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Ferrofluid rotary seal with replenishment system for sealing liquids 
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Department of Precision and Microsystems Engineering, Delft University of Technology, Mekelweg 2, 2628 CD, Delft, the Netherlands   

A R T I C L E  I N F O   

Keywords: 
Magnetic liquid seal 
Lip seal 
Water 
Ferrofluid transport 
Magnetics 

A B S T R A C T   

Ferrofluid rotary seals are mechanical contact-free magnetic liquid seals that are characterised by their simple 
structure, low friction and ability to hermetically seal. Although ferrofluid rotary seals for sealing vacuum and 
gases are part of a well established industry, the sealing of liquids has not been implemented yet. Literature 
learns that degradation of the ferrofluid seal over time when it dynamically contacts a liquid results into pre-
mature seal failure. This paper presents a new type of ferrofluid rotary seal in which a ferrofluid replenishment 
system is implemented that renews the ferrofluid in the sealing ring while sealing capacity is maintained. By 
replacing the degraded ferrofluid in the seal at a sufficient rate, service life of the ferrofluid rotary seal can 
theoretically be unlimited. An analytical model and FEM analysis are used to design the ferrofluid sealing device 
and to predict its sealing capacity. An experimental test setup has been built on which the sealing capacity and 
service life of the device has been tested for different sealing conditions. It is demonstrated that the ferrofluid 
replenishment system successfully extends and controls the service life of the ferrofluid rotary seal that 
dynamically seals pressurised water.   

1. Introduction 

In the 1960’s the world’s first patented magnetic fluid was created by 
adding magnetic properties to rocket fuel, enabling control of the fluid 
in outer space using magnets [1]. Funded by space agency NASA Ronald 
E. Rosensweig led the development of a wide variety of magnetic fluids 
and the research to the fluid mechanics of magnetic liquids [2,3]. Fer-
rofluid is a magnetic fluid that consists of ferromagnetic nanoparticles 
suspended in a carrier liquid [4]. The three main technical application 
areas of ferrofluids are sealing, damping and heat transfer [5]. In most of 
these applications ferrofluid is positioned magnetically and secondary 
properties of the fluid are then exploited. An example of application are 
ferrofluid planar bearings, where absence of both stick slip and me-
chanical contact result in respectively a high precision and high dura-
bility [6,7]. 

Since the 1930’s radial lip seals are industries standard to retain 
lubricant and exclude contamination in rotating shaft and bearing ap-
plications [8]. This contact-based rotary seal is inherently subjected to 
wear, which limits its service life and causes leaks. Ferrofluid rotary 
seals are contact-free magnetic liquid seals and are characterised by 
their simple structure, low friction and ability to hermetically seal. 
Ferrofluid rotary seals operating in vacuum and gas environments 
already have proven themselves in industry [9–11]. Ferrofluid sealing is 

also considered to be very important in preserving the environment, 
since ferrofluid is able to create hermetic sealing for hazardous gases 
[12]. 

However, literature learns that ferrofluid rotary seals fail prema-
turely when they are used for sealing liquids [13–17]. The driving 
mechanisms causing this premature failure are not fully understood and 
prevent current implementation for sealing liquids. Many authors 
attribute this limited service life to the arise of interfacial instabilities 
between the liquid that is sealed and the ferrofluid of the seal [13,18]. 
When the liquid-ferrofluid interface becomes unstable, ferrofluid 
emulsifies with the liquid sealed which results in failure of the seal. 
Mitamura et al. have shown that a shielding structure in front of the 
ferrofluid rotary seal can be used to stabilise the interface between the 
two fluids [19–21]. Although shielding prevents instant seal failure 
caused by interfacial instability, the service life of the seal is still limited 
and unpredictable. 

It is reported in literature that the magnetic properties of ferrofluid in 
contact with water decrease [22]. Also it is suggested that the existence 
of shearing forces at the interface of the ferrofluid seal and liquid con-
tained limits its service life [23]. Shear forces between the liquid sealed 
and ferrofluid could cause gradual removal of ferrofluid [24]. All these 
effects could attribute to the degradation of the ferrofluid seal when it 
seals a liquid in dynamic operation conditions. Degradation decreases 
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the sealing capacity of the seal over time and causes seal failure when its 
sealing capacity becomes lower than the required operational sealing 
pressure. 

If the service life can be improved ferrofluid sealing technology 
seems very promising for marine applications such as the sealing of 
propeller shafts of boats [25,26]. Also in medical applications the seal-
ing technology seems to be very interesting. A lot of research is done to 
the ferrofluid sealing of blood in rotary blood pumps [27]. 

This paper presents a new type of ferrofluid rotary seal in which a 
ferrofluid replenishment system is implemented that renews the ferro-
fluid in the sealing ring while sealing capacity is maintained. By 
replacing the degraded ferrofluid in the seal at a sufficient rate, service 
life of the ferrofluid rotary seal that seals liquids can theoretically be 
unlimited. First an analytical model and FEM analysis of the ferrofluid 
sealing device is presented. Next the stability of the ferrofluid in the seal, 
the shielding and the ferrofluid replenishment method is discussed. The 
acquired knowledge is used to design an experimental test setup for a 
series of experiments in order to identify both static and dynamic sealing 
capacity of the system. Finally these results are used to perform a series 
of experiments in order to validate the hypothesis that the ferrofluid 
replenishment system improves the service life of the ferrofluid rotary 
seal that is used to seal high pressure water on a rotating shaft. 

2. Methods 

In order to design a ferrofluid rotary seal that seals liquids, first an 
analytical model that describes its sealing capacity is derived. Subse-
quently the required magnetic field intensities for this analytical model 
are calculated by FEM analysis performed using COMSOL Multi-
physics©. Next, the influence of the magnetic field gradient stability of 
ferrofluid on its sealing capacity is discussed. In order to prevent dy-
namic seal failure, shielding of the seal is discussed and the new concept 
of ferrofluid replenishment is introduced. Finally, the experimental test 
setup and experimental procedures and results are elaborated. 

2.1. Analytical model 

A cross-sectional overview of a basic ferrofluid rotary sealing system 
is presented in Fig. 1. The system consists of an axially magnetised ring 
magnet that is placed around a ferromagnetic shaft and supported by a 
non magnetic structure (green). Two ferrofluid seals that are located in 
the gap between the rotating shaft and stationary housing maintain the 
pressure difference between the liquid with pressure pl that is sealed and 
the atmosphere with pressure p0. In order to calculate the static sealing 
capacity of the two ferrofluid seals in the sealing system an analytical 

model is derived. The behaviour of the ferrofluid in terms of its motion 
as a function of time can be described using the Navier-Stokes equations 
for Newtonian incompressible magnetic fluids [28], presented in rela-
tion 1. 

ρff
Dv
Dt
¼ � rpff
⏟

Pressure

þ ηr2v
⏟
Viscous

þ ρff g
⏟
Gravity

þ μ0MrH
⏟

Magnetic

r⋅v ¼ 0

(1) 

The left side term is the density of the ferrofluid ρff times the rate of 
change following the mass motion v, also known as the material deriv-
ative. The right side of equation (1) is the sum of the pressure, viscous, 
gravity and magnetic body forces normalised to a unit volume. In gen-
eral gravitational effects are small and can be neglected. For the deri-
vation of the analytical model only non-rotating static shaft conditions 
are considered, which means that inertial and viscous effects on the 
pressure distribution can be neglected. The relation presented in equa-
tion (1) can now be reduced to the relation shown in equation (2) and 
only contains the pressure and magnetic terms. 

rpff ¼ μ0MrH (2)  

where pff is the pressure inside of the ferrofluid, μo the permeability of 
vacuum, M magnetisation of the ferrofluid and H the magnetic field 
intensity. The sealing capacity of a ferrofluid seal is defined to be the 
maximum pressure difference between the high pressure of the fluid (pff ) 
and the low pressure (p0) of the ambient gas that can be maintained 
without leakage. In order to calculate the sealing capacity of both fer-
rofluid seals combined (pl � p0), the boundary conditions at the in-
terfaces of the seals have to be investigated. In Fig. 1 the dashed box 
indicates the boundary condition at the interface between the liquid that 
is sealed and the ferrofluid of the first seal. Equation (3) presents this 
boundary condition. 

pl þ pc ¼ pff þ pn (3) 

Besides bulk pressures pl and pff also interfacial pressures pn and pc 

are present at the liquid-ferrofluid interface. Pressure pc is the capillary 
pressure between the liquid that is contained and the ferrofluid and 
pressure pn is the normal magnetic pressure. Capillary pressures will be 
neglected in the analytical model of the sealing capacity, considering its 
impact is low compared to the magnetic pressures generated inside of 
the ferrofluid [29]. The magnetic normal pressure pn is equal to μ0M2

n=2, 
where Mn is the normal magnetisation force vector at the interface of the 
ferrofluid seal. The normal magnetic pressure pn for the ferrofluid seals 
can also be neglected since the magnetic field is tangential to the in-
terfaces of the ferrofluid seal [28]. At the three other interfaces of the 
sealing system also the normal magnetic pressure and the capillary 
pressure will be neglected. 

With these assumptions the pressure build up in the first seal can be 
calculated using equation (2). The magnetisation M of the ferrofluid is a 
function of the magnetic field intensity. Since the magnetic field in-
tensity in the sealing gap is high compared to the saturation magnet-
isation (Ms) of ferrofluid, it is safe to assume thatthe ferrofluid will be 
fully magnetically saturated (M ¼ Ms). The maximum pressure differ-
ence between pl and pi then can be calculated by integrating in axial 
direction along the length of the seal, which is presented in equation (4). 

pl � pi ¼

Z

c

rpff ⋅ dz¼ μ0Ms

Z

c

rH ⋅ dz 

¼ μ0MsðHo1 � Hi1Þ (4) 

Equation (4) learns that the pressure build up of the first seal depends 
on the magnetic field intensity Ho1 at the liquid-ferrofluid interface and 
the magnetic field strength Hi1 at the ferrofluid interface on the inside of 
the seal. The sealing capacity of the second seal can be calculated in a 
similar way, but now with the magnetic field strength Ho2 at the 

Fig. 1. Cross-sectional overview of the ferrofluid rotary sealing system that 
consists of an axially magnetised ring magnet surrounding a ferromagnetic 
shaft. Ferrofluid magnetically positioned in the seal gap prevents liquid to leak 
through the seal gap. The inner and outer shield are made of non- 
ferromagnetic material. 
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interface on the inside of the seal and the magnetic field strength Hi2 at 
the ferrofluid-air interface. Relation 5 presents the calculation of the 
total pressure build up pl � p0 of both seals combined. 

pl � p0¼ μ0MsððHo1 � Hi1Þþ ðHo2 � Hi2ÞÞ (5) 

When pressure difference pl � p0 on the two ferrofluid seals exceeds 
the sealing capacity of the two seals that is predicted by relation 5, the 
seals will burst and the liquid that is sealed will leak through the seal 
gap. 

2.2. FEM analysis 

Equation (5) presented in section 2.1 learns that the magnetic field 
intensities (Ho1;Hi1;Ho2;Hi2) at the interfaces of the two ferrofluid seals 
are required in order to calculate its static sealing capacity. These 
magnetic field intensities are calculated using the numerical analysis 
package COMSOL Multiphysics version 5.3. 

The magnetic properties of the shaft material have a significant 
impact on the distribution of the magnetic field intensity in the seal 
system. Shafts that operate in aqueous environments and transmit tor-
que often are made of stainless steel. There are four main families of 
stainless steels which are primarily classified by their crystalline struc-
ture. These are ferritic, austenitic, martensitic and duplex stainless 
steels. Of these four ferritic stainless steels have the best magnetic 
properties. Therefore the material of the shaft is selected to be ferritic 
stainless steel (AINSI 430F) and is modelled using the BH curve from the 
COMSOL material library (stainless steel 430F annealed). The ring 
magnet is modelled by a remanent magnetisation Br and is magnetised 
in axial direction. Fillets of radius rfil of the used ring magnet are con-
structed in all corners. Seal gap h of the seal system is 100 μm. Table 1 
presents an overview of the parameters of the ferrofluid sealing device 
that is used in the FEM analysis. 

Fig. 2 presents a two dimensional plot of the magnetic field intensity 
in the system. The colour scale represents the strength of the magnetic 
field, where red is highest magnetic field intensity and white the lowest. 
The black lines in the seal gap represent the magnetic isolines. Equation 
(2) learns these isolines are equal to the isolines of the pressure distri-
bution in the system. Ferrofluid shapes according to these isolines. 
Analysing the distribution and shape of these lines it can be observed 
that two independent ferrofluid seals can be formed by the magnetic 
field distribution in the seal. 

The magnetic field distribution of the seal system is evaluated along 
two horizontal lines in the sealing gap, one at the top of the gap (h) and 
one at bottom. Fig. 3 presents a lineplot of these magnetic field in-
tensities. Previous section showed that the sealing capacity of the fer-
rofluid seals depends on the magnetic field differences Ho1� Hi1 and 
Ho2 � Hi2. Since the seal will start to fail at its weakest spot, the magnetic 
field intensities that predict the lowest sealing capacity have to be used. 

In order to reach the full performance potential of the seal system the 
magnetic field difference ΔH on each ferrofluid seal has to be as high as 
possible. The inner shield, also shown in Fig. 1, makes sure that the 
ferrofluid of the second seal is forced into a region of low magnetic field 
intensity (Hi2). The magnetic field intensity plot of Fig. 3 learns that the 
inner shield has to have a width of around 6 mm in order to create a high 
magnetic field difference on the second seal and therefore a high sealing 
capacity. 

The ferrofluid (Ferrotec EFH1) that will be used in the experimental 
sealing system consists of a light hydrocarbon carrier liquid with 
magnetite (Fe3O4) suspended particles. The saturation magnetisation of 
the ferrofluid Ms equals 35 kA/m. Table 2 lists the magnetic field in-
tensities at the two interfaces of both seals which have been found in the 
FEM analysis. The sealing capacity of both seals now can be calculated 
using equation (2). The total predicted sealing capacity of the two 

Table 1 
Parameters of the sealing system which are used in the FEM analysis.  

Design Parameters 

rfil  0.3 mm Br  1.28 T 
rs  3.9 mm w 6 mm 
rm;i  4 mm h 100 μm 
t 3.5 mm Ms  35 kA/m  

Fig. 2. Magnetic field intensity of the seal having a ferritic stainless steel 
(AINSI 430F) shaft. The isolines of the magnetic field intensity are also the 
isolines of the pressure distribution in the ferrofluid. Ferrofluid shapes ac-
cording to these isolines. 

Fig. 3. Magnetic field intensity evaluated at two horizontal lines in axial di-
rection at the top and bottom surfaces of the seal gap. The material of the shaft 
is ferritic stainless steel (AINSI 430F). 

Table 2 
Magnetic field intensities at the seal interfaces and predicted sealing capacity of 
both ferrofluid seals.   

Ho⋅105 [A/m]  Hi⋅105 [A/m]  Δp [kPa]  

Seal 1 11.4 0.541 47.8 
Seal 2 11.4 0.410 48.4  
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ferrofluid seals combined equals 96.2 kPa. 

2.3. Magnetic field gradient stability of ferrofluid 

Since the ferrofluid in the sealing system is a colloidal dispersion of 
magnetic particles in a liquid carrier, stability of that colloid is an 
important property of the seal. In static sealing conditions the magnetic 
field gradient in the seal generated by the ring magnet, shown in Fig. 2, 
can cause migration of the magnetic particles. Particles travel through 
the fluid to a higher intensity region of the magnetic field [30]. This 
phenomenon results in a non homogeneous ferrofluid that has a higher 
effective magnetisation. The sealing capacity that is measured will be 
higher than predicted using relation 5. By rotating the shaft at sufficient 
speed the ferrofluid in the seal becomes homogeneous again. 

The stability of the magnetic particles in the magnetic field gradient 
can be analysed by comparing their thermal energy ETherm and magnetic 
energy EMag. Thermal motion counteracts the magnetic field force and 
provides statistical motion that results in a distribution of the particles in 
the magnetic fluid. In equation (6) the ratio between both energies is 
presented. 

ETherm

EMag
¼

kBT
μ0MpHVp

(6) 

The thermal energy per particle can be calculated by the product of 
the Boltzmann’s constant kB and absolute temperature T. The magnetic 
energy represents the work in transferring the particle to the higher 
magnetic intensity region in the fluid. The magnetic energy per particle 
EMag can be calculated by the product of magnetic permeability of vac-
uum μ0, magnetisation of the particle Mp, magnetic field intensity H and 
particle volume Vp. It can be concluded that particle size, temperature of 
the ferrofluid in the seal gap and magnetisation of the particles are 
important factors that influence the stability of the ferrofluid in the 
magnetic field gradient that is present in the seal. 

2.4. Shielding 

A relative velocity between the liquid that is sealed and the ferrofluid 
of the seal can cause interfacial instability which results in seal failure 
[13,31]. By introducing a shield into the design of a ferrofluid seal 
sealing liquids the liquid-ferrofluid interface can be stabilised and 
instant seal failure due to interfacial instability can be prevented [19, 
21]. The simple outer shield structure presented in Fig. 1 is found to be 
most effective [19]. Experiments and CFD analyses of flow in a ferrofluid 
seal showed the shield stabilises the interface between water and the 
ferrofluid. Fig. 4 visualises the velocity profiles of the liquid sealed and 
the ferrofluid of the seal when a no slip condition is assumed. Also it is 
assumed flows in and in front of the seal gap are laminar and that the 
velocity profiles are linear in radial direction. 

Equation (7) presents a relation for calculating the relative velocity 
between the liquid that is sealed and ferrofluid of the system. 

vff � vl ¼ vs⋅
h0

h0 þ h
(7)  

where vff and vl are the velocities of ferrofluid and liquid that is sealed, vs 
the surface speed of the shaft and h0 the difference in gap height be-
tween the shield and seal gap h. If a seal system design is considered with 
a large ratio between h0 and h, the velocity difference can be approxi-
mated by surface speed vs. It can be seen that the height difference h0 is 
an important design parameter for minimising relative velocity between 
the liquids and the prevention of premature seal failure. 

The Kelvin-Helmholtz instability for magnetic liquids derived by 
Rosensweig is often used to describe the stability of the liquid-ferrofluid 
interface [13,18,28]. The Kelvin-Helmholtz instability is a hydrody-
namic instability in which two inviscid fluids are in relative and irro-
tational motion. The velocity and density profiles are discontinuous at 
the interface between the two fluids. Besides preventing instability of 
the interface between the liquid sealed and ferrofluid, shielding also 
decreases shearing forces on the ferrofluid. Shearing stress on the fer-
rofluid is dependent on viscosity, the relative velocity of the fluids and 
the contact area between the liquids. When shaft diameter and seal gap 
of the system increases, shear stresses affecting the performance of the 
seal will also increase. 

2.5. Ferrofluid replenishment system 

Although shielding of a ferrofluid rotary seal that seals liquids pre-
vents instant dynamic seal failure due to interfacial instability, service 
life of the seal is still limited. Degradation of the ferrofluid seal decreases 
the sealing capacity over time and causes failure of the seal when its 
sealing capacity becomes lower than the required operational sealing 
pressure. 

In order to solve this problem, a ferrofluid replenishment system is 
introduced here into the design of a ferrofluid rotary seal (also partially 
presented in Ref. [32,33]). The system replenishes the ferrofluid of the 
seals by facilitating the axial transport of ferrofluid from one seal to 
another. 

Fig. 5 presents an overview of the process of ferrofluid transport 
through the two seals of the ferrofluid rotary sealing system that also 
was elaborated in sections 2.1 and 2.2. First an amount of new ferrofluid 
is radially injected through a supply channel in front of the first seal 
(step 1). By doing so the same amount of ferrofluid at the lowest pressure 
region of the first seal (interface of Hi1) will jump from the first seal to 

Fig. 4. Velocity profiles of the liquid that is sealed and the ferrofluid of the seal. 
Due to a height difference h0 between the magnet and shield of the system a 
relative velocity between the fluids is created. 

Fig. 5. Concept of the axial ferrofluid transport through the seal. During step 1 
new ferrofluid is radially added in front of the first seal. In steps 2 and 3 fer-
rofluid flows from the first seal to the second seal. In step 4 ferrofluid of the 
second seal is pushed to the ferrofluid outlet at the right. 
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the second seal. This can be seen in steps 2 and 3 presented in Fig. 5. 
When the second seal is supplied with ferrofluid from the first seal, 
ferrofluid at the lowest pressure region of the second seal (interface of 
Hi2) will be pushed out of the seal to the right through the sealing 
channel (step 4). This ferrofluid will eventually be pushed to the end of 
the sealing channel where it can be collected, potentially for recycling. 

The sealing capacity of the ferrofluid seals is restored when the 
degraded ferrofluid is replaced by new ferrofluid. If the ferrofluid in the 
seal constantly is being replaced at sufficient rate, the service life of the 
ferrofluid rotary seal theoretically could be extended without limitation. 

In order to prevent the ferrofluid from flowing towards the liquid 
that is sealed instead of through the seals, it is required that the liquid 
pressure pl is sufficiently high in order to force the ferrofluid to jump 
from the first to the second seal. In Fig. 3 the magnetic field intensity Hi1 
between the two seals can be seen. This magnetic field intensity can be 
used to calculate a pressure pmin, in order to define the operational range 
of the sealing system to use this axial ferrofluid transport. The sealing 
capacity of the seal system can be increased when multiple seals are 
placed after each other [34]. Equation (8) presents a general relation for 
the upper- and lower-bound of liquid pressure pl for the ferrofluid rotary 
sealing system when ferrofluid is axially transported through its seals. 

p0þ pmin < pl < p0 þ
Xn

j¼1
Δpj (8)  

where p0 is the atmospheric pressure, pmin the minimum pressure, Δpj 
the seal capacity of each seal ring j and n the number of seal rings in the 
system. It can be seen that if the number of seals increases, the opera-
tional range of sealing pressure pl also increases. 

Up to now the analysis has been performed assuming a non-rotating 
shaft. It is important to note that the sealing capacity decreases when the 
shaft speed increases. This also means that the operational range of the 
sealing system is different for static and dynamic sealing conditions. The 
refreshment rate of the seal system has to be sufficiently high in order to 
compensate for the degradation rate of the seal and thus to prevent seal 
failure. If the volume of the seal is known the specific replacement time 
of the ferrofluid seal can be calculated using the relation presented in 
equation (9). 

R¼
π⋅
�
ðrs þ hÞ2 � r2

s

�
⋅wseal

Qff
(9)  

where R is the time constant with which the seal is being replaced, rs the 
shaft radius, h the seal gap height, wseal the total seal width and Qff the 
ferrofluid supply rate. Without replenishment, the ferrofluid will 
degrade with a certain time constant, and will fail when the condition of 
the ferrofluid drops below a certain critical value. Now, with replen-
ishment, the ferrofluid will still degrade but only until there is a balance 
between the addition of new ferrofluid and the degradation of ferrofluid 
in the seal, so the critical degradation value will never be reached. 

2.6. Experimental test setup 

The theory presented before is used to design and manufacture a 
ferrofluid rotary seal module and test setup in order to validate if the 
ferrofluid replenishment system improves and controls the service life of 
a ferrofluid rotary seal. An axially magnetised ring magnet (HKCM 
R15x08x06ZnPc-42SH, [35]) with a remanent magnetisation Br of 1.28 
T, also discussed in section 2.2, generates the magnetic field distribution 
inside of the ferrofluid sealing module. Corrosion of the magnet is pre-
vented by its coating consisting of parylene and zinc. The shaft (∅ ¼ 7:8 
mm) is made of ferritic stainless steel (AINSI 430F), resulting in the 
magnetic field distribution presented in Fig. 2. The diametrical clear-
ance between the ring magnet and the shaft is 200 μm and creates a seal 
gap of 100 μm. The ferrofluid used in the setup and experiments is 
Ferrotec EFH1 [36] and generates a theoretical sealing capacity of 96.2 

kPa, which was calculated during the FEM analysis. 
Fig. 6 presents an overview of the ferrofluid seal module that has 

been designed and manufactured. The ring magnet is contained in an 
assembly of four layers of transparent acrylic sheets that are bonded by 
transparent tape-sheet (3M 7955 MP). By using transparent structural 
material good visibility inside of the ferrofluid rotary seal is provided. 
Layer 1 functions as inner shield and creates a shielding channel that 
stabilises the liquid-ferrofluid interface. Acrylic sheet layer 2 contains a 
small milled channel of approximately 1 mm depth and width which is 
used for radial supply of ferrofluid in front of the first seal. The ring 
magnet is supported by layer 3 and this layer also contains a brass tube 
connector for the ferrofluid supply hose. Finally, layer 4 functions as 
outer shield and makes sure ferrofluid of the second seal is directed 
towards a low intensity region of the magnetic field. The magnetic field 
intensity plot of Fig. 3 showed that a layer thickness of 6 mm is sufficient 
in order to reach the full potential of the sealing capacity of the second 
ferrofluid seal. 

Ferrofluid flows into the seal module via the inlet of layer 3 and 
enters through a hole in the supply channel of layer 2, which ends just 
before the first seal. Subsequently ferrofluid travels through the sealing 
channel to the ferrofluid outlet where it exits the system. Table 3 pre-
sents an overview of the width and function of the four layers of acrylic 
sheet. 

In order to create the sealing environment the sealing module is 
mounted on a pressure chamber. Care is taken to ensure that only the 
shaft is ferro-magnetic, all other materials in the setup are non- 
magnetic. Fig. 7 presents a cross-sectional view of the test setup. The 
transparent acrylic cover end-plate provides good visibility inside of the 
pressure chamber. The total volume of the pressure chamber is 
approximately 58 ml. The liquid that is stored in the pressure chamber is 
pressurised by air through the pressure inlet. The shaft is supported by 
two pillow block ball bearings made of a zinc alloy. The ferrofluid supply 
hose is connected to the ferrofluid inlet of the seal module. 

In order to perform consistent experiments it is important that the 
surface speed of the shaft is constant and therefore is velocity controlled. 
A 24 V brushless DC motor (Trinamic QBL4208-41-04-006) is connected 
to the shaft by a aluminum flexible motor coupling. The DC motor is 
supported by an acrylic structure and controlled using a single axis 
driver module (Trinamic TMCM-1640). A computer with software 
(Trinamic TMCL-IDE version 3.0) is connected to the driver module in 
order to provide instructions to the DC motor. 

A rendering of the test setup is presented in Fig. 8. The pressure 
chamber is mounted to an acrylic baseplate by supports (6060T66 
AlMgSi 0.5). The holes of these supports are slightly larger than the bolts 
used for mounting, enabling alignment of the seal module in both ver-
tical and horizontal plane around the shaft. Additionally slots have been 
made in the acrylic support plate for alignment in the horizontal plane. 
The base consists of an aluminum breadboard (Thorlabs) with four 

Fig. 6. Cross-sectional view of the seal module. The seal module consist of 4 
different layers of transparent acrylic sheets. 
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Sorborthane vibration isolaters (Thorlabs ∅ 38.1 mm). Non magnetic 
stainless steel bolts are used throughout the system for mounting. The 
setup has been placed inside of an aluminum drip tray. 

A global overview of the experimental test setup including support-
ing systems is presented in Fig. 9. The air pressure that is used in order to 
pressurise the pressure chamber is generated by a compressor and 
regulator. A needle valve is added for the manual fine-tuning of the 
pressure increase. In order to stabilise the pressure a buffer tank with a 

volume of 2 L is added. A ball valve is used to shut off the pressure of the 
pressure chamber after the desired sealing pressure is reached. Ferro-
fluid is rate controlled added to the system by the combination of a 
syringe pump (WPI SP100iZ) and a 3 ml syringe (HSW soft-ject). The 
device allows to set the rate and total volume of ferrofluid supply. The 
syringe and ferrofluid supply hose are connected by a Huer lock 
connection in order to make refill of the syringe convenient. 

The air inlet hose of the pressure chamber is split and connected to a 
monolithic silicon gauge pressure sensor (NXP MPX4250DP). The sensor 
measures the pressure inside of the pressure chamber (pl) relative to the 
ambient air pressure (p0). This means that the sealing capacity of the seal 
(pl � p0) is directly measured by the sensor. The sensor is connected to a 
16 bit analog I/O device (NI USB-6211). Labview 2013 (version 13.0, 32 
bit) has been used to live display the pressure inside of the pressure 
chamber and to store the sensor data that has been obtained during the 
experiments. The pressure is sampled at a frequency of 10 Hz. 

2.7. Experimental procedure 

2.7.1. Examination of sealing capacity 
The first performance parameter of the ferrofluid sealing system that 

will be experimentally evaluated is its sealing capacity for a number of 
different static and dynamic sealing conditions. It is important that the 
exact moment of seal failure is accurately determined. That is why for 
the experiments evaluating the sealing capacity the buffer tank is 
removed. The sealing device is prepared for each sealing condition by 
first transporting ferrofluid through the sealing system. Once the sealing 
channel is completely filled with ferrofluid the supply is stopped and the 
seal is considered to be ready. During all experiments that have been 
performed the alignment between the seal module and shaft has not 
been changed. 

First the static sealing capacity of the system is determined when it 
seals demineralised water. The sealing capacity is tested 5 times 
immediately after the test setup is prepared and 3 times 24 h after the 
setup is prepared. During this settling time of 24 h the seal is not pres-
surised, shaft speed is zero and the ferrofluid replenishment system is 
not active. These experiments are also conducted for air as sealed me-
dium. The dynamic sealing capacity of the system when demineralised 
water is sealed is tested at five different shaft speeds, ranging from 500 
to 2500 rpm. 

In order to obtain the sealing capacity of the system during a certain 
sealing condition the pressure inside the pressure chamber will be 
increased until the seal bursts. The rate of pressure increase is manually 
controlled using the needle valve. The pressure of the pressure chamber 
is live monitored during the experiments. When the seal bursts during an 
experiment the needle and ball valve are closed. 

2.7.2. Examination of service life 
When the static and dynamic sealing capacity of the seal system are 

determined, the influence of the ferrofluid replenishment system on the 
service life of the seal can experimentally be examined. The service life 
of the seal system that seals demineralised water depends on shaft speed, 
sealing pressure and rate and duration of ferrofluid transport through 
the seal. 

The pressure pl of the demineralised water that is sealed is chosen to 
be at least higher than the sealing capacity of a single ferrofluid seal 
(48.1 kPa). By doing so, it is ensured that both ferrofluid seals have to 
contribute to the sealing capacity of the seal system when ferrofluid is 
transported through the seals. The upper bound of the sealing pressure is 
determined by the dynamic sealing capacity of the system at 500 rpm. 
The closer the sealing pressure pl approaches this dynamic sealing ca-
pacity, the faster the seal will fail after the replenishment system is 
deactivated. The amount of time required to perform the experiments 
can be reduced this way. Within this range pl is set at 55 kPa for the 
service life experiments (�90% of its dynamic sealing capacity at 500 
rpm). 

Table 3 
Overview of the transparent acrylic layers used in the sealing module. The layers 
are bonded by 127 μm transfer tape (3 M 7955 MP).  

Layer Width Function 

1 6 mm Outer shield 
2 2 mm Supply channel 
3 6 mm Magnet support 
4 6 mm Inner shield  

Fig. 7. Cross-section of the test setup. The seal module is mounted on a pres-
sure chamber which creates the sealing environment. A DC motor drives the 
ferromagnetic shaft that is supported by two ball bearings. 

Fig. 8. Rendering of the experimental test setup. The setup is mounted on an 
aluminum breadboard base. 

Fig. 9. Global overview of the experimental test setup and its supporting sys-
tems. Continuous arrows represent flows of air or ferrofluid, dotted arrows 
represent digital control signals. 
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In order to examine the influence of the ferrofluid replenishment 
system on the service life of the seal, the ferrofluid replenishment system 
has been deactivated after various running times. These running times 
are 10, 30 and 60 min. The ferrofluid supply rate is set to 2 ml/h, which 
theoretically results in a replacement time constant of the ferrofluid in 
the system of approximately 1 min. The experiments are alternated in 
order to exclude coincidence. Five measurements per running time are 
performed. 

3. Results and discussion 

3.1. Static sealing capacity 

The static sealing capacities of the seal that have been measured 
during the four different sealing conditions are listed in Table 4. The 
moments that the seal failed were very obvious, both from observation 
during the experiments as afterwards in the recorded pressure data. The 
average sealing capacity measured for water (75.9 kPa) and air (69.8 
kPa) slightly differ. 

The static sealing capacity that has been measured is lower than that 
was predicted by the analytical model and FEM analysis (96.2 kPa). 
Overestimation of the static sealing capacity could be due to wrong 
assumptions in the FEM analysis, analytical model or manufacturing 
errors in the test setup. Alignment of the shaft and the sealing module 
during the experiments was not perfectly concentric. Due to this 
misalignment the radial seal gap height h is larger than 100 μm at some 
locations in the seal system. This results in a lower magnetic field 
gradient at these weakest spots of the seal, thus lowering the sealing 
capacity of the system. Also the non uniformity of the coating of the ring 
magnet could introduce error in the height of the seal gap. Other authors 
have also reported that an increase in seal gap decreases the sealing 
capacity of the seal [37]. 

The FEM analysis did not account for the influence of ferrofluid on 
the magnetic field distribution in the system. Furthermore in the 
analytical model capillary effects have been neglected, which theoreti-
cally could lower the maximum pressure the sealed liquid can reach 
before the seal system fails. Other research also indicated that over-
estimation of the seal capacity of a ferrofluid seal could be due to 
capillary effects [6,38]. However, it has been shown that all these as-
sumptions may only result in an acceptable small overestimation of the 
load capacity. As a consequence, this means manufacturing errors are 
probably the main reason that the sealing capacity is overestimated. 

The average sealing capacity for water and air that was measured 
after the ferrofluid in the seal system had been allowed to settle for 24 h, 
213 kPa and 156 kPa respectively, are significantly higher than the 
sealing capacity that is measured when it was tested immediately after 
preparation. A phenomenon that could attribute to this increase in seal 
capacity is the magnetic field gradient instability of the ferrofluid, which 
was presented in equation (6). The particles migrate through the fluid to 
locations that have a higher magnetic field intensity, which increases the 
effective magnetisation of the ferrofluid. 

Also a difference in the sealing capacity for water and air after 24 h 
settling was observed. The sealing capacity measured after water has 
been sealed for 24 h (213 kPa) is larger than the sealing capacity when 
air is sealed for 24 h (156 kPa). This implies that the increase in static 
sealing capacity over time when water was sealed can not be attributed 

exclusively to the migration of particles to a higher magnetic field 
intensity. 

The magnetic field intensity in the sealing gap and thus the sealing 
capacity of the seal can further be increased by adding pole pieces on 
both sides of the ring magnet [15]. Pole pieces consist of ferromagnetic 
material that concentrate the magnetic field in the seal gap. During this 
research the usage of pole-pieces has not been investigated. 

3.2. Dynamic sealing capacity 

Fig. 10 presents the dynamic sealing capacity of the ferrofluid rotary 
seal at different shaft speeds ranging from 0 till 2500 rpm. It can be seen 
that the sealing capacity of the seal drops when the shaft speed in-
creases. The maximum pressure difference in [kPa] can be expressed as a 
function of the rotation speed in [rpm] by the exponential function 21:4⋅ 
e� 0:0019n þ 54:3 fitted through the data with a coefficient of determina-
tion R2 ¼ 0:94. 

The decrease in sealing capacity at higher shaft speeds shows simi-
larities with other results found in literature. Szczech and Horak have 
proposed a mathematical model that can be used to predict the dynamic 
sealing capacity of a seal [13]. However, the dynamic sealing capacity 
that is calculated using this model predicts a faster decrease in sealing 
capacity at high speeds than is measured. The setup that they have used 
in order to derive their mathematical model did not contain a shield. 
This could suggest that a shield can also be used to improve dynamic 
sealing capacity. Further research is required in order to validate this. 

It is not fully understood why the sealing capacity drops when the 
shaft speed increases. It is possible that higher inertial and viscous ef-
fects result into a faster destabilisation of the ferrofluid flow inside of the 
seal, which affects the sealing capacity of the system. Also some authors 
consider the Kelvin-Helmholtz instability that was mentioned in section 
2.4 as the main reason for the dynamic sealing capacity to decrease [13, 
18]. However, since the test setup contains a shield, the relative velocity 
between the water that is sealed and the ferrofluid of the seal is minimal. 
Furthermore it is not evident how the pressure of the liquid that is sealed 
is related to the stability of the interface between the ferrofluid and the 
liquid. 

3.3. Service life 

Fig. 11 presents the results of the service life experiments on the 
ferrofluid rotary seal with replenishment system. In the graph 15 mea-
surements of the water pressure inside of the pressure chamber are 
presented. All measurements start at a water pressure pl of 55 kPa and 
for each of the measurements a sudden drop in pressure after a period of 
time can be seen. This drop indicates the moment the seal has failed and 
has started to leak water through the sealing channel. After that, when 

Table 4 
Average sealing capacity measured for four different static sealing conditions. 
Also the number of experiments per condition is listed.  

Static condition Mean pc;s [kPa]  #

Water 75.9 5 
Air 69.8 5 
Water (24 h) 213 3 
Air (24 h) 156 3  

Fig. 10. Boxplot of the measured dynamic sealing capacity of the seal system at 
different shaft speeds. The fitted line through the data is 21:4⋅e� 0:0019n þ 54:3. 
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the pressure had dropped sufficiently the ferrofluid that has remained on 
the ring magnet is able to form a new seal and the pressure inside of the 
container is again stabilised. It can be observed that during most of the 
measurements a new seal was formed at a pressure slightly below 20 
kPa. After the seal stabilised the measurements were stopped. 

During the measurements presented in Fig. 11 ferrofluid transport 
through the seals of 2 ml/h was stopped after 10, 30 or 60 min respec-
tively. When the ferrofluid supply was stopped after 10 min the seal 
failed within 20 min. If the ferrofluid supply was stopped after 30 min, 
service life of the seal increased to approximately 30–40 min. Finally, if 
ferrofluid supply was only stopped after 60 min, service life ranged from 
approximately 60 till 80 min. The measurement presented in Fig. 11 
show that the ferrofluid rotary seal did not fail while the replenishment 
system was active. 

Because the seal module is transparent and easily accessible it could 
visually be confirmed that ferrofluid is transported through the seal to 
the outlet of the seal system while the replenishment system was active. 
Due to gravity the ferrofluid at the output of the seal leaked along the 
shield on the base-plate. 

The measurements of the pressure in Fig. 11 show that the moment 
the seal fails can be controlled by the ferrofluid replenishment system. 
The ferrofluid supply rate of 2 ml/h results in a specific replacement 
time of approximately 1 min. The sealing pressure of 55 kPa during the 
service life experiments is higher than the sealing capacity of a single 
ferrofluid seal. This means that at the same time that ferrofluid was 
transported from one seal to another, both seals still were able to 
maintain their sealing capacity. 

It can be seen that the original service life of the seal without active 
ferrofluid replenishment system is short and ranges from a few minutes 
to 20 min. This short service life of the seal without ferrofluid replen-
ishment was expected, since the seal was operating at 90% of its dy-
namic sealing capacity. It also has been found in literature that service 
life becomes shorter when the sealing pressure becomes higher [14]. The 
ferrofluid supply rate that is required in order to prevent failure of the 
ferrofluid seal is dependent on the degradation rate of the seal. It is 
expected that the required supply rate decreases when the original 
service life of the seal is higher at lower sealing pressures. 

During ferrofluid transport through the seal no water was observed 
at the ferrofluid outlet of the seal. However, the composition and 
properties of the ferrofluid leaving the seal and of the water in the 
pressure chamber were not investigated in this research and therefore 
the presence or absence of water in the ferrofluid outflow cannot be 
confirmed. 

4. Conclusion 

In this research it is demonstrated that the service life of a ferrofluid 
rotary seal that dynamically seals pressurised water successfully can be 
improved and controlled by implementing a ferrofluid replenishment 
system in its design. Degradation of the ferrofluid in the seal ring over 
time decreases its sealing capacity, which results in seal failure when the 
sealing capacity becomes lower than the operational sealing pressure. If 
the ferrofluid seals in the system are completely replaced at a sufficient 
rate, service life of the seal theoretically will be unlimited. 

The increase in static sealing capacity over time that was observed 
during the experiments could partially be attributed to the migration of 
particles through the carrier liquid towards higher magnetic field 
intensities. 

Overall, it is believed that the implementation of a ferrofluid 
replenishment system in ferrofluid rotary seals will pave the way for the 
development of a new rotary sealing technology for liquids promising 
low friction in combination with infinite lifetime and zero leakage. 
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