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1.  Introduction

Magnetic fluids (MFs) are one of many functional materials, 
which compose of single-domain magnetic nanoparticles dis-
persing in a carrier liquid [1]. Brownian motion prevents the 
particles from settling under gravity, and surfactant is placed 
around each particle to provide short range steric repulsion 
between the particles to avoid agglomeration [2]. Owing to a 
combination of the pronounced magnetic properties and flu-
idity inhering in classical liquids, MFs have found wide appli-
cations in many industrial processes [3–6].

The behaviors of MFs are mainly determined by their 
magnetic properties. From the basic physical point of view, 
MFs are interesting because they can interact with a magnetic 
field to produce a controllable magnetostatic force on the fluid. 
Physical principles for the magnetostatic force in MFs under 
the influence of a non-uniform magnetic field were described 
in detail by Rosensweig [7]. From the fluid mechanical point 
of view, this kind of magnetostatic force may provide an elastic 
support or hold a load. The elastic support representing the 
MFs drop with a magnet inside was investigated numerically 
by Bashtovoi et al [8]. In 2009, the authors’ group also carried 
out research work on the elastic support of MFs. As shown in 
figure 1, the magnetic field is generated by eight cylindrical 
NdFeB magnets, with the size of Φ4.0 mm  ×  4.0 mm, distrib-
uted uniformly on a cylinder surface. The magnets are covered 
by drops of MFs (1 ml). The supporting force of MFs drop 
was recorded by a force sensor during the plate moving down. 

The preliminary research results verified that MFs could gen-
erate load capacity under an external magnetic field and the 
force increases with the increase of magnetization of MFs [9].

Besides the magnetostatic supporting, MFs seal may pro-
vide the other kind of load carrying capacity [10]. As shown 
in the upper right of figure 2, a drop of MFs covers an annular 
magnet, forming a closed liquid ring. If the bottom of the 
magnet is bonded with a glass substrate, a load carrying 
capacity might be expected by the air, which is encapsulated 
and pressurized by the MFs seal. When the force is larger than 
the supporting element, then the arrangement can cause it to 
float, which are highly desirable in a lubrication system. In 
addition, such a construction can also be regarded as a simple 
elastic supporting stage system, which may play the role of 
spring or damper.

However, the physical mechanisms governing the elastic 
support are still ambiguous. Furthermore, how does the volume 
of the air chamber affect the supporting forces? To address 
these questions, a simplified model was set up and the carrying 
capacity of the bearing was analyzed in theory. Meanwhile, 
experiments were performed to further confirm the existence 
of the supporting forces. Theoretical and experimental results 
indicate that such an air cushion structure can produce a load 
capacity, since the air pressure inside the chamber may be 
enhanced by applying a vertical load on the stage.

2.  Principle analysis

To gain the essential features of such elastic support, a theor
etical model was built, as shown in figure  2. Definitions of 
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the symbols can also be found in figure 2. The magnetization 
of the MFs interacts with the external magnetic field to pro-
duce attractive forces on each magnetic particle. By virtue of 
the stabilized suspension of the particles in MFs, the attrac-
tive magnetic force develops a static pressure inside the fluid. 
When gravity and surface tension of MFs are ignored, the 
induced magnetic pressure gradient (∇p) in the fluid can be 
written as [11, 12]:

∇p = µ0M∇H� (1)

where µ0 is the magnetic permeability of free space, M is the 
magnetization of the MFs and ∇H is the magnetic field gra-
dient. In general, the magnetization M of the MFs is a func-
tion of the magnetic field. Since, in practice, a magnetic field 
in a gap attains 105 A m−1 and MFs can be regarded as fully 
saturated (Ms).

Thus, the limiting pressure difference across the MFs seal 
(pi − p0) can be calculated as follows [10]:

pi − p0 =

∫ Hi

H0

∇p · dH = µ0Ms

∫ Hi

H0

∇H · dH = µ0Ms (Hi − H0)

� (2)
where pi and p0 are the hydrostatic pressures on each side of the 
MFs interface, Hi  and H0 are the corresponding magnetic field 
intensity magnitudes. The result clearly indicates that only the 
magnetic field intensities at the fluid-air interface determine 
the pressure of the enclosed chamber. In this case, the load 
capacity (F) can be calculated approximately by integrating 
the pressure over the load carrying surface area (AF = πr2

in). 
Therefore, the bearing capacity could be written as [10]:

F =

∫

S
(pi − p0) · dAF = µ0Ms (Hi − H0)AF.� (3)

As can be seen, the bearing capacity mainly depends on 
the MFs seal. Additionally, the initial factors related to the 
sealing capacity are the magnetic properties of the MFs and 
the magnet, as well as the geometry of the bearing.

Possible dynamic supporting process of the bearing could 
be as follows. When the upper plate just touches the fluid, the 
air encapsulated by the MFs ring presents no supporting ability, 
since the magnetic field intensities at the inner and outer fluid 
interfaces are the same. With the upper plate pressing down, 
the magnetic field intensity at the inner fluid interface differs 
from that of the outer. Due to the height between the upper 
plate and magnet becoming smaller, the inner fluid interface 
shifts to the position with the higher magnetic field inten-
sity, since when approaching the magnet, the magnetic line 
becomes dense. On the contrary, for the squeezing action, the 
intensity of the outer fluid interface wanes, since the outer 
interface of MFs situates far away from the magnet. Thus, 
with the height between the plate and magnet decreasing, the 
magnetic field gradient (∇H between the inner and outer of 
the fluid interfaces, Hi − H0) grows gradually, and the pres
sure gradient (∇p) is built up across the MFs seal. As a result, 
the load carrying capacity (F) increases with the decreasing 
of the height (h).

3.  Experiment and discussion

To further verify the elastic support, a series of experiments 
are conducted. A N35 NdFeB annular magnet (Φ16 mm * 
Φ12 mm * 6 mm) with the magnetization in the axial direction 
was chosen. The bottom of the magnet is connected with a 
glass without any gas leak.

The Fe3O4-based MFs prepared by the co-precipitation 
technique was used in this paper. To overcome agglomeration, 
the magnetic particles were coated with succinimide (sur-
factant) and dispersed in α-olefinic hydrocarbon synthetic oil 
(carrier liquid). The saturation magnetization of the MFs is 
about 2.38  ×  104 A m−1, corresponding to the particle volume 
fraction of 6.32%. The image of the MFs absorbed on the 
magnet was shown in figure 2.

The load carrying capacity of the MFs bearing was meas-
ured using a tensile force testing platform, as shown in 
figure 3. A servo motor connected with a reducer is used as 
power that drives a transmission screw. A force sensor fixed 
with the screw can move in a vertical direction. The servo 
motor is controlled by a servo driver and an NI motion control 
card. The force sensor is connected with the NI data acquisi-
tion card, which can collect the value of force in real time by 
PC. Thus, the data of the supporting force over the displace-
ment can be recorded. To overcome the slipping, the upper 
plate is connected mechanically with the force sensor. The 
center of the force is ensured by a positioning fixture.

The measuring range of the force sensor is 5 N with a reso-
lution of 0.001 N. The transmission accuracy of the screw is 
0.01 mm. During the test process, the speed of the force sensor 
in the vertical direction is fixed at 0.01 mm s−1.

Figure 4 presents the load capacity (F) plotted as function 
of the height (h). As expected, the supporting force increases 
with the decrease of the height and the maximum load carrying 
capacity of the bearing is about 1.1–1.6 N under the three drop 
volume conditions. Displacement of the upper plate in the 
axial direction leads to the deformation of the MFs ring. Also, 

Figure 1.  (a) Aluminum cylinder with magnets, (b) cylinder 
covered with MFs, (c) and (d) supporting force test procedure. [9] 
Taylor & Francis Ltd. http://tandfonline.com.
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the interface of the outer fluid will overflow in the radial direc-
tion, which enhances the ∇H between the inner and outer of 
the fluid interfaces. Therefore, the induced magnetic pressure 
gradient (∇p) in the fluid improves, as well as the final load 
carrying capacity. The smaller the height between the plate 
and magnet, the greater the aforementioned force.

The load carrying capacity of the numerical simulation was 
also given in figure 4 and the corresponding description of the 
numerical model was shown in figure 2. According to equa-
tion (3), to obtain the load capacity of the bearing, the magn
etic field gradient (∇H between the inner and outer of the 
fluid interfaces, Hi − H0) becomes the primary problem since 
µ0, Ms and AF are the constants. In this paper, the solution of 
the problem is done numerically using a magnetic field finite 
element method (FEM) by Ansoft Maxwell ver. 10.0 soft-
ware. The input parameters of the geometrical and magnetic 
are in accordance with the experiments. As mentioned above, 
a N35 NdFeB annular magnet with the dimensions of Φ16 mm 
* Φ12 mm * 6 mm was chosen. The magnetic parameters were 
set as follows: a remanent flux density of Br  =  1.18 T, a coer-
civity of Hc  =  −880 kA m−1 and a relative permeability of 
μr  =  1.1. Thus, the magnetic field distributions at different 
heights as a function of the radius can be achieved (see in 
figure 5). As the upper plate is in a certain height, the volume 
of the MFs determines the interface position of the fluid, 
since the volume of the fluid is incompressible. Therefore, the 
magnetic field intensities at the inner and outer of the fluid 
interfaces can be obtained according to the shape and location 
of the drop surface. After that, the load carrying capacity (F) 
can be calculated according to equation (3).

Compared with the experimental curves, the theoretical 
data present a similar variation trend for three volume con-
ditions. For example, at the height (h) of 0.08 mm, for the 
volume of MFs is 1.5 ml, the calculated Hi is 4.6  ×  105 A m−1 
and H0 is about 7.2  ×  104 A m−1. The area the pressure sup-
ported 

(
AF = πr2

in

)
 is 1.13  ×  10−4 m−2, and µ0 (4π  ×  10−7  

N A−2) is the magnetic permeability of the free space. The 
saturation magnetization of the MFs is about 2.38  ×  104 A m−1. 
Then, according to equation  (3), the calculated load capacity 
(F) is about 1.33 N and the value is close to the experimental 
result.

In figure 4, while continue to decrease the height, a dra-
matic increment of the calculated load capacity appears, which 
is much higher than the measurements. Since no gas leakage 
is taken into account during the theoretical analysis, the cal-
culated pressure in the air chamber will increase sharply when 
the volume of the air chamber decreases. However, during the 

experimental process, if the upper plate moves down continu-
ously, the resulting pressure increment of the gas would reach 
the maximum pressure difference that the MFs ring could 
withstand. Thus, the gas leak is inescapable, especially at the 
end of the tests. Therefore, the reason why the theoretical data 
are much higher than the experimental ones at the tiny height 
might be the gas leakage.

Note that the MFs volume affects the load capacity. Due 
to the increasing volume of the MFs, the outer fluid interface 
in the gap will definitely go far away from the magnet in the 
radial direction, which will further magnify the ∇H between 
the inner and outer of the fluid interfaces. Thus, the bearing 
capacity improves as well. Besides, when increasing the 
volume of MFs, the air encapsulated will also increase. Also, 
this increased air will also promote the bearing capacity.

Besides the volume of the fluid, the volume of the air 
chamber also shows obvious effects. Figure 6 presents the load 
dependency on the original air volume. Although the dosage 
of MFs is the same, the initial supporting forces appear at dif-
ferent heights. The chamber volume varies greatly among the 
three bearings. For the bearing with a small gas chamber, a 
tiny compression of gas volume may cause an obvious pres
sure increment. Thus, the support force can be detected at a 
higher position. For the bottom unsealed bearing, the detect-
ible magnetostatic force begins from the lowest height.

In order to consider the effect of the magnetostatic force, 
the sum of the magnetostatic force and the theoretical values 
were also given in figure 6. For the bearing filled with hot melt 

Figure 2.  Shematic diagram of the bearing. (The upper right presents a drop of MFs covering on an annular magnet.)

Figure 3.  The schematic diagram of the test system.

J. Phys. D: Appl. Phys. 50 (2017) 435004
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glue, because of the gas leakage (small gas volume condition), 
the sum of the magnetostatic force and the theoretical value 
seem to fit the measurements well. It shows that the magneto-
static force plays a leading role for the small chamber condi-
tion. When increasing the volume of the gas chamber (only 
bottom sealed condition), the sum data gravely deviate from 
the experimental values. The result indicates that the load 
carrying capacity of the bearing mainly comes from the MFs 
sealing capacity and the magnetostatic force can be ignored. 
That is the reason why the magnetostatic force was not con-
sidered during the theoretical calculation in figure 4.

Compared with the magnet bottom sealed situation, the 
lowest supporting force is obtained for the bottom unsealed 
one. As the chamber of the annular magnet is filled with hot 
melt glue, the maximum load capacity reaches to 2 N, which 
is almost 3.5 times higher than the bottom unsealed condition. 
Such a result further confirms that the gas sealed by MFs helps 
to improve the supporting force.

According to the ideal gas law, the pressure of gas in a 
closed container with changing volume is given by:

P2 =
P1V1

V2
� (4)

where P1 is the initial pressure and V1 is the initial volume. 
P2 is the attainable pressure in the gas chamber. As the upper 
plate moves down, assuming no gas leak, the pressure may 
reach the maximum value when the volume of chamber 
approaches zero, then:

P2,max = lim
V2→0

P2.� (5)

When the bottom of the magnet is unsealed, V2 tends to be 
infinite and P2 is the atmospheric pressure. The load acting on 
the plate is only generated by the magnetostatic force of the 
MFs. An obvious increment was observed as the bottom of 
the magnet is bonded with a glass. When the chamber of the 
annular magnet is occupied, which means V2 reducing fur-
ther, the pressure in the chamber shows a rapid increase and 
the maximum elastic support for static pressure is up to 2.2  

N cm−2. So, narrowing the air chamber is an effective way to 
enhance the bearing capacity.

In addition, the force ripple was observed for the bearing 
filled with hot melt glue (see figure 6). The original gas volume 
of the bearing is about 0.339 cm3, which is much less than the 
bottom sealed one (1.018 cm3). Compressing the bearing will 
cause gas to escape from the seal at an early stage since the 
pressure in the smaller chamber becomes larger than the pres
sure that can be counteracted by the MFs seal. In this way, 
the support force may decline slightly. It should be pointed 
out that the limiting pressure of the MFs seal is changing at 
different positions. The smaller the height is, the larger the 
seal capacity it shows. When the upper plate moves down, 
the gas continues to be compressed, and the supporting force 
increases again. On one hand, the discontinuous response of 
the bearing may decrease the supporting force after gas leak. 
On the other hand, such discontinuous response may provide 
a positive way of overload protection, due to gas escaping.

Figure 6.  Dependence of load carrying capacity on the original 
air volume (lines—the experimental data, dots—the sum of the 
theoretical value and magnetostatic force; the drop volume of MFs 
is 1.0 ml).

Figure 4.  Dependence of the load carrying capacity (F) on the 
height (h) between the upper plate and the magnet for different drop 
volumes (lines—the experimental data, dots—theoretical ones).

Figure 5.  The modeled magnetic field intensity at different heights 
as a function of the radius for the ring-shaped magnet.

J. Phys. D: Appl. Phys. 50 (2017) 435004
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4.  Conclusion

In this paper, a type of gas support provided by the MFs seal 
is studied. Theoretical analyses show that the load carrying 
capacity of the bearing is mainly determined by the pressure 
difference across MFs interface. Specific values of the sup-
port can be controlled by the geometric and magnetic param
eters of MFs and magnet. The experiments reveal that the load 
capacity of the bearing increases with the increase of the MF 
volume. Besides, a decrease in the original volume of the gas 
sealed by MFs helps to improve the elastic support.

As is known, the pressure of the MF seal changes at dif-
ferent height. The smaller the height is, the larger the seal 
capacity it shows. Therefore, the support force increases 
with the decreasing of the height. However, the seal capacity 
cannot withstand a gas support pressure above the final lim-
iting value. From the mechanical point of view, the findings 
reported in this study will impact upon some important tech-
nologies, such as hydrostatic bearing and high precision posi-
tioning systems.
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