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Abstract: In a liquid environment, the turbulence intensity of the interfacial layer between the
magnetic and sealing medium fluids in magnetic liquid seals directly affects the layer stability.
Reducing the maximum turbulence intensity of the fluid interface layer effectively improves the
stability of the magnetic fluid rotary seal. In this study, we simulated magnetic fluid sealing devices
with different structures in liquid environments using the FLUENT software. The simulation results
were verified through experimental analyses of the turbulence intensity at the sealing interface. The
maximum turbulence intensity of the liquid interface layer increased with increasing shaft speed.
At the same speed, the turbulence intensity was maximized at the shaft interface before gradually
decreasing in a multistage linear pattern along the radial direction. A magnetic liquid seal with
an optimized structure (OS) in the liquid environment was designed based on these results. The
maximum turbulence intensity of the liquid interface layer in the OS was independent of the rotation
speed and was more than 20% lower than that that in the traditional structure. These results provide
a reference for designing magnetic liquid sealing devices.

Keywords: turbulence intensity; dynamic seal; magnetic liquid; particle image velocimetry

1. Introduction

Magnetic liquid seals offer several advantages over traditional mechanical seals, in-
cluding zero leakage [1,2], easy maintenance [3], no pollution, and high reliability [4,5],
thereby attracting the attention of many researchers. Although the sealing of magnetic liq-
uids against gases has significantly advanced [6], there are still several unsolved problems
related to sealing liquids [7]. He et al. proposed problems of incompatibility between the
magnetic and sealed liquids, and issues of liquid–liquid stability when magnetic liquid is
used to seal liquids [8]. Van der Wal et al. reported that when the sealing and magnetic
liquid interfaces are unstable, the liquids emulsify, leading to seal failure [7]. Szczech and
Horak noted that different speeds of two liquids cause Kelvin–Helmholtz (KH) instability
at the two-phase interface, which also caused seal failure [9]. Qian proposed an approxi-
mate treatment method for liquid interface stability analysis and reported that interface
instability is the main cause of seal failure [10]. These reports confirmed that seal failure
is mainly caused by the instability of the fluid medium interface layer. Therefore, it is
necessary to study the factors that cause such instability when magnetic fluid seals a liquid.

When the interface of two liquids with different densities is subjected to an external
force, the interface is disturbed and instability occurs. Interface instability can be cate-
gorized as Rayleigh–Taylor, Richmyer–Meshkov, or KH instability, which are caused by
gravity fields [11], shock waves [12,13], and speed differences [14], respectively. When the
magnetic liquid rotates and seals, the rotation of the main shaft drives the rotation of the
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liquid in the sealed cavity; the speed difference between the magnetic liquid and liquid
in the sealed cavity causes KH instability. In static sealing, there is no speed difference
between the magnetic and sealing liquids, thereby inhibiting KH instability and resulting in
a superior sealing effect. As the rotation speed increases, the nature of the flow between the
magnetic liquid and sealing medium changes from laminar to turbulent, and the interfacial
layer of the fluid medium becomes unstable, immersed, and permeated, thereby damaging
the O-shaped sealing ring formed by the magnetic fluid under the action of the magnetic
field, resulting in seal failure. The sealing ring is first damaged near the main shaft, where
the maximum turbulence intensity of the fluid medium interface layer occurs. Therefore,
reducing the maximum turbulence intensity of the interface layer can effectively improve
the sealing effect of the magnetic liquid. At present, research on the magnetic fluid seal
is mostly based on the design and improvement of the magnetic circuit device. Further,
there are few studies on the flow field of liquid in sealed media through a single research
method, which is mainly through theoretical derivation. The influence of the sealing flow
field on the stability of the magnetic fluid seal should be considered and discussed from
different angles through expanded research methods.

In this study, a combination of practical experiments and numerical simulations was
used to investigate the traditional magnetic fluid seal structure and obtain the trend in
the turbulence intensity at the interface layer of the fluid medium as a function of the
rotation speed. Additionally, the traditional seal structure (TS) was optimized, and an
optimized structure (OS) was acquired. The turbulence intensities at the fluid medium
interface layers of the TS and OS at different speeds were compared and the simulation
results were verified experimentally. Finally, magnetic field simulations were performed
on the TS and OS to verify the viability of the magnetic circuit of the OS.

2. Materials and Methods

The internal flow of the sealed liquid is approximated as a three-dimensional incom-
pressible flow, in which the flow field should satisfy the mass and momentum conservation
equation [15]. Mass conservation can be described as the equality of the mass of the fluid
flowing out of the control body to that reduced by the density change in the control body
in the same time interval. The mass conservation equation, or continuity equation, is
as follows:

∂ρ

∂t
+

∂(ρux)

∂x
+

∂
(
ρuy
)

∂y
+

∂(ρuz)

∂z
= 0, (1)

where ρ is the fluid density; ux, uy, and uz are the velocity of the fluid along the x, y, and z
directions, respectively; and t is the unit time.

Momentum conservation is defined as the equality of the rate of change of the momen-
tum of the control body with respect to time to the sum of various external forces acting on
the control body, as follows:

ρ
du
dt

= −∇P +∇× [τ] + ρF, (2)

where u is the fluid velocity, P is the fluid pressure, τ is the viscous shear stress of the fluid,
and F is the volumetric force acting on the fluid.

Turbulence intensity is important for determining the microscopic pulsation charac-
teristics of the flow field, as described by [16]:

I =
u′

u
(3)

where u′ is the fluid pulsation velocity and u is the average fluid velocity.
In the process of magnetoliquid sealing, the sealing capacity generated by the magnetic

field gradient is significantly greater than the sum of the sealing pressure generated by the
magnetoliquid magnetization and centrifugal force. In addition, as magnetic fluid gravity
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and velocity have minimal influence on the sealing ability, the magnetic fluid dynamic
sealing formula can be simplified as [17]:

∆Pmax = µ0

∫ H2

0
MdH, (4)

where ∆Pmax is the sealing pressure, µ0 is the vacuum permeability, M is the magnetization
of the magnetic liquid, and H is the magnetic field intensity at the sealing gap.

Turbulence intensity significantly affects the stability of the interface layer of the fluid
medium [10]. Considering the complex shape of the interface between the magnetic and
sealing liquids, and to better determine the relationship of the turbulence intensity of the
fluid medium interface layer with the shaft speed, we assumed that the magnetic liquid is
well sealed and that the shape of the interface between the magnetic and sealing liquids is
regular. The two-phase interface can then be simplified as a wall surface, thereby allowing
the relationship to be extracted.

Figure 1 shows the fluid computational domain model of the sealed cavity with a
shaft diameter (RD) of 200 mm, sealing clearance height of 1 mm, and cavity height (HS)
of 40 mm. The OS is slotted on the shaft surface with the starting end of the slot position
flushed with the end of the pole piece. The tested slot depths (SDs) are 1, 2, and 3 times the
sealing clearance (1SD, 2SD, and 3SD), and the slot lengths (SLs) are 8, 16, and 32 times the
sealing clearance (8SL, 16SL, and 32SL). Figure 2 shows the difference between the TS and
OS.
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Figure 2. Schematic of the magnetic fluid sealing devices ((a): Traditional structure. (b): Optimization structure.).

Figure 3 presents the computational fluid domain grid model, which adopts the
hexahedral structure grid drawn by the ICEM software (16.0, 2016, ANSYS, Cannonsburg,
Pennsylvania, just south of Pittsburgh, PA, USA). The comprehensive quality of the grid
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is above 0.9, and the grid angle is 87◦–94◦. In the same model, the number of grids
in the high-speed flow is generally larger than that in the low-speed flow. Therefore,
this study conducted a grid independence calculation for each model when the shaft
speed is 1000 rpm. When the number of grids in all models is greater than 238,531, the
physical quantity monitored in the flow field does not vary significantly with the increase
in the grid number (less than 3%), indicating that these grid numbers meet the calculation
requirements. Thus, the number of grids in the subsequent calculations under all working
conditions was set to be greater than 238,531.
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The flow field simulation inside the sealed cavity is performed using the FLUENT
software (16.0, 2016, ANSYS, Cannonsburg, Pennsylvania, just south of Pittsburgh, PA,
USA). The sealing liquid medium was water, and the shaft speeds were set at 100, 300,
500, and 1000 rpm. The interface between the magnetic and sealing liquids was set as
the wall surface. Pressure–velocity coupling was employed in the coupled method. The
turbulence model was a k-e realizable model. Least-squares cell-based scheme was used
for the gradient dispersion, and PRESTO! was used for the pressure dispersion, whereas
other dispersions were used as the second-order upwind scheme.

3. Results
3.1. Analysis of the Turbulence Intensity at the TS Interfaces

When the magnetic liquid rotates in the seal, the liquid in the seal cavity rotates under
the action of the shear force due to the rotation of the main shaft, forming the flow field
shown in Figure 4. As the rotation speed increases, the flow field in the sealing cavity
changes from laminar to turbulent flow. Under turbulent flow, the magnetic liquid is
constantly eroded by the sealing liquid, facilitating emulsification and mixing, resulting in
sealing failure. To explore the relationship between the turbulence intensity distribution at
the interface layer of the fluid medium at the seal gap and rotational speed, the flow fields
at speeds ranging from 100–1000 rpm were simulated. The flow field characteristics at the
interface layer of the fluid medium when the magnetic liquid with the TS enters the mobile
seal were analyzed quantitatively.
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Figure 4. Flow field diagram in the sealed cavity at 1000 rpm.

The maximum turbulence intensity at the interface layer of the fluid medium is noted
at the spindle interface in the TS under different rotating speeds (Figure 5). From the
radial direction of the main shaft to 0.2 times the sealing gap, the turbulence intensity at
the interface layer of the fluid medium decreases rapidly and then tends to stabilize. At
0.8 times the gap, the turbulence intensity is further reduced and reaches the minimum
value at the wall. The turbulence intensity distribution law shows that the multisegment
linear pattern of the main shaft decreases along the radial direction. Therefore, sealing
failure is most likely to occur at the interface of the spindle, which has the highest turbulence
intensity. Reducing the maximum turbulence intensity at the interface layer of the fluid
medium at the seal gap is one of the most effective methods to improve sealing stability.
The distribution law of turbulence intensity shows that the multisegment linear pattern of
the main shaft decreases along the radial direction.
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To further explore the relationship between the turbulence intensity at the spindle
interface and rotational speed, the turbulence intensity at the spindle interface was analyzed
at the rotational speed range of 100–1000 rpm (Figure 6). With increasing rotational speed,
the turbulence intensity at the spindle interface increases approximately linearly. Linear
function fitting using the highly reliable Origin software yields the following equation:

y = 5.089 + 0.043x, (5)

where y represents the turbulence intensity at the axis surface and x represents the rotational
speed of the axis. This equation represents the relationship between the turbulence intensity
and rotational speed at the interface of the axis with a diameter of 200 mm.
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3.2. Influence of the Slotting Depth on the Turbulence Intensity at the Sealing Interface

Section 3.1 reveals that the maximum turbulence intensity in the TS occurs at the axial
interface, primarily because the maximum liquid velocity gradient at the spindle interface
leads to the maximum liquid shear stress, thereby generating turbulence. Reducing the
velocity gradient is one of the most effective methods to reduce turbulence intensity. The
velocity gradient at the seal clearance can be effectively reduced and the flow pattern can
be improved by opening a groove in the TS axis. To simplify the experimental variables,
the sealed liquid material, sealing clearance, and shaft speed were kept constant while
observing the influence of the slotted depth on the turbulence intensity of the sealed liquid
interface layer.

The slotted structure significantly reduced the turbulence intensity of the sealing
liquid interface layer at the sealing interface (Figure 7). When the slotting length is fixed at
32SL, the reduction of the turbulence intensity due to the slotting effect slightly differed at
different rotational speeds. At 100 rpm, slot depths of 2SD and 3SD reduce the turbulence
intensity at the axis interface to a greater extent than with a slot depth of 1SD. In addition,
the reduction ratio of the turbulence intensity (effect value) of 2SD and 3SD shows no
significant difference (approximately 27%). The calculation formula of the effect value is
as follows:

∅ =
(IT − IO)

IT
, (6)

where IT is the turbulence intensity at the interface of the axis of the OS, IO is the turbulence
intensity at the interface of the axis of the TS, and ∅ is the effect value. At rotational speeds
of 300, 500, and 1000 rpm, ∅ are 25.8%, 22.1% and 22%, respectively, indicating that the
slotting depth had minimal effect on the turbulence intensity at the axis interface.
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When the spindle speed is 100, 300, 500, and 1000 rpm, the 2SD and 3SD obtained ∅
values above 22%. Although the turbulence intensity at the axial interface is reduced, the
eddy current of the sealed liquid caused fluid-induced vibration, which is not conducive
to the stability of the magnetoliquid interface. Moreover, the larger the slotting scale, the
stronger the eddy effect. The 2SD has a larger ∅ value than 1SD and smaller vortex effect
than 3SD; thus, after comprehensive consideration, the optimal slot depth is determined to
be 2SD.

3.3. Influence of the Slotting Length on the Turbulence Intensity at the Sealing Interface

At a fixed slotting depth of 2SD, the slotting length has no obvious effect on the
turbulence intensity at the axial interface (Figure 8). This is because the shear force caused
by the circumferential movement of the sealing fluid increases the turbulence intensity at
the sealing interface. Thus, the shear force of the sealing liquid exhibits a strong response
to the groove depth at the front of the sealing interface, but no obvious response to the
groove length was observed. However, SL has a significant effect on the location of the
sealed liquid vortex due to the slot structure.
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Figure 9 shows the vorticity distribution cloud diagram with different structures at
1000 rpm. When the slot length is 8SL, the sealing fluid vortex occurs near the sealing
interface. The magnetoliquid seal interface is subjected to the pulsating force caused
by the eddy motion of the sealing liquid, and the magnetoliquid seal depends on the
magnetic field gradient at the bottom of the pole tooth. Both the magnetic field gradient
of the position of the magnetic fluid and its sealing ability are different, resulting in the
fluctuations of the magnetoliquid seal interface with the fluctuations in the external sealing
pressure. Under the influence of the pulsating force, the sealing interface moves at the
same frequency as the pulsating force, which significantly affects the sealing stability.
With the increase in the groove length, the position of the eddy current movement moves
farther from the sealing interface along the axial direction, thereby gradually weakening the
pulsating force of the eddy current movement at the sealing interface. When the grooving
length is 16SL and 32SL, the vorticity distribution at the sealing clearance is similar, and the
grooving length is too long, which affects the spindle rigidity. Thus, the optimal slotting
length was determined to be 16SL.
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3.4. Relationship between the Turbulence Intensity and Rotational Speed at the Interface Layer of
the OS

In the OS (SL = 16 mm, SD = 2 mm), the relationship between ∅ and rotational speed
is shown in Figure 10. At all calculated rotational speeds, ∅ are all above 20%, indicating
that the reduction in the turbulence intensity of the sealing liquid interface layer at the seal
clearance owing to the OS is not affected by the rotational speed. In addition, the OS can
significantly reduce the maximum turbulence intensity of the liquid interface layer at the
seal clearance and reduce the washout effect of the sealing liquid on the O-ring, which is
formed by the magnetic field in the magnetic liquid, thereby improving the stability of the
magnetic fluid rotary seal.
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3.5. Difference between the Magnetic Fields of OS and TS

The sealing ability of the magnetic liquid primarily depends on the magnetic field
strength at the sealing gap and saturation magnetization of the magnetic liquid [17]. The
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magnetic liquid responds to the magnetic field by forming an O-type sealing ring [18].
The magnetic circuit is formed by the permanent magnet, pole shoe, magnetic liquid,
and spindle [19,20]. The design of this magnetic circuit directly affects the sealing ability
of the magnetic liquid. Compared with the TS, the turbulence intensity of the liquid
interface layer is significantly reduced by the magnetic liquid seal of the OS. However,
whether the OS exhibits the magnetic leakage phenomenon, which can reduce the magnetic
induction intensity at the seal clearance and reduce the seal pressure difference, requires
further study.

The calculation of the magnetic field is performed using the Maxwell software. The
pole piece and shaft were made of AISI 1008 steel. The magnetic flux–magnetizing force (B–
H) curve of this material is shown in Figure 11. The permanent magnet used was NdFe30.
Its residual magnetic flux density Br was 1.2 T and the coercivity Hc was 8.38 × 105 A/m.
As the magnetic liquid sealing structure is rotating, a two-dimensional (2D) axisymmetric
model can be employed. The remaining structural parameters are presented in Table 1.
In addition, as the relative permeability of the magnetic liquid is equal to that of air, the
magnetic liquid can be treated as air [21].
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Table 1. Magnetic circuit structure parameters.

Item Value

Shaft diameter 200 mm
Inner radius of the pole piece 214 mm
Outer radius of the pole piece 294 mm

Length of the pole piece 28 mm
Height of the pole teeth 6 mm
Width of the pole teeth 4 mm

Inner radius of the permanent magnet 214 mm
Outer radius of the permanent magnet 294 mm

Length of the permanent magnet 12 mm

The SL and SD are 16 and 2 times the length of the sealing gap, respectively, which are
suitable for the magnetic liquid sealing structures at all speeds. The magnetic field at the
sealing gap of the OS with these parameters was compared with that of the TS to verify the
accuracy of the design of the magnetic circuit design in the OS.

The magnetic induction intensity distributions at the sealing gap of the OS and TS are
generally similar (Figure 12), indicating the correct design of the magnetic circuit. After the
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slots are introduced, the resistance of the magnetic field in the main shaft part is reduced,
thereby enhancing the magnetic induction intensity at the sealing gap. The maximum
magnetic induction intensity at the sealing gap of the OS is increased by 3.7% compared to
that of the TS.
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3.6. Test Validation

To validate the simulation results, a flow field test experiment was performed in the
Key Laboratory of Xihua University. The experimental device adopted a 2D particle image
velocimetry (PIV) system purchased by Xihua University from TSI, St. Paul, Minnesota,
America. The PIV system is suitable for non-contact probing of the 2D velocity field on a
plane of the fluid. The main function parameters are shown in Table 2.

Table 2. Main technical parameters of the PIV system.

Main Parameters Technical Indices

Function
Measure the 2D velocity field distribution on a plane

to obtain U and V velocity components, vorticity,
velocity gradients, streamlines, etc.

Speed measurement range 0–1000 m/s

Speed measurement accuracy U and V component: ≤1% of reading

Measured area Flow field area ≥900 mm × 1000 mm

Overall operating frequency 15 Hz

Bits 16 bits

The PIV system consists of a dual-cavity dual-pulse laser (LPS PIV200), guarding light
arm, sheet–light–source lens group, high-speed camera (ILA.PIV.sCMOS), synchronizer,
tracer particle generator, PIV image analysis software, and a computer. The test device
comprises the PIV system, generator, rotating shaft, and sealed cavity constructed using
transparent acrylic material. Figure 13 shows a schematic of the test device. The pulsed
laser beam passes through the lens group and forms part of the light source and illuminates
the measurement area in the flow field, which is an extremely thin (≤1 mm) layer of
the field. The camera is aligned perpendicular to the direction of the light. The built-in
algorithm of the PIV system divides the photographed area into several equidistant query
areas of equal dimensions (Figure 14). The velocity of the query area is represented by
the average velocity of the tracer particles in the query area, as calculated by the cross-
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correlation algorithm. The sum of the velocity vectors of the query areas constitutes the
velocity vector of the flow field in the calculation area.
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The laser intensity is important during the charge-coupled device (CCD) camera
shooting. If the intensity is too low, the test area cannot be illuminated, thereby affecting
the calculation results. The intensity of the pulse laser has a parabolic relationship with
time (Figure 15). At 180–210 µs, the laser has high intensity, which meets the laser intensity
required for measurement. ∆t is defined as the time interval between two laser pulses in
the PIV system. In the PIV test, Lamp 1 controls the first group of lasers and initiates Q.
Switch 1 triggers the first group of lasers at 180 µs. At ∆t after the first laser pulse from
Lamp 1, Lamp 2 activates the second laser. At 180 µs + ∆t after Q, Switch 2 triggers the
second group of lasers. The CCD camera exposure time is 180 + ∆t/2 µs, which ensures
that the first laser is triggered within the first exposure of the CCD camera, while the
second laser is triggered after the first exposure. At the rotation speeds of 100, 300, 500,
and 1000 rpm, ∆t is 60, 70, 80, and 90 µs respectively.
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Due to the narrow sealing clearance, it is difficult to obtain accurate measurements of
the velocity distribution of the fluid at the sealing clearance and rendering to measure the
turbulence intensity at the sealing gap using the PIV test. In this study, we measured the
velocity distributions along a horizontal line in the sealed cavity at different spindle speeds
and compared these with the calculated values to verify the accuracy of the calculated
flow field. Figure 16 shows the PIV flow field test experiment in the Key Laboratory of
Fluid and Power Machinery, Ministry of Education, Xihua University. After removing the
invalid test data and smoothing the curve, the experimental and simulation data exhibited
the same general trend; however, the following differences were observed (Figure 17):

(1) The vibration of the motor during the experimental test affects the fluid flow in the
sealed cavity, thereby influencing the test results.

(2) The surface roughness of the main shaft sealed cavity is not consistent with the
parameters describing them in the simulation.

(3) The machining problems during shaft design caused a slight eccentricity to the shaft.
(4) As the sealed cavity interior is a circular wall, refraction occurs when the cavity is

irradiated with the laser, which affects the images recorded by the camera.
(5) To simplify the calculations, several programs were made on the software program

during the simulation.

Nonetheless, the test and simulation values exhibit the same general trend, indicating
that the simulation results are a reasonable approximation of the experimental conditions.
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4. Conclusions

In the magnetic fluid rotary seal, the turbulent intensity at the magnetic fluid seal
interface linearly decreases from the main axis in the radial direction. Assuming an axis
diameter of 200 mm and rotation speed of less than 1000 rpm, the relationship between
the maximum turbulence intensity and rotational speed at the sealing interface is given by
y = 5.089 + 0.043x.
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Structure slotting has an obvious effect on the maximum turbulence intensity at the
sealing interface. The simulation shows that the optimal structure size has a groove length
and depth 16 and 2 times the sealing clearance, respectively.

At rotation speeds ranging from 100–1000 rpm, the optimal groove structure reduces
the maximum turbulence intensity at the sealing interface by more than 20%.

Compared to the TS, the OS increased the maximum magnetic induction intensity at
the seal clearance (by 3.7%) and sealing capacity.

The flow state of the magnetoliquid sealing device itself is not fully considered owing
to its small and opaque clearance. Future work will investigate the mechanism of the
magnetic fluid movement during the rotary sealing by mixing the magnetic fluid with
fluorescent agents of various colors to indirectly observe the motion of the magnetic fluid
through the color change.

These current results provide a theoretical reference for the design and operation of
magnetic liquid seals in liquid environments.
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