. The

average difference is thus 2.3%. The largest difference

between the two tanks is 5.2% for experiment 2.  No

physical water treatment device was used during these

experiments, as the objective of the first three experiments

was to compare the reproducibility of the measurements

made in the two storage tanks.  It was concluded that the

reproducibility of these experiments was acceptable.

     In experiment 4 the physical water treatment device

was installed for the first time (on the feed-water line of

storage tank 2).  The mass of calcium precipitated in this

tank was measured as 70% less than for the tank without

the physical water treatment device.  In experiments 5 and

6 the device was commuted between the two tanks. The

amount of scale formed was less in the tanks containing

the physical water treatment device (33% and 31% less

respectively for experiments 5 and 6).

        In experiment 7 no device was used on either one of

the tanks.  The mass of calcium precipitated in the two

tanks differed by 8%. This was larger than the average of

the first three experiments of 2.3%.  However, the mass

of calcium measured in each tank was low, which could

contribute to a relatively larger measuring error. There-

fore, on average if the physical water treatment device was

not used, the mass of precipitated calcium in the two

storage tanks differed by only 3.7%. Reproducibility was therefore

good.

        In experiment 8 the device was again installed onto storage

tank 1 and commuted between the two tanks in experiments 9 and

10. In each case where the physical water treatment device was used,

less calcium precipitated in the storage tank than in the control tank

(i.e. 17%, 17% and 32% less calcium respectively for experiments

8, 9 and 10).

          From Fig. 10 it can be seen that the mass of precipitated

calcium drastically decreased after the first two experiments. One

possible reason for this is that small amounts of some metal ions,

in particular Zn2+ ions, can reduce the nucleation rate of calcium

carbonate crystallisation (Coetzee, 1998). In addition the predomi-

nant crystal structure of the calcium carbonate formed changed to

aragonite instead of calcite. Both these effects can lead to less scale

formation. If the concentrations of zinc are compared for the

respective experiments (shown in Fig. 10), experiments 1 and 2

showed the lowest values of this scale-inhibiting metal ion, which

were 7 µg·l-1 and 5 µg·l-1 respectively. For experiment 2 with the

highest mass of precipitated scale the concentration of Zn2+ ions was

at its minimum. Another possible reason for the receding trend of

precipitated scale might be the characteristics of the feed water

quality as indicated by the Langelier and Ryznar indexes (Figs. 8

and 9). The line fitted through the data of Fig. 8 exhibits a receding

trend. The declining values on the Langelier index indicate that the
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Figure 5

 Average calcium and zinc concentration of the feed water during

each experiment

Figure 6

 Average alkalinity, pH, pH(saturation) of the feed water during each

experiment

Figure 7

Average conductivity of the feed water during each experiment

The heated water inside the storage tanks, however, had a slight

scaling tendency. This is due to the fact that the conductivity

increases with an increase in temperature, which lowers the saturation

pH and therefore enlarges the Langelier index value. The Ryznar

index also shows that the feed water had a corrosion tendency during

each experiment but by heating the water the Ryznar index value
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water’s scale-forming ability is declining and water tends to

be more neutral (neither scale-forming nor corrosive). The line

fitted through the Ryznar index in Fig. 9 exhibits a very slight

inclining trend.

On average, for the six times that the device was used, 36%

less calcium carbonate precipitated than in the control tank

which was run without any device.  It can therefore be deduced

that the physical water treatment device that was tested, reduced

calcium carbonate precipitation over the period that the

experiments were conducted.

It was also observed visually after experiment 4, as shown

in Figs. 11 and 12, that the electrical resistance element of the

storage tank where the physical water treatment device was

used, was still shiny with almost no deposits adhering to the

surface whereas the electrical resistance element operated

without any device had a matt appearance with obvious

deposits adhering to the surface. Precipitates from each electrical

element were studied with scanning electron microscopy.  No

morphological differences in the crystals between tests and

controls could be observed. Investigating morphological

changes was difficult as only very small pieces of deposit

could be removed from the electrical heating elements. The

reason for this is that the difference in weight of the precipi-

tated scale on each element was small and removing some of

these precipitates would influence the results when the

different masses of precipitated scale on the elements were

compared.

Summary and conclusion

The study of physical water treatment devices is a controversial

subject with results ranging from total success to total failure.

The effectiveness of these devices is met with scepticism by

researchers and industry alike. The reason for this is the low

reproducibility of results and the absence of a plausible

mechanism to explain the working of the physical water

treatment devices.

During this study an experimental set-up was built and

experiments were conducted on two hot-water storage tanks

following a very simple experimental procedure which gave

reproducible results. Experiments without the permanent

magnet showed an average of 3.7% difference from the average

amount of calcium precipitation between the storage tanks

while the use of the permanent magnet reduced the formation

of scale in the hot-water storage tanks with an average of 34%.

The maximum reduction in scale formation was 70% and the

minimum 17%.
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