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 Abstract  Magnetic fluid seals belong to the class of non-contact seals. They are used as protective seals for vacuum 
systems, high speed shafts, precision mechanics, and electromechanical devices. The proper functioning of 
the magnetic fluid seal is related to creating and maintaining the continuity of the fluid ring on the sealing 
stage. This is achieved by appropriately shaped magnetic field distribution in the region of the sealing stage. 
Consequently, one of the main issues with the construction of such seals is to determine the distribution of 
the magnetic field in this region. This paper presents the results of analytical calculations and numerical 
simulations, based on which the influence of selected geometric parameters on the critical pressure and 
motion resistance was determined.

 Słowa kluczowe:  uszczelnienia z cieczą magnetyczną, ferrociecz, moment oporu, szczelność uszczelnienia.

 Streszczenie  Uszczelnienia z cieczą magnetyczną należą do klasy uszczelnień bezstykowych znajdują zastosowanie m.in., 
jako uszczelnienia ochronne w układach pracujących w próżni, w uszczelnieniach wałów szybkoobrotowych, 
urządzeń mechaniki precyzyjnej oraz przemyśle elektromechanicznym.

  Zachowanie poprawnego funkcjonowania uszczelnienia z cieczą magnetyczną związane jest z konieczno-
ścią wytworzenia i utrzymania ciągłości płynnego pierścienia ferrocieczy. Realizowane jest to za pomocą 
odpowiednio ukształtowanego rozkładu pola magnetycznego w szczelinie roboczej uszczelnienia. W związ-
ku z tym jednym z głównych zagadnień związanych z konstrukcją tego rodzaju uszczelnień jest określenie 
rozkładu pola magnetycznego w rejonie występu uszczelniającego. W pracy przedstawiono wyniki obliczeń 
analitycznych oraz symulacji numerycznych, na podstawie których określono wpływ wybranych parametrów 
konstrukcyjnych na kluczowe wielkości funkcjonalne uszczelnienia, tj. dopuszczalne ciśnienie oraz opory 
ruchu.
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INDRODUCTION

Magnetic fluids belong to a group of materials with 
controlled physical properties that can be changed by 
an external magnetic field. Jacob Rabin, an employee of 
the US National Bureau of Standards, while obtaining 
the appropriate patent [L. 18], described the method 
of their manufacture and potential applications. Rapid 
development of the technology related to the use of these 
fluids occurred when NASA made commercial licenses 
for their production.

Two basic types of magnetic fluid can be 
distinguished: magnetorheological fluids (MRF) and 
ferromagnetic fluids (FF). Thanks to their properties, 
magnetic fluids are used in machines, waste processing, 
material recycling, sensors, and speakers. They can also 
be used as lubricants and in biomedical applications, 
e.g., for selective drug applications [L. 2, 3].

In seals, FF fluids are primarily used. These 
substances are colloidal suspensions of ferromagnetic 
particles immersed in the carrier fluids, which can be 
synthetic, mineral oil, water, or other solvents. Particles 
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in these fluids usually have a size no larger than 10 nm 
[L. 1]. In this case, the sedimentation of particles by 
gravity or magnetic field does not occur or is significantly 
reduced. Important elements of FF fluids are surface 
active compounds whose purpose is to prevent the 
agglomeration of ferromagnetic particles. The properties 
of FF fluids allow the flow to be controlled and their 
rheological properties to be changed by the magnetic 
field. 

In seals, the ability to hold fluid in a desired 
position by a magnetic field gradient is used. A ferrofluid 
ring in the region of the sealing stage forms a barrier 
which ensures tightness. This type of seal is classified 
as a non-contact seal. This is characterized by low 
motion resistance and high durability [L. 17]. There 
is practically no wear of the seal elements. They can 
work in a wide range of operating parameters in static 
and dynamic conditions while maintaining tightness. 
According to the manufacturers of this type of seal, such 
as Eagle Burgmann or HtcHiglight Tech Corp, leakage 
is about 5·10-10 Pa/m3 in helium tests.

When designing FF fluid seals, it is necessary to take 
into account a number of factors, such as the magnetic 
properties of the seal elements, the properties of the 
ferromagnetic fluid, the source of the magnetic field, 
the geometry of the seal, and the working conditions. 
One of the key issues is to determine the distribution 
of the magnetic field in the seal. This problem, due to 
the nonlinearity of the equations describing the magnetic 
circuits and the complexity of the boundary conditions 
describing the geometry of the seal, is difficult to 
describe using analytical equations [L. 3]. Numerical 
simulations of the magnetic field distribution using the 
finite element method are helpful in this case [L. 4].

Some simulation studies focus on the impact of 
different sealing stage shapes [L. 7]. Attempts are 
being made to develop optimization algorithms that 
could be helpful while performing simulations for 
a particular optimization criterion. Some examples 
are tests for rectangular stages [L. 9], or studies to 
reduce seal dimensions [L. 8] to obtain maximum seal 
pressure. In the publications [L. 5, 6], the influence of 
the centrifugal force has been taken into account. The 
relationship between gap height and seal pressure was 
also determined.

The subject of this study is to present the results 
of numerical analysis of magnetic field distribution for 
different seal stage geometries, which allowed analytical 
calculations of the critical pressure and motion resistance 
of the seal to be performed.

MAGNETIC  FLUID  SEALS

Ferromagnetic fluid seals working in rotary motion 
are made up of several basic elements. A sample seal 
construction is shown in Fig. 1. The magnetic field 

source is the permanent magnet (3) polarized in the axial 
direction. The rotary shaft (2) and the pole pieces (1) are 
made of material with ferromagnetic properties. These 
elements are the main part of the magnetic circuit and are 
placed in a housing made of material with paramagnetic 
properties. The ferromagnetic fluid (4) is held by the 
magnetic field at the sealing stages and forms a barrier 
to the sealed medium (5).

Fig. 1.  Multi-stage magnetic fluid seal
Rys. 1.  Wielowystępowe uszczelnienie z cieczą ferromagne-

tyczną

The most important geometrical parameter of the 
seal is the nominal diameter Dn. Another important 
one is the height of the “δ” seal gap, which affects the 
value and distribution of the magnetic field in the FF 
fluid region. The value of this parameter depends on 
the dimensional inaccuracy of the seal elements. When 
tolerances are not retained, radial run out may result in 
the wear and damage of the seal. The gap height increase 
influences the amount of fluid applied on the stage and 
reduces the pressure at which the seal can work. In turn, 
a low gap height value requires the high accuracy and 
tolerance of the seal elements. In practical applications, 
its value may range from 0.05 to 0.5 mm.

CRITICAL  PRESSURE

The maximum operating pressure of the magnetic fluid 
seal is defined as the critical pressure. This is one of the 
basic parameters. Below this value, seals can operate 
without leakage. In the case of critical pressure, the 
continuity of the fluid sealing ring is disrupted. Its value 
can be calculated by using Bernoulli’s equation [L. 9]:

         p v gh MH const+ + − =
1
2

2
0ρ ρ µ .          (1)

where
p –  composite pressure in the ferrofluid [Pa], 
ρ   –  ferrofluid density [kg/m3],
g   –  gravitational acceleration [m/s2],
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M  – magnetization of the ferrofluid [A/m],
µ0  – vacuum magnetic permeability [H/m], 
v   – velocity [m/s],
H  – magnetic field intensity [A/m], 
h   – reference height [m].

Ferromagnetic fluid in the seal is mostly in the state 
of magnetic saturation. Also assuming that we neglect 
the influence of the gravitational field, and considering 
the case of a static seal (v = 0 m/s), Equation (1) takes 
the following form:
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Equation (2) indicates that it is preferable to 
increase the magnetic induction difference occurring 
on both sides of the sealing ring (Bmax-Bmin) to increase 
the critical pressure. Fig. 2 shows the position of the 
Bmax and Bmin points for an asymmetrical trapezoid stage 
shape. The black line shows that the free surface of the 
fluid and shape is due to the condition of the constant 
magnetic induction value [L. 10].

Previous studies have shown that, by performing 
numerical analysis of ferromagnetic fluid seals and 
substituting the Bmax and Bmin values into Equation (2), 
we obtain high compatibility with experimental studies 
[L. 11, 14]. In addition, Equation (2) has shown that it 
is consistent with the experiment for seals with a linear 
speed below 10 m/s [L. 3]. In the case of simplified 
critical pressure calculations, it may be assumed that 
Bmin = 0 T. In this case, Equation (2) can be written as 
follows:

                      ∆ ∆p M Bkr s= max             (3)

An important issue of FF seals is to determine the 
distribution of the magnetic field. Due to the complexity 
of the geometry and, usually, the small dimensions of the 
seal gap (which make it impossible to carry out sensor 
measurements), the only way to predict seal critical 
pressure is to use FEM numerical simulation.

TEST  METHOD

Analyses of magnetic circuits in magnetic fluid seals 
were made by using the finite element method. The 
ANSYS 14.5 program was used for this purpose. In 
numerical simulations, an axially symmetrical model 
was adopted. The Dirichlet boundary condition was 
adopted, i.e. it was assumed that the direction of the 
magnetic flux is parallel to the edges of the analysed 
area and the value of flux at the boundaries of the area 
is zero. The mesh size was concentrated in the gap area. 
The average size of the finite element was 0.015 mm. 

It was assumed that the ferromagnetic elements of 
the seals are made of steel and the B-H magnetization 
curve was assumed for such material [L. 14]. For 
magnetic circuit elements, such as air and aluminium, 
a relative magnetic permeability equal to 1 was assumed. 
The ferromagnetic fluid was treated in the same way. 
This substance belongs to super paramagnetic materials, 
and their magnetization is similar to that of paramagnetic 
materials. The difference is their high initial magnetic 
susceptibility [L. 9]. The magnetic source was from 
neodymium permanent magnets (symbol N38) with 
the coercive force Hbc = 950 kA/m and Br = 1.21 T. The 
volume of the magnet in the seal was 8.8 cm3. A sample 
result of a magnetic field distribution in the stage region 
is shown in Fig. 2.

Fig. 2.  Contour plot of magnetic induction on the sealing 
stage with a modelled shape of the ferromagnetic 
fluid

Rys. 2.  Konturowy wykres indukcji magnetycznej na wy-
stępie uszczelniającym z zamodelowanym kształtem 
cieczy ferromagnetycznej

The analyses were carried out for three basic shapes 
of sealing stages [L. 15], i.e. rectangular, symmetrical 
trapezoid, and asymmetrical trapezoid. Figure 3 shows 
the shapes of the sealing stages and basic geometric 
parameters. The magnetic induction was measured over 
the length of the line between points A and B – Fig. 2.

 

Fig. 3.  Geometries of the analysed seals stages: 
a) rectangle (P), b) asymmetrical trapezoid (TNS), 
c) symmetrical trapezoid (TS)

Rys. 3.  Geometrie analizowanych występów uszczelnień 
z cieczą FF: a) prostokąt (P), b) trapez niesymetrycz-
ny (TNS), c) trapez symetryczny (TS)

a)                                b)                                 c)
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RESULTS  OF  THE  SIMULATION

In the simulation, the gap height δ = 0.1 mm and angle 
α = 45° were assumed. The subject of the analysis was to 
determine the influence of the width “t” in the range from 
0.3 mm to 1.5 mm. The adopted parameter values   are 
typical for seals. The distribution of the magnetic induction 
for different stage shapes is shown in Figs. 4 a,b, and c.

The lowest values   of the magnetic induction were 
obtained for the rectangular (P) stage. An increase in the 
“t” width results in an increase in the magnetic induction 
(Fig. 4a). The highest values   of magnetic induction were 
observed for the symmetrical trapezoid (TS). In this 
case, the increase in width “t” caused a slight decrease 
in the Bmax value as a result of the decrease in magnetic 
resistance. The asymmetrical trapezoid geometry (TNS) 
lies between the results obtained for (P) and (TS).

In Fig. 4d, Bmax as a function of the “t” width for the 
analysed sealing stage geometries is shown. The value of 
this parameter influences the critical pressure. The critical 
pressure on the second axis of the graph was calculated 
for a fluid with Ms = 40 kA/m. In the whole range of the 
“t” parameter, the lowest critical pressure values   were 
obtained for the seal with the rectangular stage geometry. 
However, for this type of geometry, an increase in the 
width causes an increase in the critical pressure.

For geometry (TS), the highest values   of Bmax were 
obtained. In this case, increasing the “t” dimension 
causes the critical pressure to drop, as the maximum 
value of magnetic induction in the gap decreases. In 
contrast, for (TNS), the maximum value is for t = 
0.6 mm above which the magnetic induction decreases.

MOTION  RESISTANCE

Low motion resistance is one of the major advantages 
of FF fluid seals. In these seals, the energy dissipation 
results only from internal friction in the fluid. The value 
of the torque generated by the seal can be calculated by 
analogy to a bearing model with two coaxial cylinders, 
the “Pietrow bearing” [L. 12]:

                            M v S D
t

n=
⋅ ⋅ ⋅

⋅
η

δ2
                       (4)

where
 η    –  dynamic viscosity,
 Dn –  seal diameter (Dn= 2·R),
 S    –  contact area between the fluid and seal pole
                    (S = π · b · Dn),
 v   –  peripheral speed (v = ω·R).

Due to the fact that, for the geometry (TS) and 
(TNS), the gap height changes in the axial direction (i.e. 
δ = f (z)), Equation (4) can be written as follows:

             M R b
z
dzt

b

= ⋅ ⋅ ⋅ ⋅ ∫2 3

0

π η ω
δ ( )

            (5)

In Equation (5), it is assumed that the dynamic 
viscosity of the fluid is constant in the gap. This assumption 
is true for Newtonian fluids. In the work [L. 16], it was 
shown that this approach to the problem is acceptable 
for FF fluids. In addition, it has been shown in the paper 
[L. 13] that the Non-Newtonian nature FF fluids should be 
taken into account only at low shear rates. The assumption 
of a constant viscosity value in the sealing stage region 

 
a)

 b)
 

c)

d) 

Fig. 4.  Magnetic field distribution for different geometry: 
a) rectangle, b) asymmetrical trapezoid, 
c) symmetrical trapezoid, d) dependence Bmaxvs 
width “t”

Rys. 4.  Rozkład pola magnetycznego dla różnych występów 
(x-długość odcinka pomiarowego) : a) prostokąt, b) tra-
pez niesymetryczny, c) trapez symetryczny, d) zależność 
Bmax od szerokości ścięcia „t”
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is correct, because the magnetic field induction value in 
FF fluids means that the fluid is magnetically saturated 
[L. 9]. Using these assumptions, the gap height change is 
described by the following equation:

                    δ δ αz z t( ) = + − ⋅( ) tan             (6)
The following equations describe the torque of the seal:
• for a rectangular stage (P) (Fig. 2a):

                M R b
t = ⋅ ⋅ ⋅ ⋅ ⋅2 3π η ω

δ
               (7)

• for an asymmetrical trapezoidal stage (TNS) 
(Fig. 2b):
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• for a symmetrical trapezoidal stage (TS) (Fig. 2b):
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Based on the presented equations, it can be seen 
that the torque depends linearly on the speed of rotation. 
The nominal diameter of the seal (it is a power function 
with the exponent n = 3) has a significant influence on 
the motion resistance. Equations 7–9 were analysed for 
the following case of sealing conditions: n = 1500 rpm, 
dynamic viscosity of the fluid FF η = 1.2 Pa·s, radius R = 
25 mm and angle α = 45°.

Figure 5a shows motion resistance for δ = 0.1 mm. 
Curves for (TS) and (TNS) were plotted for t = 0 mm,  
α = 45°. In the case of the stage (P), the motion resistance 
increases linearly as a function of the “b” width. The 
resulting values are several times higher than those of 
the (TS) and (TNS) geometries. The values obtained for 
(TNS) are approximately 30-40% lower than for (TS).

Figure 5b shows motion resistance as a function 
of the gap height of the stage (when: t = 1 mm,  
b = 3 mm,  α = 45°, δ = 0.05–1 mm). For each of the 
analysed cases, increasing the gap height will reduce the 
motion resistance of the seal. However, it should be noted 
that the change of this parameter affects the distribution of 
the magnetic field in the gap and this reduces the critical 
pressure. A smaller torque was obtained for larger gaps. 
In turn, larger differences between the (TS) and (TNS) 
geometries are observed for smaller gap values.

Another parameter of the geometry affecting the 
torque is the width of the stage „t”. Fig. 6a shows the 
torque curves for the following conditions: t = 0 – 2.8 mm, 
b = 3 mm, α = 45°, δ = 0.1 mm. The most favourable 
case from the point of view of reducing the friction in 
the seal is the smallest possible width „t”. There were no 
significant differences in the results obtained for the (TS) 
and (TNS) geometry.

a)

b) 

Fig. 6.  Relation of the motion resistance: a) as a function 
of the width “t,” b) as a function of the angle “α”

Rys. 6.  Zależność momentu oporu: a) w funkcji szerokości 
„t”, b) w funkcji kąta „α”

Fig. 5.  Motion resistance as a function of: a) stage width 
“b” (for t = 0 mm), b) height of the seal gap ”δ”

Rys. 5.  Zależność momentu oporu w funkcji: a) szerokości 
występu „b” (dla t = 0 mm), b) wysokości szczeliny „δ”

a)

b) 
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Figure 6b shows the influence of the “α” angle 
on the torque change in the seal when: α = 15–75°,  
t = 1 mm, b = 3 mm, δ = 0.1 mm. The angle increase 
results in a decrease in friction resistance in each case 
by about 0.1 Nm. When the “α” angle increases, it also 
influences the distribution of the magnetic field in the 
gap. The stage shape changes and the magnetic induction 
distribution are similar to the (P) stage. This results in 
a critical pressure value reduction.

CONCLUSIONS

Designing a magnetic fluid seal is a complex issue and 
requires a number of factors to be taken into account. 
Optimization of this problem is a multi-criterial problem. 
In addition to the geometric conditions, the material 
properties should be taken into account. In solving 
such a problem, it is very helpful to be able to simulate 
magnetic circuits. 

Numerical simulations and calculations have shown 
that the lowest critical pressure and the highest torque 
are associated with a rectangular shape. The smallest 
torque was obtained for the asymmetrical trapezoid.

The highest critical pressure is associated with 
a symmetrical trapezoidal shape. The difference in 
magnetic induction Bmax compared to the rectangle was 
from 0.46 to 1.10 T, depending on the width “t.” The 
difference in magnetic induction varied from 0.06 to 
0.30 T in the case the symmetrical trapezoid compared 
to asymmetrical. In the case of FF fluid with a saturation 
magnetization of 40 kA/m, this would cause a critical 
pressure difference from 24 to 120 kPa – Fig. 4b.

It should be noted that the rectangular shape would 
occupy the least space (dimension in the axial direction 
of the shaft) compared with the other shapes. It is also 
the easiest shape to make from the technological point of 
view. This is particularly important when the stages are 
to be made on a pole piece rather than on a shaft.
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