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A MAGNETIC-FLUID SEAL FOR MEASUREMENT OF
AERODYNAMIC SURFACE PRESSURES

L. INTRODUCTION.

This report describes an experimental evaluation of a sliding seal design which
utilizes a magnetic fluid as the primary sealing element. The seal is intended to provide a
low-friction, sliding seal between stationary and moving components of a wind tunnel model.
The sealing element consists of a magnetic fluid, which is held in place by a magnetic field
produced by a magnet contained within the seal mechanism. The magnetic fluid acts as a
physical barrier to prevent the passage of air along the gap between the stationary and moving
components of the model.

Sliding or rubbing seals are used for many applications in mechanical systems. They
are usually in the form of a rubber flap or ring which is forced to stay in contact with the
moving surface by means of springs, pneumatics, or its own material resilience. The combination
of the frictional effect of the seal material, the pressing force necessary to effect a seal, and the
relative velocity between the seal and the moving surface results in high frictional forces and
eventual seal wear which may limit the functional performance of the mechanical device.

In the case of magnetic-fluid seals, however, only the fluid .tself is in contact with
the moving surface. Thus, the only frictional effect is due to viscous shear produced by the fluid
in contact with the moving surface. This results in considerably lower friction than a mechanical
seal device.

Magnetic-fluid seals have been developed for sealing between rotating shafts and
their stationary housings.! For these applications, the sense of motion of the moving surface is
essentially parallel to the line of contact between the magnetic-fluid seal and the moving surface.
The magnetic-seal design considered in this report, however, is unique in that the relative motion
of the moving surface is essentially normal (i.e., at right angles) to the line of contact between
the magnetic-fluid seal and the moving surface. Also, in this instance, the surface possesses
continuous (i.e., sustained) motion.

The magnetic-fluid seal evaluated in this study was designed specifically for use in an
existing wind tunnel model. It was hoped that for this application the magnetic-fluid seal would
provide adequate sealing with reduced friction as compared to the mechanical sliding seal
originally used in the model.

The basic magnetic-fluid-seal configuration was conceived by the Weapon Systems
Concepts Team. The Ferrofluidics Corporation, under contract to Edgewood Arsenal, completed
the detailed design, fabrication, and initial functional testing.2 Edgewood Arsenal then conducted
a systematic experimental investigation of the effects of various seal configurational parameters
relating to the wind tunnel model functional performance. This report documents the testing and
results of this evaluation.

lRotary Seals Catalog Handbook. Ferrofluidics Corporation, Burlington, Massachusetts.

ZHowe, Dexter S. Report on Linear Seal Development Program. Ferrofluidics Corporation. 31 December
1975.
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II.  BACKGROUND.

A new experimental technique has been evolved to measure the aerodynamic
pressure distribution acting on the surface of a spinning wind tunnel model. The technique is
based on the use of a two-part model with a nonspinning inner portion containing the
pressure-measuring instrumentation and a spinning outer portion representing the aerodynamic
surface. The feasibility of the technique was successfully demonstrated by a series of subsonic
wind tunnel tests of a spinning right circular cylinder in crossflow. A complete description of the
test arrangement and the results of the feasibility tests are contained in previous publications.?-4

The details of the wind tunnel model are shown in figure A-1, appendix.* The
model includes a stationary (i.e., nonspinning) cylindrical core. A thin-walled, cylindrical shell is
located concentrically around the core and attached to the core by means of bearings located at
each end. The shell is thus free to rotate or spin about the core and represents the external
surface of the spinning model body. A pressure tap is located in the core at midspan and
oriented radially outward toward the point on the external surface of the shell at which the
pressure is being measured. A small vent hole is located through the shell at midspan, so that it
will line up with the face of the pressure tap once every revolution of the shell about the core.

The gap between the face of the pressure tap and the inner surface of the shell is
sealed in all directions (i.e., longitudinally and circumferentially) by means of a circular seal
located around the face of the pressure tap. The cavity created within this seal will be open to
the pressure acting on the outside surface of the shell when the vent hole is aligned with the tap.
Once the vent hole has rotated past this aligned position, the seal will cause the cavity to retain
the pressure. After several revolutions of the spinning shell, the cavity will eventually assume a
constant pressure with time, equal to the pressure acting on the surface of the spinning model at
that particular circumferential location. Pressure measurements at various points on the surface
of the spinning model can be obtained by positioning the core and attached pressure tap at
different attitudes to the airflow. This is accomplished by simply rotating the core about its
longitudinal axis to a particular angle and holding it there sufficiently long to obtain the pressure
measurement.

Sealing of the cavity around the face of the stationary pressure tap and the rapidly
moving shell is the key factor for the success of this testing technique. As shown in figure A-1,
the model utilized in these tests included a mechanical sliding seal arrangement. The brass
pressure tap was held in the model core by means of a cylindrically-shaped Teflon seal block
whose outer surface was shaped to match the inner contour of the shell. The outer surface of
the seal block included a circular groove into which a circular rubber O-ring washer was placed.
Springs located within the seal assembly pressed the rubber O-ring against the inside surface of
the shell.

*All other figures are in the appendix.

3Miller, Miles C. EA-TR-76070. A Technique to Measure the Pressure Distribution Acting on the Surface of
a Spinning Body in a Wind Tunnel. September 1976.

4Miller. Miles C. Surface Pressure Measurements on a Spinning Wind Tunnel Model. pp 1669-1670. AIAA
Journal. December 1976.




Model spin was achieved by means of a 2-hp electric motor located outside the
tunnel test section which was attached to the model by a drive shaft/pulley arrangement as
illustrated in figure A-2, which illustrates the general wind tunnel model installation and
instrumentation arrangement.

The model also included an internal mechanism which continuously deposited
silicone grease onto the inner shell surface and rubber O-ring during the wind tunnel test to aid
in lubrication and sealing. A seal spring force of 8 pounds was required to provide an adequate
seal. Using this arrangement, pressure measurements as high as 0.8 psi were successfully obtained
at maximum model spin rates of 8000 rpm (the predetermined goal).

The ultimate objective was to use the testing technique to measure the surface
pressure distribution on an autorotating body. It was planned to convert the existing wind tunnel
model to that of a cylindrical autorotor by merely adding four longitudinal driving vanes to the
shell. For these tests, it was hoped that the model would spin by its own aerodynamic
autorotation moment without requiring any external power means. This would necessitate an
extremely low-friction seal. Model spin rates of about 2000 rpm are considered typical for this
type of test.

A magnetic-fluid-type seal appeared to offer a potential means of providing the seal
performance required. Because of the new and unique nature of the seal design and its unusual
application, complete analytical seal performance predictions were not possible. Accordingly, the
initial seal design was installed in the model and experimentally evaluated under controlled
laboratory conditions. These tests were intended to establish the seal performance limits for
eventual application in actual wind tunnel tests.

III.  SEAL DESCRIPTION.

A. Physical Configuration.

The basic configuration of the seal is illustrated in figure A-3. A toroidal-shaped
permanent magnet is oriented and positioned in the model core near the inner surface of the
moving shell. The magnet is polarized so that the inner region is one polarity (i.e., north) and the
outer region is the opposite polarity (i.e., south). The magnetic field produced by the magnet is
directed and concentrated by means of inner and outer concentric pole blocks made of
conductive material. The extension of these blocks in the direction of the moving surface
converge but do not touch so that their separation is small. Also, the tips of these blocks
approach, but do not come in contact with, the moving surface. The resulting magnetic-field
path through the system is indicated by arrows.

A magnetic fluid consists of a colloidal suspension of ferrite particles in a carrier
liquid. The resulting magnetic fluid is affected by a magnetic field as if it were a ferrous material
but it retains the chemical and mechanical characteristics of the carrier liquid. A variety of
carrier liquids can be utilized ranging from hydrocarbons to water depending on the specific
application.

When the magnetic fluid is placed in the gap between the tips of the pole blocks,
the concentrated magnetic field will form the fluid into a ring form. The concentrated field at
the confluence area of the pole block tips and the surface will act to hold the magnetic fluid in
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a ring form, even in the presence of the moving surface. The fluid ring will contact the moving
surface in a circular line. The fluid thus forms a linear barrier preventing the transmission of air
between the cavity within the fluid ring (denoted as pressure P) and the region outside of the
fluid ring denoted by pressure P,. The pressure differential held by the seal is AP=P-P,. In
effect, the fluid serves the same function as a rubber O-ring. However, the magnetic-fluid seal
only produces friction through viscous shear between the fluid and the moving surface. This
friction force is several orders of magnitude less than that of a rubber O-ring seal. Note that a
substantial portion of the ring-shaped seal is providing a linear seal element which is essentially
normal to the motion sense of the moving surface. This feature differentiates this
magnetic-fluid-seal configuration from any previously designed or tested.

The specific seal designed and fabricated for this application is shown in figure A-4.
The magnet element was composed of eight rectangular samarian cobalt permanent magnets
arranged to form a hollow cylinder. The strength or flux density of this magnet was about
8000 gauss. The magnet was concentrically encased between a cylindrical steel inner pole block
and a cylindrical steel outer pole block. The inner pole block also served as the pressure tap and
contained the cavity region and a central hole by which the pressure in the cavity could be
transmitted out of the model to monitoring instrumentation. The inner pole block, outer pole
block, and magnet were held in place by an aluminum housing. The outer tips of the concentric
pole blocks converged toward each other resulting in a minimum separation of 0.034 inch.
Figure A-5, A, shows the seal components and figure A-5. B, shows the fully assembled seal
configuration.

During actual wind tunnel testing, a certain amount of magnetic fluid could be
forced out through the shell vent hole by the centrifugal action of the spinning shell. The seal
design included a means of replacing this fluid loss from a reservoir within the model. This was
simply composed of an inlet tap into the back side of the seal through which the fluid could
flow past the magnet to the tip of the seal. Thus, the fluid would be drawn from the reservoir as
needed.

B. Magnetic Fluid.

A magnetic fluid consists of a colloidal suspension of ferrite particles in a carrier
liquid. The ferrite particles measure about 0.5 micron in diameter and are treated with a special
agent to prevent coagulation. The magnetic fluid is simply placed on the area between the outer
tips of the pole blocks. The concentrated magnetic field in this region causes the fluid to form
into a circular ring. This ring will be held in place regardless of the orientation and motion of
the seal. The size of the ring depends on the amount of fluid used. Typically the fluid ring
measures 0.45 inch in diameter and has a ring thickness of about 0.125 inch. Figure A-6 contains
a photograph of the seal both before and after the fluid 1s added.

The magnetic fluid utilized in this study used a diester-based carrier fluid and was
obtained commercially from the Ferrofluidics Corporation. Four different types of magnetic
fluids (commercially designated “Ferrofluids™) were evaluated. representing different
magnetization and viscosity characteristics. The physical properties of the fluids tested are
summarized below:
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Ferrofluidic

Corporation Magn:;xzatlon Viscosity M/u
designation u
gauss centipoise gauss
centipoise
F236G 1000 520 192
F236F 800 95 8.42
F236D 600 27 220
F236E 400 6 66.0

IV.  EXPERIMENTAL EVALUATION.

A. Testin_g_ Methodolog_y.

The magnetic-fluid seal was evaluated in the same wind tunnel model used for the
earlier feasibility tests of the wind tunnel testing technique. The entire seal assembly was placed
in the radial hole of the wind tunnel model core as shown in figure A-7. Figure A-8 illustrates
the general seal installation and defines the various test parameters. The seal radial position could
be adjusted by shimming to provide a specific gap distance between the outer tips of the pole
blocks and the inner surface of the rotating model shell. During testing, this gap (€) could be
varied between a minimum distance of 0.005 inch to a maximum distance of 0.040 inch. With
the seal located in the core and the fluid added to the seal, the shell was slid down around the
core onto its bearings and locked into place. The physical presence of the shell tended to flatten
out the fluid ring because of the reduced gap size.

For these tests, the model was mounted outside of the tunnel so that its spin axis
could be placed in either a vertical or a horizontal attitude. Also, when testing in a horizontal
attitude, the model core could be oriented so that the seal was located at either the top, side, or
bottom in order to evaluate the effect of gravity on the seal performance.

The model vent hole was plugged with red wax and a tape band was placed around
the outer surface of the shell to hold the wax in place. A positive pressure was then established
within the seal cavity by means of a controlled air compressor. The pressure was monitored by
means of a manometer tube. Model spin was provided by a 1/2-horsepower, variable-speed
electric motor. A magnetic tachometer was used to measure the shell spin rate. The test
arrangement and associated instrumentation are shown in figure A-9.

The test procedure was to arrange the seal and model to the particular configuration
desired, pressurize the seal cavity to the test pressure, and increase the model spin rate
incrementally until the seal could no longer hold the pressure.

B. Parameters lnvestigated.

The basic seal was specifically designed for inclusion in the existing wind tunnel
model. Thus, the arrangement and dimensions were constrained by this requirement. The seal
permanent magnet configuration, pole block shaping, and pole block tip separation dimensions

11




were established through a combination of analytical and iterative tests conducted by the
contractor as described in a previous publication.2 During the evaluation conducted at Edgewood
Arsenal, the following parameters (as defined in figure A-8) were investigated:

Parameters Symbol
Differential pressure AP
Magnetic-fluid magnetization strength M
Magnetic-fluid viscosity W
Gap dimension between moving and stationary surface €
Model spin rate w
Moving surface material Aluminum or steel

C. Static Tests.

Initial tests were conducted to evaluate the magnetic-fluid seal performing under
static conditions (i.e., shell not rotating). For these tests, a diester-based Ferrofluid was used
having a magnetization of 1000 gauss and a viscosity of 520 centipoise. The test procedure was
to increase the pressure in the cavity region of the seal with air until the seal leaked.

An initial series of tests was conducted with the model oriented in both a horizontal
and a vertical attitude so that the magnetic seal could be evaluated at various attitudes to the
vertical. No influence due to the seal orientation relative to the vertical (i.e., the gravity field
direction) was present. Also, with the model spin axis oriented vertically, the magnetic-fluid film
deposited on the inner shell surface tended to run slowly down the inside of the shell and into
the lower bearing housing. This did not affect the seal characteristics but it necessitated cleaning
the bearing with consequent loss of magnetic fluid. Thereafter, in order to avoid these problems,
all tests were conducted with the model spin axis in a horizontal attitude. with the seal located
on the top side.

Figure A-10 indicates the maximum pressure held as a function of seal-to-shell gap
distance. Both a steel shell (which conducts the magnetic field) and an aluminum shell (which
does not conduct the magnetic field) were evaluated. Note that the conducting steel shell
resulted in the seal having about twice the pressure capability as the nonconducting aluminum
shell. Also, the sealing performance increased as the gap distance was decreased. During these
tests, the shell could be manually rotated up to 100 rpm or impulsively rotated back and forth
without affecting the ability of the seal to hold the pressure.

D. Dynamic Tests.

The next series of tests was conducted to evaluate the seal performance with the
shell spinning rapidly (i.e., representing a sustained moving surface). These tests consisted of
pressurizing the seal cavity and increasing the rotation rate of the shell until the seal leaked as
indicated by the loss of pressure in the cavity. The results of these tests are summarized in
figure A-11 which shows the maximum spin rate achieved with the seal holding a specific




pressure for various values of gap distance. A Ferrofluid having a magnetization of 800 gauss and
a viscosity of 95 centipoise was used in these tests.

A final series of dynamic tests was conducted to assess the seal performance using
magnetic fluids having different magnetization and viscosity characteristics. The results of these
tests are shown in figure A-12, which indicates the maximum spin rate achieved with the seal
holding a 11b/in? pressure for different gap distances and magnetic fluids. A pressure of 1 psi
was considered nominal because it represents the maximum pressure present during subsonic
wind tunnel tests of this particular model. These data indicate that the dynamic performance of
the seal is a function of both the magnetization and the viscosity of the magnetic fluid. For the
diester-based magnetic fluid used, the magnetization strength M and the viscosity u are
interrelated. Thus, it is not possible to determine the separate effect of each term on the seal
performance. This effect could only be evaluated by testing a magnetic fluid with the same M/u
ratio but with different absolute values of M and u as the diester fluid used in these tests.

V.  DISCUSSION OF RESULTS.

A more basic and meaningful measure of the performance of the magnetic-fluid seal
is the actual relative velocity between the seal and the moving surface. Since the inner surface of
the shell has a radius of 2.46 inches from the axis of rotation, the velocity of the inner shell
surface (i.e., the moving surface) relative to the stationary seal can be easily calculated. The
relative seai/shell velocity for the various data presented can be obtained from the curve in
figure A-13. In addition, the maximum seal-performance condition achieved with this seal is
denoted on this curve. The current seal was capable of holding a pressure of 1 psi at a spin rate
of 1250 rpm corresponding to a relative velocity of 27 ft/sec. It should also be noted that there
was no discernible friction due to the seal during any of the dynamic tests.

In both static and dynamic tests, the seal either held the pressure without any
leaking or would fail completely with an instantaneous loss of pressure. A thin layer of magnetic
fluid was formed on the inside surface of the shell which passed over the seal. After a spin rate
was achieved where the seal failed, the spin was reduced and the seal usually reformed at a lower
spin rate. If the seal did not reform, inspection of the seal indicated that insufficient magnetic
fluid remained to form a ring.

Evidently, at a particular spin rate, the viscous shear between the magnetic fluid ring
and the layer of fluid on the moving surface became so great that it simply tore the ring apart
and spread it to either side of the track. Based on this reasoning, it would appear that a
low-viscosity carrier fluid would improve the seal performance. However, the absolute
magnetization strength must also be as large as possible.

Finally, a combination mechanical- and magnetic-fluid sliding seal was evaluated. It
was reasoned that, if a scraper were added to the tip of the magnetic-fluid seal, it might improve
the seal performance by reducing the effects responsible for breaking down the fluid ring.
Accordingly, the seal was modified to include a rubber O-ring located concentrically around the
fluid ring so that a rubber ring was in light contact with the inside surface of the shell. The
forward (upstream) side of the rubber ring would act to push the layer of magnetic fluid on the
shell to either side of the magnetic-fluid ring, thus reducing the fluid layer height and its impact
force on the fluid ring. Secondly, the aft (downstream) side of the rubber O-ring would act to
both support and scrape up the fluid ring. This modified seal is shown in figure A-14.




Tests were conducted with this combination under the following sequence: (1) pure
fluid seal, (2) pure rubber O-ring seal, and (3) combination of (1) and (2).

In order to be effective, in combination (3), the rubber O-ring had to be pressed
against the shell with considerable force. This was achieved by shimming the seal assembly
outward. Under these conditions, the combination of the magnetic fluid and the rubber O-ring
held a pressure of 9 psi at 3000 rpm (which were the maximum conditions possible with the test
arrangement). However, the same pressure/spin conditions were held with the rubber O-ring alone
as indicated below:

Configuration R w

psi rpm
Magnetic fluid alone* 1 750
Rubber O-ring alone 9 3000
Magnetic fluid with rubber O-ring 9 3000

*M = 800 gauss; u = 95 centipoise; € = 0.02 inch.

It should be noted that these tests were conducted with the model spin axis in a
vertical attitude. During the tests with the magnetic-fluid seal alone, the magnetic fluid tended to
run  down the inside of the shell surface. After the tests with the combination
magnetic/mechanical seal, it was found that the vacuum grease from the rubber O-ring formed a
ridgelike track on the inner shell surface which acted to prevent the magnetic fluid from running
down. After these particular tests, no fluid appeared to be lost.

The frictional force of the various seal combinations was not measured during these
tests. It cannot be determined, therefore, whether the combination of the magnetic fluid and
rubbing seal resulted in less friction than the rubbing seal alone. Additional tests will have to be
conducted to qualify this effect. Based on the overall test results. the magnetic-fluid-seal design
evaluated does not have the sealing performance required for the 2000 rpm autorotor wind
tunnel tests. However, it appears to be capable of being used for tests at spin rates under
1000 rpm.

VI.  FUTURE DESIGN CONSIDERATIONS.

The purpose of this study was to evaluate the performance capability of the baseline
magnetic-fluid seal. As a result of the design analysis and test data. certain design trends are
indicated to improve the seal performance for future applications.

A major improvement could be realized by increasing the strength of the seal
magnet. The magnet contained in the current seal was composed of several rectangular magnets
formed into a ring. The strength of this arrangement could be increased by shaping the magnets
to fit together better by use of a larger single permanent magnet or even an electromagnet.

The use of a magnetic fluid having a higher absolute magnetization strength and a
lower absolute viscosity would also appear to increase the seal performance.

14
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Other changes which might improve the seal performance for this application
include: reducing the vent hole diameter, eliminating the vent hole edge radius on the inner
surface of the shell, increasing the number of concentric pole block tip stages, and increasing the
width of each tooth (tip edge). Finally, a combination mechanical- and magnetic-fluid sliding seal
could be investigated further.

VII. SUMMARY.

A magnetic-fluid sliding seal was designed, fabricated, and tested for application in a
special instrumentation arrangement to measure the aerodynamic surface pressure on a spinning
wind tunnel model. The seal was intended to provide a low-friction, airtight linear seal between
stationary and rotating model components. A series of laboratory tests was conducted to
evaluate the performance of the seal in relation to anticipated wind tunnel test conditions and
possible model configurations. These tests involved measuring the maximum pressure that the
seal was capable of holding at various model spin rates with regard to the following
parameters: (1) gap distance between stationary and moving components, (2) magnetic fluid
properties (i.e., magnetization strength and viscosity), and (3) ferrous and nonferrous moving
component materials.

These tests demonstrated that the seal was capable of holding a nominal pressure of
| psi at a maximum sustained spin rate of 1250 rpm. This relates to a relative velocity between
the moving and stationary components of 27 ft/sec. Higher pressure could be held at lower
sustained spin rates and even under impulsive rotational conditions.

Seal performance was improved by reducing the gap dimension, increasing the
magnetization strength of the magnetic fluid, reducing the viscosity of the magnetic fluid, and
using a ferrous-material moving component.

The current seal design would appear to be applicable for this wind tunnel test
technique where extremely low friction is required. However, it would be limited to spin rates
under 1000 rpm. The magnetic-fluid seal evaluated during this study represents the first attempt
at a seal of this type and it has provided a base-line design in future improvements as noted in
the report.

VIII. CONCLUSIONS.

{8 The basic magnetic-fluid seal evaluated in this study can provide a
low-friction, sliding seal for application to the special surface pressure measuring wind tunnel
testing technique at relatively low pressures (<1 psi) and low spin-rate (<1000 rpm) conditions.
[t can thus be utilized for Magnus-related surface pressure studies on relatively slowly rotating
aerodynamic configurations such as missiles, mortars, and re-entry vehicles.

2. Data resulting from this study indicate design trends for increasing the
performance capability of the magnetic-fluid seal for wind tunnel testing applications involving
higher pressure and spin-rate conditions.

3. This type of seal can provide a virtually frictionless sliding linear seal while in
contact with a rapidly moving surface which is translating essentially normal to the line of
contact between the seal and the moving surface. The general seal configuration would appear to
have application in a variety of instruments and mechanical devices which have requirements for
a sliding seal having virtually no friction or wear for both a multidirectional impulsively or
sustained moving surface.
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GLOSSARY

Outside diameter of model shell

Magnetization strength of magnetic fluid

Pressure in seal cavity

Pressure outside seal cavity

Surface pressure on model shell

Free-stream static pressure

Pressure differential across seal (AP = P - P)

Radius of inner shell surface

Relative velocity between moving surface and magnetic-fluid ring (VR = Rw)
Free-stream velocity

Gap dimension between top of stationary seal and moving surface
Free-stream air density

Shell spin rate

Viscosity of magnetic fluid
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Figure A-7. Magnetic-Fluid Seal Installed in Wind Tunnel Model
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