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Abstract 

The paper presents model devices for magnetic water treatment, optimized for scale control at 
water capacities up to a few m3/h. Different arrangements of permanent magnets were 
investigated and simulated at different water-flow capacities to yield the proper magnetic field 
distribution and the required magnetic flux density, using the computational program OPERA 
15R1 (Vector Fields Software) with the finite-element method, considering the real 3D-
geometry, non-linearity of magnetic properties of construction materials, and the interaction 
of neighbouring poles. 
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1. INTRODUCTION 
 
In water processing, the use of water is as important as the use of chemicals. Water acts as a 
heating medium, a transport medium, a solvent or as a wetting agent. It is generally ideal 
mineral solvent resulting in underground supplies reach with minerals from natural and even 
pollution origin [1-2]. Therefore, fouling is a frequent technological problem that requires 
proper scale-prevention treatment. The environmental and economic concerns that arise with 
traditional chemical treatments are strong motivation for the development of safer and cleaner 
physical methods, such as the application of permanent magnets [3-6], electromagnetic coils 
[7-10], electrodes [11], ultrasound [12] and catalytic metals [13]. Several operational 
parameters, e.g. water output temperature, water-flow velocity and magnetic/electric field 
parameters, must be considered in order to construct a proper device. Here a device with 
permanent magnets is modelled to find a technologically efficient and economically 
preferable solution, conceptionally considered as a product and a process technical innovation 
[14]. For this purpose, a review is given of the relevant parameters from several studies with 
static magnetic fields. According to these information and field experiences with self-
constructed magnetic devices for low water-flow capacities, an annular arrangement of 
permanent magnets on the outer side of the installation pipe is chosen and analyzed, to find an 
appropriate solution for higher water-flow capacities. 
 
2. EMPIRICAL DATA FOR DEVICE MODELLING 
 
Since the mineral salts are naturally present in water supplies (in fine suspended and dissolved 
form) the sparingly soluble salts, commonly calcium carbonate, often form a hard scale on the 
walls of pipe installations, requiring more pumping power because of a reduction in the flow 
area. Furthermore, in cooling-water applications, the fouling occurs abundantly on heated 
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surfaces, reducing the heat-exchange efficiency because of the insulating properties of the 
scale. Thus, various scale-prevention and cleaning methods are used for fouling mitigation - 
to help lessen, control, or prevent scaling. Traditional chemical methods, such as the pre-
precipitation of scale former with lime or soda ash, the addition of scale-inhibiting reagents 
and the replacement of the scale former with soluble ions by ion exchange, are effective but 
substantially change the solution chemistry. Although chemical additives have a high success 
rate, there are many disadvantages and concerns associated with their use. More stringent 
environmental laws have increased the costs associated with storage, handling and disposal. 
Accumulated chemical residues over a long period of time pose a concern for the 
environment. The common working principle of physical scale-control treatments is the pre-
precipitation of calcium carbonate (homogenous nucleation/coagulation in bulk water under 
the influence of the magnetic/electric field or ultrasound) into fine suspended particles that 
later (in bulk water under the hot conditions of the heat exchanger) offer preferable surfaces 
for crystallization and are deposited as a loosely adhered sludge, or are carried away from the 
heating system by the water flow. 
      The anti-scale magnetic treatment (AMT) of hard water has been employed for more than 
half a century, but the application has sometimes proven to be ineffective. Namely, in addition 
to the complexity of CaCO3 crystallization and its dependence on numerous treatment 
parameters, the working principle of AMT is far from magnetic-force action. In the physico-
chemical mechanism of water dispersion/solution, various influences may alter 
micellization/crystallization during exposure to the magnetic field, such as induced changes in 
hydration of ions and crystal surfaces, or magnetically induced proton transfer from hydrogen 
carbonate to water (owing to proton spin inversion in the field of diamagnetic salts) [15]. 
Additionally, Lorentz-force action on electrically charged particles, ions, molecules and 
surfaces occurs when water is conducted through the magnetic field [16]. Much experimental 
research under well-controlled laboratory conditions [3, 4, 17, 18] and field tests in real long-
term conditions [19] were needed to determine the operational requirements that are essential 
for efficient scale control (Table I). An alternating magnetic field, orthogonal to the water-
flow direction is more efficient. When a magnetic device is constructed and applied according 
to these requirements, small amounts of slimy, easily washable deposits are formed instead of 
hard carbonate scale and even old hard scale can gradually be removed after the AMT 
installation. Even at very hot and alkaline conditions, the precipitate on the heating surface 
can become thinner, less compact and easier to remove [6, 20]. 
 

Table I: Workload for AMT device modelling. 
 

Minimal magnetic flux density B = 0.1 to 0.2 T 
Recommended water flow velocity v = 1 to 2 m/s 

Minimal exposure time τ = 0.1 to 0.2 s 
 
3. OPTIMISATION WITH FINITE-ELEMENT SIMULATION 
 
The ability of any model to identify optimal configuration parameters depends on the 
accuracy of the model and on the representativeness of the workload. The workload definition 
is complex, and even harder to describe properly than the system itself because it should 
exactly describe the process of request arrival at the system components, for a given 
simulation [21]. 
      Different arrangements of permanent magnets were investigated and simulated to find an 
economic solution for a particular water-flow capacity. After the preliminary dimensioning, 
the precise dimensions were sought to find the proper magnetic field distribution and the 
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required magnetic flux density. The computational program OPERA 15R1 (Vector Fields 
Software), with the finite-element method (FEM) was used for this numerical simulation 
(other methods are possible too [22-23]). 
      Applied method enables precise consideration of real 3D-geometry, non-linearity of 
magnetic properties of construction materials, and interaction of neighbouring poles [24]. The 
calculations were made for a static magnetic field, based on Poisson’s equation (1) in the 
region of permanent magnets, and on Laplace's equation (2) in the region of the all other parts 
of the magnetic device: 
 

r
0

11
BA 











             (1) 

01









 A


       (2) 

 

      Here A is magnetic vector potential, Br is remaining magnetic flux density of permanent 
magnets, μ0 is the absolute permeability of material and μ is the permeability of vacuum 
(4π∙10-7 Vs/Am). Because the magnetic field is conservative; the magnetic vector potential is 
defined by: 
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      Here B is magnetic flux density. 
      Since the conditions in the cases of geometrically complex models cannot be determined 
directly by this equation, the geometry must be described by several divided simple geometry 
elements (finite elements). Considering the interference from neighbouring elements, a 
system of equations is derived, of which the solution is the value of A. Because the potential 
A is defined as (3), the values and the distribution of magnetic flux density B can be found in 
every point of the FEM model by the post-processing of A. The evaluation of B along a 
chosen line or plane yields a local distribution of B. On the basis of these local distributions, 
proper configuration for device construction can be selected. 
      Additionally, the local distributions are the criteria for the magnetic system optimisation. 
In our case, the optimisation was performed by a stochastic procedure of seeking the 
construction that is the most convenient. The following parameters were varied: the thickness 
of permanent magnets (i.e., the dimension orthogonal to the water-flow direction); the width 
(i.e. the dimension parallel to the water-flow direction); the direction of the magnets’ 
magnetisation; the pipe diameter (which influences the distance between the magnets); the 
distances among the magnetic poles and the thickness of the magnetic yoke. The aim of the 
procedure was to provide the peak magnetic flux density in the water that is required for 
efficient AMT (taken from Table I), and the homogeneity of the field along the cross-section 
of the pipe in the middle of the magnetic unit. In all cases, NdFeB magnets with a remaining 
magnetic flux density of Br = 1.12 T and a coercive magnetic field intensity of Hc = 781 kA/m 
were used. 
      For the material of the magnetic yoke, low-carbonic steel was selected; and the pipe was 
from non-magnetic material. The external pipe diameter was according to standards; the 
water-flow capacity was calculated at a wall thickness of approximately 2 mm, but the 
thickness is subject of to the pressure load in the pipeline and may be slightly changed, since 
the field distribution remains the same, due to the non-magnetic properties of the wall. 
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4. RESULTS AND DISCUSSION 
 
Permanent magnets are sufficiently strong and thermally stable to be used for the construction 
of devices providing a magnetic field as prescribed for efficient AMT. The alternating 
arrangement of rectangular magnets along the pipe produces magnetic lines transversal to the 
water flow. For small water-flow capacities, such as in the majority of laboratory tests and 
domestic sanitation pipelines, a rectangular gap is applicable. The dimensions of the 
rectangular gap are adjusted to the pipe diameter and determined by the numerical simulation 
for the required minimum magnetic-flux density, 0.2 T, and the limit for water velocity (see 
Table I). By increasing B, the cross-section available for water conduction is reduced. The 
length of the magnetic gap is calculated simply from the water velocity for the required 
minimum exposure of water to the magnetic field; then the number of successive units is 
determined for the given length of one magnet. 
 

 

Figure 1: Permanent magnets on water pipe: (a) two rows of square magnets, 
    (b) hexagonal configuration of magnets, (c) octagonal configuration of magnets. 
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      In the cases of low-diameter water pipes with a common water velocity from 1 to 1.5 m/s, 
two rows of alternating magnets can be simply put onto opposite sides of the pipe (Fig. 1a). 
At an inner pipeline diameter of 10 mm, the flow capacity is 0.3 to 0.4 m3/h. 
      In the cases from 0.5 to 2 m3/h, a magnetic device with a rectangular gap (as wide as the 
inner diameter of the pipeline) is convenient. The gap height is subject to numerical 
simulation for the required magnetic flux density (from Table I). When water moves from the 
spherical into the smaller area of the rectangular cross-section, the velocity rises; thus the 
upper value 2 m/s (from Table I) limits the application for higher flow capacities. 
      Furthermore, at capacities of a few m3/h, with common water velocity from 1.5 to 2 m/s, 
hydrodynamic resistance has to be taken into consideration. For this reason, another 
configuration of permanent magnets was tried and several modelling solutions were found. 
Two optimized cases are presented here: a hexagonal configuration (Fig. 1b) and an octagonal 
configuration (Fig. 1c), for the range from 4 to 5.5 m3/h. 

 

 
 

Figure 2: Magnetic flux distribution for the set of two parallel rows of square magnets. 
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      For extremely high water-flow capacities, an annular gap and electromagnetic coils are 
preferable [10]. 
      Fig. 2 presents the magnetic flux distribution for the set of two parallel rows of square 
magnets (dimensions from Fig. 1a). The magnets are transversally magnetized and adjusted 
on nonmagnetic pipe with U-yoke (Fig. 2a). The ferromagnetic plate-yokes concentrate the 
magnetic flux (Fig. 2b) and consequently intensify the magnetic flux density in the water 
region, where they are orientated orthogonally to the water flow (in the Y-direction, Fig. 2c). 
The peak of magnetic flux density in the water occurs at the centre of each magnetic pair and 
alternates, owing the alternating orientation of magnets along the pipe (Fig. 2e). The field 
along the cross-section of the pipe is semi-homogeneous (Fig. 2 d, f). 
 

 
 
Figure 3: Magnetic flux distribution for the set of hexagonal-configured magnets. 

 
      Fig. 3 presents the magnetic flux distribution for the set of magnets with hexagonal 
configuration that are magnetized as presented in Fig. 1b. Although the pipe has a diameter 3 
times higher, the field yielded is similar to the former case. The interaction among 
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neighbouring hexagonal units is mitigated by thickening the magnets and raising the distance 
between the units. The octagonal configuration (with dimensions and magnetization from Fig. 
1c) yields a similar magnetic field distribution (Fig. 4), but somewhat stronger near the peak 
(Fig. 3f). 
 

 
 
Figure 4: Magnetic flux distribution for the set of octagonal-configured magnets. 
 
5. CONCLUSION 
 
This paper gives a preview of the development of magnetic devices for scale control. 
Modelling and simulation are based on a workload of operational requirements for the 
technological process and of the material characteristics for the device construction. Vector 
Fields Software with the finite-element method enabled precise observation of the magnetic 
field. Among several results for different water-flow capacities, models of magnetic array on 
non-magnetic pipe were presented: parallel rows of square magnets convenient for small 
capacities less than 0.5 m3/h; octagonal and hexagonal arrays for higher capacities, from 4 to 
5.5 m3/h. For intermediate capacities, the model with a rectangular gap yields the required 
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magnetic field, but produces some hydrodynamic pressure loss. However, application of such 
devices instead of chemical scale-prevention treatment proved ecologically and economically 
advantageous in low-capacity water processing. The construction and installation is relatively 
easy and also applicable for removal of previously formed scale, applicable also for muddy 
waters, while the life-time is long and without any energy consumption. 
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