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Abstract

Design of a Dynamic Seal to Enable Movement of a Film or Filament
Through a Pressurized Space While Maintaining a Desired Pressure

Andrei Nicolae

Chair of the Supervisory Committee:
Professor Vipin Kumar
Mechanical Engineering

The solid-state process has been successful in creating microcellular foams in a number of

thermoplastic polymers using sub-critical CO2 in the 3-5 MPa range. In this process, the

polymer film or sheet is first saturated with CO2 in a pressure vessel. The gas saturated

film is then removed from the pressure vessel and heated in a suitable medium (liquid or hot

air, for example) to create a microcellular structure. The time elapsed from depressurization

of the pressure vessel to the heating of the gas-saturated film, known as the desorption

time, is an important process parameter that can range from a few minutes in a laboratory

environment to tens of minutes in a manufacturing environment. During the desorption

time, the absorbed gas leaves the polymer film. This loss of gas becomes increasingly critical

as the film thickness is reduced; polymer films below 0.010” in thickness are difficult or

impossible to foam in the current solid-state batch process. To successfully foam thin films

it is necessary for the polymer to retain the absorbed gas prior to heating. Towards this end,

a dynamic seal was developed that allows a polymer film/filament to be smoothly drawn out

of a pressure vessel while preventing the pressurized gas from escaping. The dynamic seal is

based on the idea of using a liquid (e.g. water) to provide a seal and keep the pressurized
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gas from escaping. The liquid thus experiences the same pressure as the gas. Liquid leakage

is controlled to within an acceptable limit by designing sufficient resistance to the flow.

The early prototypes showed that a pressure of 5 MPa could be maintained in a small

pressure vessel, while a 0.4 mm nylon fishing line was drawn through the seal. Water was

used to seal the gas in this case. It was quickly apparent that the key challenge would be

to move, or draw, the polymer film through the seal mechanism while keeping its integrity.

The key is to strike a balance between sealing forces that keep the leakage rate low and the

frictional forces that result on the polymer film as it moves through the seal.

To explore the parameters that influence the seal performance, a lab scale pressure vessel

and seal mechanism was designed, built, and tested. The vessel with 5 inch ID and 7.5

inch OD was machined from Aluminum. The vessel had a clear polycarbonate window of

3.5 inch diameter embedded in the lid, with 30 LEDs illuminating the inside of the vessel.

This design allowed for visual observations of the seal performance during testing. Various

materials, both porous and nonporous, were investigated as seal materials. It was found that

porous materials allow more control over the leakage rate and the resulting pressure drop

in the flow direction is linear, consistent with Darcy’s law. However, the porous material (a

polyurethane foam) resulted in a large frictional force on the film. On the other hand, the

nonporous material (also a PU foam but with a closed-cell structure) resulted in reduced

frictional resistance on the film, however there was less control on the leakage rate and the

pressure distribution was non-linear.

The basic feasibility of the dynamic seal idea was demonstrated. Further work is needed to

reduce the frictional resistance on the polymer film and reduce leakage rates. Several ideas

for improving the seal are presented.
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Chapter 1

Introduction

1.1 Solid State Foaming

Conventionally, foamed polymers are produced by introducing a blowing agent (physical or
chemical) into a polymer melt and expanding to produce a cellular material. Typically the
cells are on the order of 10−4 m. This is too large for applications where the material thickness
is on the same order. In the 1980s, a challenge was given by the packaging industry(companies
Kraft and Kodak) to reduce the cell size to the micrometer range or below such that 100+
cells fit across the thickness of a typical packaging polymer sheet. A research team at the
Massachusetts Institute of Technology led by Professor Nam Suh responded to the challenge
and conceived a process for creating microcellular polymer foams. They were granted US
Patent #4,473,665 for their work which is now referred to as the ”solid-state microcellular
process” [1] .

1.1.1 The Solid-State Microcellular Process

The solid-state microcellular process is very simple (wherein lies its beauty) and consists of
three main steps which are summarized in figure 1.1:

1. Gas absorption: a thermoplastic polymer is placed in a high pressure gas environment.

2. Pressure release: the polymer is removed from the high pressure environment, and
desorption begins.

3. Foaming: The polymer temperature is elevated close to its glass transition temperature:
cell nucleation and growth occurs to create the cellular material.
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Figure 1.1: Sequential diagram illustrating the three main steps in the solid-state microcel-
lular process.

In the first step, the gas utilized for this research is Carbon Dioxide (99.9 % purity)
although Nitrogen has also been investigated originally at MIT [2]. In the second step, the
pressure is released to the atmosphere and the desorption time is used as a parameter for
different foaming structures and skin characteristics [3]. In the third step, the thermoplastic
polymer is brought to a temperature close to the glass transition temperature of the system.
It is important to note that the glass transition temperature is decreased by the presence
of the absorbed gas, thus the Tg in question is lower than that of the virgin material. At
this temperature, the thermodynamic instability created by the supersaturated gas gives
rise to cell nucleation and cell growth. The cell densities are large, ranging from 108/cm3 in
PS-N2 system to 1014/cm3 in PEI-CO2 system [4, 5]. The polymer is never melted during
the process; it is actually far from its melting temperature: here lies the uniqueness of the
solid-state microcellular process.

1.1.2 Unique Microstructures

Unique microstructures can be produced with this process by varying the parameters: poly-
mer type, saturation pressure, saturation temperature, desorption time, foaming tempera-
ture, and foaming time. Following are some examples.
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Figure 1.2: PET saturated at 5 MPa and room temp. Foamed at 80oC. [Kumar, unpublished]

Figure 1.3: PLA saturated at 2 MPa. Foamed at 80oC. [Kumar, unpublished]
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Figure 1.4: COC (Cyclic Olefin Copolymer) at 73% relative density. Saturated at 5 MPa,
foamed at 70oC. [Kumar, unpublished]

Figure 1.5: Polycarbonate saturated at 5 MPa, foamed at 100oC. Right: zoom on cell wall
showing a nano-structure [5]
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Figure 1.6: HDPE saturated at 3 MPa, foamed at 105oC. [Kumar, unpublished]

Figure 1.7: ABS saturated at 5 MPa, foamed at 60oC. [Kumar, unpublished]
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Figure 1.8: PEI (Polyethylenimine) saturated at 5 MPa, foamed at 180oC. This high-
temperature thermoplastic produces a nanometer order structure under some conditions.
Here, the average cell size is 120 nm. The structure is open-porous and permeable to fluids.
[Kumar, unpublished]

1.2 Physics of the Process

1.2.1 Thermodynamics

When a pure solid is placed in a gas environment, there are initially zero gas particles in
the solid while the environment has some positive gas concentration N0. From statistical
thermodynamics, we know that at equilibrium there is a probability of finding a gas particle
in any state (such as dissolved into the solid) quantitatively given by the Boltzmann factor
[6]

P (s) =
1

Z
e−(E(s)−µN(s))/kT (1.1)

Where P (s) is the probability P of a system in a microstate with energy E and particle
count N . Z is the partition function and µ the chemical potential. From this we can see
that, at equilibrium, the solid will become saturated with gas at a concentration 0 < C < N0

depending on the properties of the solid, temperature, and gas pressure i.e. E(s), T , and
µ. For example, a metal will have a very small concentration since the energy required for
a particle to be in the dissolved state is very large. In thermoplastic polymers, the energy is
smaller and appreciable gas can be absorbed. For example, PLA and PEI can absorb 10%
of their mass in CO2 at 5 MPa [7, 8].
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1.2.2 Diffusion

While thermodynamics quantifies equilibrium states, it does not tell anything about the
transient behavior of the system. In the simplest case, Fick’s law of diffusion relates the
diffusive flux JJJ to the concentration gradient

JJJ = −DDD∇C (1.2)

where DDD is a second order tensor which linearly maps the concentration gradient vector
to the flux vector. If there are no chemical reactions, mass conservation requires the flux
divergence to decrease the concentration in the solid:

∇ · JJJ = −∂C
∂t

(1.3)

If the material is isotropic, DDD = DIII where III is the identity tensor. Furthermore, if D is
a constant the formula can be simplified to yield the parabolic partial differential equation
also referred to as “the heat equation”

D∇2C − ∂C

∂t
= 0 , D > 0 (1.4)

This model has been used with high degrees of success by many researchers. A short list of
such works is given in the references [3, 5] .

1.2.3 Solid Skin

In the solid-state process, there is a finite time in Step 2 where the gas can desorb from the
polymer. From equation 1.4, the gas concentration at the edge of the polymer decreases
instantaneously when the ambient concentration is dropped. Thus, the outside edges of the
polymer remains solid after foaming as there is not sufficient dissolved gas concentration for
foaming. This model was explored by Weller’s PhD work [3]. The longer the desorption
time in step 2, the larger the skin.
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Figure 1.9: Effects of desorption on the microstructure of the foam. The outer layer is a
solid skin, then there is a transition region of large cells, and finally the uniform core in the
inner part of the sample.

Thin Films If the polymer is very thin, the solid skin can be a significant fraction of the
total thickness. By performing dimensional analysis on equation 1.4, the diffusion coefficient
is found to have units:

D

[
length2

time

]
(1.5)

For 1D diffusion (approximated by geometries where width >> thickness) the only length
scale is the thickness of the film. Thus, the diffusion time (of arbitrary definition) must vary
as

time ∝ thickness2 (1.6)

Thus, for materials of small dimension (such as thin films or filaments) desorption occurs
very rapidly and the time spent in Step 2 of the solid-state microcellular process must be
very small. For example, a COC film of 1mm thickness saturated at 5 MPa would lose about
half its dissolved CO2 in 2.5 minutes [8]. As the dimension is further reduced, this time scale
rapidly approaches zero.

1.3 Necessity for a Dynamic Seal - Continuous Process

In order to make large quantities of foam, a batch process is used to perform the solid-
state foaming. In a typical example, a sheet roll is placed in a large pressure vessel for gas
absorption. The roll is then removed and the polymer is unrolled and foamed continually.
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The time required to foam the entire roll from one end to another is

roll foam time =
lenght of roll

draw speed
(1.7)

The draw speed is limited by heat transfer and cell growth rate, while the length of the
roll must be maximized for economical efficiency. Therefore, the time to foam an entire roll
becomes appreciable. For thin geometries as described above, the gas is lost too quickly
for this process to be viable. It is therefore necessary to design a method for drawing the
polymer out of the pressure vessel through a seal and immediately foamed, while the rest of
the roll remains in the pressure vessel at the elevated pressure.

Figure 1.10: Concept of a continuous solid-state microcellular foaming process wherein a
roll of raw polymer is continuously passed through a pressurized space for gas sorption and
foamed as it exits through the second dynamic seal.

If such a seal can be made, it would create a continuous process for solid-state foaming
thin films and fibers. This is the scope of the research covered in this thesis.
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Chapter 2

The Dynamic Seal

Pressure seals are found in various applications in engineering. For example, sealing off the
lid to a pressure vessel is typically done by an O-ring which is a static seal meaning that there
is no relative movement along the seal. Dynamic seals are usually found in shaft systems
where a pressure vessel wall must be pierced by a shaft to provide torque transfer between
the inside and outside of the vessel. These are radially symmetric and movement is along the
azimuthal direction of the shaft. The present task is to design a seal that permits movement
of a thin polymer film through an opening, meaning that the direction of movement parallel
to the pressure gradient (moves from inside to outside of the vessel as opposed to just rotating
like a shaft) and the geometry is not necessarily circular as the case of a shaft; it could be
a variety of polymer film thicknesses with high aspect ratio rectangular cross sections. This
has been an unsolved problem since the conception of the solid-state microcellular foaming
process in the 1980s.

2.1 Facets of a Dynamic Seal

A dynamic seal is a device that allows a solid to freely pass through while blocking a fluid.
This necessitates a pressure drop across the seal. The pressure force acting on a volume of
fluid can be written as

FFF = −
‹
∂V

p dSdSdS (2.1)

Using the Divergence Theorem, this can be converted to

−
‹
∂V

p dSdSdS = −
˚

V

∇p dV (2.2)

Therefore, the total pressure force on a fluid particle per unit volume is the gradient of
pressure

FFF = −∇p dV (2.3)

It is now apparent that if a fluid forms a connected space between the inside and outside of
the pressure vessel, there will be flow. One approach is to disconnect the inside and outside
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fluid by blocking the path using a solid (as is typically done with an O-ring). However, the
requirement is that the seal is “dynamic”, i.e. permits slipping; excessive clamping forces
increase friction between the seal and the material to be passed through. This is undesirable
as it increases drawing forces and stress on the polymer itself. A second approach is to
allow fluid leakage and control it to acceptable levels. This was the method developed in the
present work.

2.2 Early Ideas

The idea is to design a seal that provides a very large resistance to fluids but a very small
resistance to the solid being passed through. One of the first concepts was to use rollers as
shown in figure 2.1.

Figure 2.1: A dynamic seal design using rubber rollers to seal the gas but allow a film or
fiber to pass through

The gap between the rollers and the vessel walls is to be made very small such that the
fluid leak there can be controlled. This can be done by using soft materials to block the
gap, or to reduce the gap enough that the wall shear equals the pressure gradient, similar
to the working principle of journal bearings (e.g. car engine crankshaft/connecting rod oil
bearing).

The problem with this design is sealing the ends in the 3rd dimension (out of the page).
Attempts to resolve this issue were unsuccessful as it introduced excess complexity to the
design and gave rise to reliability issues. It is precisely the same problem that plagues the
Wankel Rotary Engine - creating effective face seals is a difficult task.
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2.3 The Idea of a Controlled Leak

A design was conceived where the polymer film or fiber is clamped by a soft material that
blocks the flow of fluid, but held lightly enough for the polymer to be free to slide through.

Figure 2.2: A dynamic seal design where the film is clamped by two soft (foam) materials
that provide the seal. The film enters the pressure vessel below (not seen) through the slit.

To guarantee that the gas does not leak, a liquid is used to block the opening as shown
in figure 2.3. This will be referred to as the “blocking liquid”.

Figure 2.3: A schematic of the dynamic seal idea utilizing a soft sealing material and a liquid
to block the gas from escaping. This concept was filed in a provisional patent application in
March 2013.
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2.3.1 Working Prototype

A small prototype was built to test out the idea. It is a small vessel made of clear polycar-
bonate. The sealing material used was 0.1 inch thick closed-cell polyurethane foam. Figure
2.4 shows the setup.

Figure 2.4: Prototype vessel and dynamic seal. It was able to successfully seal 0.60 MPa
CO2 pressure while allowing a PEI film of 0.15 mm thickness to pass through freely with
very low friction. The blocking liquid was water which leaked at a very low rate, as seen by
the drops present on the film.

Figure 2.5: Left: setup of the prototype experiment. Right, view of the inside through the
clear polycarbonate window. The PEI film is rolled inside the cavity.
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It was observed that before pressure was added to the vessel, the PEI film was immovable
due to high friction from the large clamping force applied to the plates by the bolts. However,
when sufficient pressure was applied, the film became loose and very easy to remove using
only index finger and thumb. This result initiated further interest in studying this design
and increased confidence that the dynamic seal is viable. When the pressure was further
increased in this prototype beyond 1.0 MPa, the seal failed in the following way: the fluid
pressure was large enough to push apart the two seal halves and create a channel in the
center through which the fluid rapidly leaked.

2.3.2 Blocking Liquid

The idea of using a liquid between the gas and dynamic seal in figure 2.3 is a hallmark of the
design. Not only does it prevent the gas from escaping through the seal, it also lubricates
the polymer film inside the seal and substantially reduces the leakage rate due to its higher
viscosity. This will be shown in more detail later.

Concerns A pure liquid cannot exist in equilibrium with another gas present; some of
the gas will dissolve in the liquid. The molality of the dissolved gas m is related to the
partial pressure of the gas outside P and the Gibbs energy difference between the gaseous
and aqueous states ∆Go by a result known as “Henry’s law” [6].

m =
P

P o
e−∆Go/RT (2.4)

Where the Go and P o denote properties at standard conditions (101.325 kPa, 293.15 K).
Another aspect in considering when choosing the blocking liquid is toxicity, availability, and
adhesion. The fluid should be inexpensive and readily available, safe, and not stick to the
polymer as to contaminate it. It was observed in experiments that water is very suitable, as
it did not dissolve significant CO2 (very low amount of ”fizz” observed) and could be very
easily wiped off the polymer. For this reason, water was used as the blocking liquid in this
work.

15



16



Chapter 3

Seal Materials

After the initial success of the first prototype, it became clear that a pivotal role in the
design is played by the sealing materials. The pressure must be dropped along the materials,
and the polymer must slide between them: therefore, the mechanics of the process is largely
controlled by the choice of materials. A few options were investigated through both analysis
and experimentation.

3.1 Porous vs. Nonporous Materials

The main types of materials considered are porous (permeable) and nonporous (non-permeable)
foams. These have similar mechanical properties but very different fluid interaction.

3.1.1 Nonporous Materials

If a nonporous material is used, the liquid must flow between the polymer (moving at a
speed u0) and the seal material surface.

Figure 3.1: Coordinate system defining the fluid problem.

If the surfaces are parallel and h (the distance between them) small such that the Reynolds
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number, defined by

Re ≡ ρhu

µ
(3.1)

is sufficiently low, a stable solution to the Navier-Stokes equations (known as Plane Poiseuille
Flow) can be used to model this flow. This is a steady solution which assumes fully developed
flow which occurs very rapidly when h is small since the boundary layers grow as δ ∝ h/

√
Rex

(a result from dimensional analysis) [9].

u(y) = u0
y

h
+

1

2µ

(
dp

dx

)(
y2 − hy

)
(3.2)

The important aspects to be taken from this equation are:

• The flow velocity is nonlinear in y

• The flow rate is nonlinear with h

• The flow velocity is linear in pressure gradient dp/dx

• The flow is uniform in x

• The static pressure p is uniform in y

This formula can be used to calculate what the leakage rate would be, assuming the the
dynamic seal conditions match the ideal geometry of the problem as above.

Q/W =

ˆ h

0

u(y)dy =
u0h

2
−
(
dp

dx

)
h3

12mu
(3.3)

As a rough calculation, suppose that the gap between the seal material and the polymer is
10 micrometers and the seal is 1/3 meters (about 1 foot) long. Using the viscosity of water
at room temperature, equation 3.3 predicts a leakage rate of approximately 6 mL of water
per second for a polymer 1 meter wide. This number is very low as a pump can easily keep
up with such a leakage, therefore the feasibility of this seal is favorable.

In practice, the condition of perfectly parallel planar surfaces is not met. The normal
force on an area element of the seal surface is

δFFF · nnn = pdS (3.4)

The fluid can therefore deform the material upwards and create a fluid pocket in what will
be referred to as “pooling” , shown in figure 3.2. This was the failure mode of the small
prototype dynamic seal discussed in the previous chapter.
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Figure 3.2: Liquid deforming the seal material to create a pocket. This large fluid volume
has a much smaller pressure drop.

If this pocket extends to create a channel, the fluid will flow rapidly through this gap.
This can be seen from the definition of viscosity

τ ≡ µ
du

dy

∣∣∣∣
y=0

(3.5)

and the definition of flow rate

Q = ūA (3.6)

Since the wall shear τ must match the pressure drop (for steady flow), the leakage rate is
increased by increasing the area A and by the average velocity ū increasing as well. This
can also be seen qualitatively from the h3 dependence on flow rate in equation 3.3.

The presence of a fluid layer between the polymer and the seal material creates a medium
for the polymer to glide on without dry (Coulomb) friction as in an Air Caster. The only
resistance, theoretically, is the fluid shear force (related to viscosity) given by

δFx = τdA (3.7)

3.1.2 Porous Materials

If the seal material has small interconnected pores, the liquid can flow inside the material.
Since the pores are small, the Reynolds number is small also and the flow is laminar in the
material. Flow through porous media is therefore often modeled by a linear relationship
between pressure gradient and flow (known as Darcy’s law)

q =
−k
µ
∇p (3.8)

Since the net force per unit volume on a continuum particle is

FFF = −∇p ‖ qqq (3.9)

it is apparent that the force on a porous material is parallel to the direction of flow.
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Figure 3.3: A porous seal material allows flow within. The fluid forces on this material are
very different than those on the nonporous material.

Therefore, the fluid forces on the material are

Fy = ŷ̂ŷy · ∇p dV = 0 (3.10)

and
Fx = x̂̂x̂x · ∇p dV = |∇p| dV (3.11)

meaning that “pooling” is not possible for a porous material and the net force is along the
direction of the polymer and equal to the pressure gradient (for a unit volume).

Pressure Distribution With further analysis of equation 3.8, the pressure distribution in
the material can be found. Since the fluid of interest is incompressible, we have by continuity

∇ · q = 0 (3.12)

Since k (permeability [m2]) and µ (dynamic viscosity [Pa · s]) are constants, the equation
reduces to

∇ ·
(
−k
µ
∇p

)
=
−k
µ
∇2p (3.13)

so the fluid pressure must satisfy Laplace’s equation everywhere in the porous material

∇2p = 0 (3.14)

For 1D flow, which approximates the dynamic seal quite appropriately, the solution to equa-
tion 3.14 is a line p(x) = ax+ b which minimizes the gradient (and force).

3.1.3 Analysis

In both porous and nonporous materials, the ideal flow equations show that the pressure
drop is linear with distance. For Poiseuille flow, equation 3.2 shows that dp/dx is a constant,
while equation 3.14 has a line as the unique solution. It is important to note that a linear
pressure drop offers the lowest maximum gradient for any curve that joins two points. This
is a well known result from Calculus of Variations. Since by equation 3.9 the force is equal
to the pressure gradient, it means that the maximum pressure force experienced by a volume
element is also minimized. The pressure is predefined at the boundaries, p = pvessel at one
end and p = patm at the other. The pressure must be a continuous function of seal distance
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and connect these two points. Therefore, a linear pressure drop requires the smallest seal
length for a given maximum gradient. If the pressure distribution is non-linear, there must
be a point where the gradient is larger than the average (mean-value theorem of calculus).
Therefore, at this point the seal is outperforming the rest of the seal since the flow rate is
constant throughout by conservation of mass, meaning that the seal is not optimized. This
is why a linear pressure drop is seen as a key objective in the rest of the work on the dynamic
seal.

3.2 Experiments

To test the applicability of the model to the porous materials available for the project,
experiments with several open-cell foams purchased from McMaster-Carr company were
conducted. The objective was to verify that the mathematical model can accurately predict
the flow behavior and thus allow the model to be confidently used when moving forward
with the project.

3.2.1 Experimental Methods

A circular test apparatus was constructed as shown in figure 3.4.

Water pressurized using CO2 tanks and control valves was directed to the center orifice of
the jig, through the porous seal material radially, and out to the atmosphere. The water was
then collected for a fixed amount of time (typically 2 minutes) at each pressure to generate
a plot of mass flow rate versus pressure.

To understand what Darcy’s law would predict for this experiment, equation 3.14 was
solved in cylindrical coordinates with the boundary conditions to match the experimental
setup sketched in figure 3.6.
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Figure 3.4: Aluminum experimental jig. Fluid is pushed by a controlled pressure through
the small orifice at the center and flows through the porous disk to the outside edge exposed
to the atmosphere. The porous material is adhered to the aluminum by contact cement on
both faces. The distance between the plates was controlled by adjusting the nuts.

Figure 3.6: Problem definition. The domain is a disk with inner radius r1 = 3 mm and outer
radius r2 = 22 mm. The inner boundary has an applied pressure p1 and the outer boundary
is at p2 taken as 1 atmosphere.
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Figure 3.5: Experimental setup diagram. Pressurized water flows radially through the porous
material and is collected and weighted using a digital scale.

Expressing the Laplacian in cylindrical coordinates

∇2f(r, θ, z) =
1

r

∂

∂r

(
r
∂f

∂r

)
+

1

r2

∂2f

∂θ2
+
∂2f

∂z2
(3.15)

transforms equation 3.14 into

1

r

∂

∂r

(
r
∂p

∂r

)
=

1

r

(
∂p

∂r
+ r

∂2p

∂r2

)
=

1

r

dp

dr
+
d2p

dr2
= 0 , r1 ≤ r ≤ r2 (3.16)

since the experimental setup is axisymmetric and uniform in z. This 1D problem has bound-
ary conditions p(r1) = p1, p(r2) = p2. The general solution to the ODE (3.16) is of the form

p(r) = c2 + c1log(r) (3.17)

Solving for constants c1 and c2 using the boundary conditions gives the unique solution to
the problem

p(r) =
p2log(r1)− p1log(r2) + (p1 − p2)log(r)

log(r1)− log(r2)
(3.18)

The pressure gradient can be computed using the polar form of the gradient operator

∇f =
∂f

∂r
r̂̂r̂r +

1

r

∂f

∂θ
θ̂̂θ̂θ (3.19)

The gradient then becomes the ordinary derivative of p with respect to r

|qqq|µ
k

= −dp
dr

=
p2 − p1

r log(r1/r2)
(3.20)
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Figure 3.7: Plot of predicted pressure versus radius in the porous disk. The gradient is
steepest at r = r1

Thus, equation 3.20 shows that the flow rate is linear with ∆p ≡ p2 − p1 and is 0 when
∆p = 0. Plotting |qqq| vs. p would yield a straight line.

3.2.2 Results

The experimental results for each material are shown below in plot form. Raw data tables
are in the appendix.
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Figure 3.8: Polyurethane open cell foam of 1/16 inch (1.59 mm) thickness, 20 lb/ft3 density.
The sample was compressed to 1.0 mm and the water was allowed to leak for 2.0 minutes at
each pressure. R2=0.989

Figure 3.9: Silicone open cell foam of 1/8 inch (3.18 mm) thickness, 12 lb/ft3 density. The
sample was compressed to 1.4 mm and the water was allowed to leak for 3.0 minutes at each
pressure. R2=0.974
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Figure 3.10: Natural Gum rubber open cell foam of 1/8 inch (3.18 mm) thickness, 30 lb/ft3

density. The sample was compressed to 1.0 mm and the water was allowed to leak for 5.0
minutes at each pressure. R2=0.943

Figure 3.11: Polyurethane open cell foam of 1/4 inch (6.35 mm) thickness, 1.8 lb/ft3 density.
The sample was compressed to 2.0 mm and the water was allowed to leak for 1.0 minute at
each pressure. R2=0.997

3.2.3 Conclusions

Each material was tested to failure of the material by tearing along the radial direction. This
happened when the pressure was enough to burst the material explosively which let out large
amounts of water. At this point, the experiment was terminated. It is important to note that
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although the pressures seem small, it was already shown and stated multiple times in the
previous sections that the fluid forces are proportional the the gradient of pressure and not
to pressure. Since the geometry here is small (3 mm inner radius and 22 mm outer radius)
the gradients are large even for seemingly small pressure differences. Using equation 3.20,
the gradient can be calculated for a ∆p of 0.65 MPa which is the lowest of all experiments
(and occurred for 1.8 lb/ft3 density polyurethane foam)

|∇p|
∣∣∣∣
r=r1

=
0.65× 106 − 0

0.003× log(0.003/0.022)
= −1.09× 108Pa/m (3.21)

A gradient of this magnitude would drop 5 MPa in only 4.6 cm of dynamic seal length. It
is anticipated that the dynamic seal can be built much larger than 4.6 cm so these gradients
are very large in comparison to what they would be in a dynamic seal to be built.

The results show linearity between pressure and flow rate with R2 ≈ 1 for all materials,
however this is only for a subset of pressures. If the line is extended, the point (0, 0)
would not lie on the graph which is required by the model. Non-idealities such as surface
tension and compressibility of the material were not considered. However, the experiments
do confirm that for the pressure gradients expected in the dynamic seal, the behavior is
linear as predicted by the model. The materials with smaller pores such as the 20 lb/ft3

polyurethane and the 30 lb/ft3 natural gum showed much slower flow rates due to their low
permeability k in equation 3.8. Therefore, when choosing a material for the dynamic seal it
is important to note this parameter as well as the stiffness modulus and coefficient of friction
between it and the polymer.

3.2.4 Experiment with Fishing Line

After the above experiments were completed, the question arose out of curiosity as to what
would happen if a fishing line (0.4 mm nylon filament) was threaded between the porous
materials in the test jig, through the center hole, and into the pressure vessel.
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Figure 3.12: A 0.4 mm nylon fishing line was threaded through the center hole and out
between the porous seal material (1.8 lb/ft3 polyurethane foam). A pressure of 1.62 MPa
was maintained at the center of the seal and the filament was drawn by hand easily with
only a few water drops of leakage.

As can be seen in figure 3.12 the success of this test gave merit to the idea of using porous
materials in the dynamic seal. The next task, therefore, was to build a dynamic seal for a
polymer film with an entering pressure of 5 MPa.
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Chapter 4

Design of a Pressure Vessel - Dynamic
Seal System

With the information acquired through the experiments discussed previously, a lab scale
dynamic seal design was planned. The purpose was to test these theories and observe how
the design handles larger pressures and longer seal lengths. Emphasis was placed on strength
and stiffness such that deformations would not be significant enough to change the geometry
far away from the ideal design shape.

4.1 Vessel Design

A larger scale vessel capable of containing 6 MPa gas pressure was designed to test the
dynamic seal materials on a full scale. For machining convenience, a 0.1 x 4.0 inch slit was
cut on the bottom of a cylindrical vessel and was used to allow the polymer both in and
out through the same opening. Two parallel plates bolted together provide the clamps that
sandwich the seal material and polymer to create the dynamic seal. Figure 4.1 shows the
idea.
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Figure 4.1: Top: CAD representation of the full size prototype vessel. The polymer (yellow)
enters through the bottom seals, goes up through a slit in the bottom of the vessel, then
returns through the same slit and exits on the opposite side. Bottom: Detail view of the
polymer entering in and out of the slit, all between the seal material (red).

The entire vessel (except the slit) was machined in the UW Mechanical Engineering Ma-
chine Shop during Summer 2013. A CAD drawing showing most of the important dimensions
is shown in figure 4.2
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 Plate Thickness.75 

 Cap Thickness 2.50 

 Steel Studs .50 x 5" 

 Bore Depth 8.00 

 O-ring groove .16 

 Bore Diameter 5.00 

 Cylinder Diameter 7.50 

 Slit Length: 4.00  Slit Width.10 

 24.00 

 1.25 

 1.39  1.61 

 1.99  3.06 

Bolt Spacing Pattern

Figure 4.2: CAD sketch of the vessel body with dimensions in inches.

Opposite to the seal plates, the vessel contains a cap held in with ten 1/2-13 threaded
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steel studs and nuts. The cap has a 3.5 inch diameter polycarbonate window through which
the inside of the vessel can be seen.

Figure 4.3: Exploded view of the pressure vessel CAD model.
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A series of 30 concentric white LEDs inside the vessel cap provide illumination. The
vessel itself is the electrical ground, and a positive voltage wire is threaded through a small
hole in the cap and sealed with epoxy. Since the LEDs operate at 3.3 V and the available
6-cell lead-acid battery provides >12 V, the LEDs were broken into 3 series groups of 10
parallel, requiring a ∼10 V power source. To step down from 12 V to 10 V, a LM317T
adjustable voltage regulator was used.

Figure 4.4: White LEDs in the cap the illuminate the vessel so that the vessel interior can
be seen through the clear window.

The vessel was bored on a Haas TL-3 CNC lathe using a boring bar. This operation
required approximately 10 hours to complete. The slit was cut using a waterjet by the
Seattle local company “Hydroslice Aerospace” for a fee.
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Figure 4.5: View into the vessel showing the slit on the bottom through which the polymer
can enter and exit the pressue vessel.

The vessel and plates are 6061-T6 Aluminum Alloy purchased from OnlineMetals, a local
company in Seattle. The material is strong yet easily machinable with the High-speed steel
(HSS) cutters available in the machine shop. The hardware items such as O-rings, nuts,
studs, bolts, and washers were purchased from McMaster-Carr online. The total cost for
materials was under $700.
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Figure 4.6: Isometric CAD view of the vessel to be built.

Figure 4.7: Side view photograph of the complete assembled vessel. It has been tested at the
full CO2 tank pressure of 5.17 MPa and no leaks were found. The gas was left pressurized
overnight and no drop in pressure was observed.

35



Figure 4.8: Inlet port to the vessel. The system is equipped with a mechanical pressure
gauge, and a 3-way valve that allows venting through a porous brass plug (seen behind the
gauge).

The fittings, valve, gauge, and plug were acquired from the stock in the Microcellular
Plastics Lab so they were not purchased for this project specifically.

4.1.1 Machining Operations

The machining process was tedious as it required many operations. The long hours of labor,
however, were valuable training and practice. It was also useful in ensuring that quality
work was performed and the final product did not differ from the intended design. Since
all the features on the vessel were 2.5D, a Trakk 2-axis CNC mill and a HAAS 2-axis CNC
Lathe were used for the entirety of the machining process.

36



Figure 4.9: Machining of the vessel cap. A Trakk 2-axis mill was used; the Z-axis was
controlled manually.

The vessel was initially center drilled on the lathe using progressively larger drill diam-
eters, ranging from 3/8 to 2 inch twist drills. Feeding the drill required manual moving
of the heavy tail stock which demanded physical strength. After the 2 inch diameter hole
was made, the boring bar could be fit inside and the machine was programmed to make
small passes and bore out the inside. The boring operation performed on the lathe was the
most time consuming since the feed rates and cutting depths were both very low. Cutting
any faster would produce excessive chatter (vibration of the tools from intermittent contact)
which would quickly damage the cutter tip and leave a rough finish.
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Figure 4.10: Vessel boring setup on the HAAS TL-3 CNC lathe.

Figure 4.11: Inside view during the boring operation. The passes are very small (approx-
imately 0.015”) and the rotation speeds less than 80 RPM on average. The liquid seen is
lubricant/coolant which also helps wash away the chips.
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4.2 Stress Analysis

When working with large pressures like 6 MPa, safety is a concern because of the potential
energy available in gas which can be released catastrophically in case of mechanical failure.
For these reasons, engineering principles and tools were used to ensure that the stresses in
the material at any point were safely below the material’s yield strength. The yield strength
of the 6061-T6 Aluminum alloy used is 276 MPa or 40,000 psi [10]. A minimum factor of
safety for this design was taken to be 2.0, so any stresses above 20,000 psi or 138 MPa were
considered excessive and therefore not tolerated.

4.2.1 Stress in a Thick-walled Vessel

The stress in a long, cylindrical pressure vessel wall can be found analytically [11].

Figure 4.12: Diagram of the stress directions for the thick-walled pressure vessel equations.
From www.engineeringtoolbox.com, used with permission.
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And finally, the stress in the radial direction is given by:
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By defining the stress directions in the manner above, there is no shear. Therefore, the
three stresses above are the principal stresses (eigenvalues of σij) and together with the
defined directions as a basis for R3 the stress tensor can be conveniently constructed.
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Using these equations for the vessel built, the maximum axial, circumferential, and radial
stresses are 1200 psi, 3900 psi, and -1500 psi respectively. This is well below the limit of
20,000 psi so the safety factor is large.

4.2.2 Cap Bolts

The largest stress occurs in the bolts that hold the cap connected to the pressure vessel.
For this reason, Grade 8 High-Strength Alloy Steel threaded rods were used. This material
has a tensile strength of 150,000 psi according the the supplier. The minor diameter of the
1/2-13 rod is 0.406 inch so each rod has a 150, 000×0.4062×π/4 = 19, 419 lbs load carrying
capacity. There are 10 such rods used for the vessel cap, so the total theoretical holding
strength is 194,190 lbs. The pressure force on the cap is PA = 800psi× 52 × π/4 = 15, 708
lbs therefore the safety factor for this design is 12.36.

4.2.3 Bolt Pattern for the Plates

Since the pressure distribution in the porous seal is non-uniform, the bolted connections of
the plates cannot be evenly spaced if they are to be equally stressed. Given a linear load
distribution of the form

P = a(1− |x|/b) , |x| ∈ [0, b] (4.4)

the problem was set up to find boundaries that split the area under P into equal elements.
Then, a bolt is placed under the centroid of each area element.

Figure 4.13: Problem definition and set-up, cut in half at x = 0 by symmetry. Each element
has area A and boundary at xi except for the first element.
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Mathematical formulation

Let n denote the number of bolts to be used (including that at x = 0). This creates n
unknowns (xi and A) so a system of equations can be written for the area elements. For the
interior nodes

f(xi) + f(xi−1)

2
(xi − xi−1)− A = 0 , 2 ≤ i ≤ n− 1 (4.5)

and for the first and last area elements, respectively:

f(x1) + a

2
u1 − A/2 = 0 (4.6)

f(xn−1)

2
(b− xn−1)− A = 0 (4.7)

Substituting f(x) = a(1− x/b), the above equations take the form

a

2b
(xi−1 − xi)(−2b+ xi−1 + xi)− A/2 = 0 (4.8)

ax1(1− x1

2b
)− A = 0 (4.9)

a

2b
(b− xn−1)2 − A = 0 (4.10)

Once these equations are solved, the centroid of each area element can be computed from

x̄i =
2

f(xi) + f(xi+1)

ˆ xi+1

xi

xf(x)dx =
3b(xi + xi+1)− 2(x2

i + xixi+1 − x2
i+1)

6b− 3(xi + xi+1)
(4.11)

This system of nonlinear algebraic equations were solved numerically using a script ran
by MATLAB. The code is copied in the appendix.

FEA verification

A solid-mechanics FEA model was created to verify the effectiveness of the proposed bolt
pattern. A plate loaded by a linear pressure distribution was supported by identical pillars
and the von Mises stress was surface plotted as seen in the figures.
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Figure 4.14: Equal spacing between supports leads to highly uneven load sharing.
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Figure 4.15: Support pattern as given by the MATLAB code solution. The stress is even in
all members.

This validates method which was used to generate the dimensions for the bolt holes.

4.2.4 FEA

The aforementioned method was tested on the pressure vessel plate design with the exact
dimensions that were to be machined. A linear pressure distribution (in psi) was used as the
boundary condition for the plate in the form

p(x, y) = 750(1− x) , x ∈ [0, 12] (4.12)

as it would be in the real experiment. The equidistant bolt pattern was tested against the one
generated by the MATLAB code for comparison. The model was cut by the symmetry plane
to reduce computation time. The boundary condition on the symmetry face was “roller” in
order to simulate the correct mechanics. The results are shown in the figures below.
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Figure 4.16: Equidistant bolt pattern. The bolts closest to the center (the slit in figure 4.1)
take the most load.
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Figure 4.17: Bolt pattern generated by theory. The stress is much better shared between
the bolts.

The improvement is obvious from the results. The stress concentration on the stud base
is due to the modeling of the solid as one body made of the same material (Aluminum
6061 T6). In the real vessel, this problem will be eliminated since the studs are steel into
aluminum threads: the much higher elastic modulus of steel will distribute the load along
the plate depth and not concentrate at the surface. This analysis not only improved the
safety of the prototype vessel but it is also a useful design tool for future implementations
of the dynamic seal.
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Chapter 5

Design of the Dynamic Seal

5.1 Porous Seals

The first seals made for the large prototype vessel consisted of thin ABS sheets on which were
bonded the seal materials and side supports. These sheets were adhered to the aluminum
plates of the vessel using 2-part epoxy (so that the fluid would not leak beneath them. The
polymer film strip was sandwiched between these seals and entire assembly clamped together
with the threaded studs. Figure 5.1 shows an example setup.

Figure 5.1: View of the bottom half of an example seal setup. The porous material (white)
is the working seal, while the black rubber (neoprene) serves to block flow transversely.
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A variety of designs were attempted in order to assess the effectiveness of each material
and layout. These were built with the materials used in the experiments outlined in chapter
3. A good seal is one that allows for easy removal of the polymer film (low friction) and low
leakage rate.

Figure 5.2: First seal design. The material used is 1/4 inch 1.8 lb/ft3 polyurethane open-
celled foam. Along the sides, 0.75 inch strips of 1/16 inch thick neoprene rubber are attached
for providing structural support and for sealing the flow transversely.

The design in figure 5.2 was the first attempted; the idea was to provide a low clamping
force to the polymer film (for low friction) and stiff rubber sides that prevent the fluid from
escaping in the transverse direction. The seal failed to adequately seal the pressure and
resulted in excessive water leakage even at a pressure of 0.60 MPa. With this information in
mind, a second design was conceived: the idea was to use a thinner material since

Q =

¨
qqq · dAAA (5.1)
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so a smaller cross section would result in lower flow rate. In addition, the thinner material
available also had smaller pores which results in lower permeability k in the formula

qqq = −k
µ
∇p (5.2)

Figure 5.3: Seal material setup. The material used is 1/32 inch 20 lb/ft3 polyurethane open-
celled foam. Along the sides, 1.5 inch strips of 1/32 inch thick neoprene rubber are attached
for sealing the flow transversely.

When installed on the vessel plates, this seal performed poorly as well. At high clamping
forces, the fluid was completely sealed even at 5.0 MPa. However, the friction was much
too great to move the polymer film. As the clamping force was lessened, leakage occurred
on the edges along the neoprene rubber sides; the leak rate became unacceptable before the
friction was low enough to release the polymer.

It was then realized that a similar problem was occurring in the first seal showin in figure
5.2 the junction between the rubber sides and the porous film material crates a channel
wherein the fluid can leak uncontrollably. This problem was examined next.
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5.2 Edge Clamping Problems

From the experiments mentioned above, it became apparent that a new method of sealing the
seal edges must be implemented. The problem lies in the mechanics of the solid materials.
The soft seal material is pressed against a harder material (such as the neoprene rubber) and
forced to conform to its shape. However, since the material has an elastic modulus greater
than zero, it cannot be shaped into geometries of infinite curvature.

Figure 5.4: When a linear elastic solid (red) is pressed against a rigid body (circle) it will
not conform exactly to its shape if the curvature is too large. Instead, gaps will be made
through which fluid can leak (blue).

This can be seen from the relation between bending moment M , elastic modulus E, and
curvature κκκ for an elastic beam [12]

|κκκ| = 1

ρ
=
M

EI
(5.3)

A well known result from calculus relates the curvature to the first two derivatives of a
plane curve y = f(x)

|κ| =
∣∣∣∣dTTTds

∣∣∣∣ =
d2y/dx2

[1 + (dy/dx)2]3/2
(5.4)

To avoid this problem, a low-curvature geometry must be used as shown in figure 5.5.
Circle arcs are used connected by tangent end conditions; this makes it easy to control the
curvature whose magnitude in this case is 1/r, the radius of the circle arc.
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Figure 5.5: A low curvature wedge designed to seal the edges of the seal material.

A “rat-tail” structure was built as shown in figure 5.6 to serve as the edge barriers to
flow. Although the sealing material is open cell porous, if the cell structure is sufficiently
compressed it will close off and become non-permeable. This is specifically stated on the
McMaster-Carr material information page and was verified in the lab as well.
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Figure 5.6: Photo of the polycarbonate V-shaped piece used as a barrier for transverse flow.
Since the edge does ont have infinite curvature as does a rectangle corner, it was hypothesized
that the seal material would conform to the shape and not produce any gaps.

This method was not highly successful, as the fluid still found a way to escape along the
sides. The mechanism through which this happens is unknown since there is no visibility
inside the seals; however, a hypothesis was that the high pressure present is able to create a
channel and leak along the boundary of the side supports and the seal material.

An alternative method is to physically adhere the seals using glue or a deformable sticky
putty (such as the sealing tape used for composite vacuum bags). This method was also
attempted and is shown in figure 5.7.
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Figure 5.7: 1/4 inch 1.8 lb/ft3 polyurethane open-celled foam seal without side supports.
Instead, adhesives were used to provide the barrier for transverse flow (seen as the pink
leftover streaks).

The disadvantage of adhesives is that the seals cannot be simply taken apart to reset the
polymer in between them. This makes it especially undesirable when performing tests. As
a better alternative, the material can be clamped from the outside by a non-planar surface.
This design idea is shown in figure 5.8 and was highly successful.
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Figure 5.8: Instead of flat clamping plates, a smooth curve is machined such that the sepa-
ration distance tapers down and squeezes the material sufficiently to block flow through that
region.

5.3 Flow Visualization Through Porous Seals

The new design methods were implemented on a test prototype to better analyze the flow
and understand the mechanics of the dynamic seal using porous materials. The purpose was
to find the reason behind the failures of the previous two dynamic seal designs described in
section 5.1. Clear polycarbonate plates were machined and used as clamping plates, with
pressure delivered through a center hole. The material used was the 1.8 lb/ft3 polyurethane
as before. The following figures illustrate the prototype.
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Figure 5.9: Curvature machined in the polycarbonate plate to clamp the seal material edges.

Figure 5.10: End view of the assembly. Note that the seal material (white) is highly com-
pressed at the edges; this blocks transverse flow, i.e. seals the edges effectively.
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Figure 5.11: Top view of the assembly. The pressurized fluid comes in through the fitting in
the center and then flows along the length of the seal. The polymer film sandwiched in the
seal is 0.15 mm thick PEI.

Water with red dye (food color) was fed through this prototype using compressed shop
air (which comes from the UW power plant at a maximum pressure of approximately 100
psi). The flow was thus visualized; images from a video are shown in the following figures.
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Figure 5.12: Flow visualization using red dyed water. The valve was only slightly open so
that it restricted the flow rate.

57



Figure 5.13: Identical setup except that the valve was opened further.

In the experiment depicted by figure 5.13, the pressure was further increased at the inlet
and the flow exhibited turbulent behavior. It is apparent that the boundary layer is reduced
and the fluid escapes at higher rates. It is evident that the fluid is flowing through the porous
material and not between the porous material and the polymer film, as the friction force on
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the film was not changed; it could not be pulled through the seal without deforming the seal
material (white foam).

Figure 5.14: Close up of the flow around the seal edges. Note that the far edges are still
white due to the clamping technique which kept the red fluid out of that region.

From this experiment, it became evident that the porous material behaves as expected
in allowing the fluid to flow through in the longitudinal direction only. There are, however,
edge effects as shown in figure 5.14 where the flow is slowed by

1. The seal material compression on the edges

2. The wall shear on the fluid

Although it is not shown in the figures, when the liquid was initially let into the seal it
almost instantaneously penetrated all available space and the white material very quickly
turned red from the dye, indicating liquid presence. An observation to note from the figures
is that the seal material front edge is bulged into a concave-down shape due to the fluid
forces from the pressure gradient as discussed earlier. It is similar to the shape taken by
an elastic beam supported at the ends with a uniform force distribution along the length,
so the behavior is totally expected. This problem is easily resolved by using adhesives to
attach the seal material to the clamping plates. In this experiment, it was not done in order
to preserve transparency.

It is also important to note the turbulence present in all tests. This is due to a high exit
velocity, indicating high leakage. The friction force on the polymer was excessive, making
it very difficult to slide through by hand. This led to an important conclusion: porous
materials alone were not ideal for use in the dynamic seal. This is because there is no layer
of fluid in between the polymer and the seal material to provide the necessary lubrication
as discussed in chapter 3, and the seal material makes direct contact with the polymer film
which leads to high friction.
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5.4 Back to Closed Cell Seals

Even with the side gap problem fixed, the seals were still unsuccessful because the friction
was far too great for the polymer film to move smoothly. The next step was to return
to the closed cell seal materials which were proven to work in the first small prototype
detailed in chapter 2. The setup from figure 5.10 was fitted with a non-porous seal (closed
cell polyurethane) in order to control only one variable (the seal material) and leave the
geometry and all other variables unchanged.

Figure 5.15: Porous open-cell seal material replaced with non-permeable closed-cell
polyurethane. The friction was reduced significantly.

In order for the fluid to escape, it must create a gap between the two seal materials as
it cannot escape through the material itself. This also creates a space for the polymer to
pass through, resulting in very low friction. It is also simple to seal the edges when using a
closed cell material because there is no worry about fluid permeating through the material
thickness.
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Figure 5.16: A gap occurring in a closed-cell seal material due to high curvature at the pinch
zone is not a problem since the fluid cannot flow normal to the surface and is therefore
sealed.

All that is necessary is a boss geometry to pinch off the material at the edges, as shown
in figure 5.17.
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Figure 5.17: Exploded view of a closed-cell seal material implementation. The bumps on
the clamping plates are sufficient in shutting off the transverse flow.

This has been successfully implemented in various prototypes and makes disassembly
very quick.

5.4.1 Microcellular Sheet as Seal Material

Microcellular sheets, such as the PET panels produced at MicroGREEN Polymers, are closed
cell foams that can be used as the sealing material. It was observed that the surface can be
plastically deformed into a desired shape by press forming.
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Figure 5.18: A US quarter was pressed into a PET microcellular sheet from MicroGREENTM

using a vise. The detail is permanently imprinted on the sheet.

It was therefore postulated that pressing the polymer film between two microcellular
sheets using the seal clamping plates will create a channel with the dimensions of the polymer
film and therefore surround the polymer film tightly in order to reduce leaks (by reducing
interface gaps). Sheets were cut and adhered to aluminum plates to test out the hypothesis.
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Figure 5.19: Photo of 2 mm microcellular PET sheets from MicroGREENTMused as seal
material. A 1.0 inch wide by 0.0125 inch thick ABS film strip was fed through the center.
The clamping pressure forced the microcellular material to conform to the shape of the film
strip.
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Figure 5.20: Close up of the microcellular seal material. The imprint on the surface is more
visible.

From initial experiments, the microcellular sheet proved successful as a sealing material.
The solid skin on the surface served as a low roughness surface for the polymer film to glide
over. Due to time constraints, the material was not further analyzed so this is a future work
task.

Regardless of the material used, the problem remains how to minimize the seal-polymer
gap and reduce the flow at higher pressures while keeping the friction low.
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Chapter 6

Pressure Measurements

After experimenting with the types of seals, a more in-depth analysis of the mechanics was
called for. This led to a better understanding of the fluid behavior and fluid-solid interaction
and led to new implementation ideas.

6.1 Pressure Inside the Seal

In order to improve the design, it was necessary to understand the fluid behavior between
the closed cell seal materials. Specifically, the interest was in determining the pressure
distribution along the longitudinal direction. If the flow is laminar and the boundaries are
parallel planes (Plane Poiseuille flow) as discussed in chapter 3, the expected pressure is linear
with distance. However, the boundary surfaces are soft materials (therefore not necessarily
planar) and clamping not necessarily uniform, so the assumptions may not be valid. This
required experimental verification.

6.1.1 Hardware

To do this, a test apparatus was designed and built in the image of the prototype vessel’s
seal plates as shown in figure 6.1.
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Figure 6.1: Broad view of the system built to capture pressure data inside the dynamic seal.

A series of small diameter holes were drilled through the top plate and seal material in
order to probe fluid adjacent to the polymer film. The holes are equally spaced by 1.75 inch
distances.

Figure 6.2: Photo showing a hole through the seal material. The fluid pressure at that
location is thus measured.
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Figure 6.3: The holes go all the way through the aluminum plates and connect to the
compression fittings on the other side.

NPT 1/16 inch brass fittings were installed to transfer the pressure information to the
sensor.

Figure 6.4: Fittings concentric to the small test holes. Copper tubes transfer the fluid
pressure to the pressure sensor in order to be read.

The task left was to devise a way to selectively read one port at the time while keeping
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all others closed. To do this, a special device was designed and built that allows the input
of eight fittings whose paths to the sensor are opened/closed using a set screw. When in
use, all ports are closed except for the one desired to be read. The figures better explain the
device.

Figure 6.5: Isometric view of the line router device CAD model.

The sensor is fitted to the large hole on the top and connected to the long channel that
runs along the length of the part. The ends of this through-hole are closed off with screws
after drilling.

Figure 6.6: Section view showing the internal connections.
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Figure 6.7: Diagram showing the working principle. A steel ball is pressed against the
opening by a set screw to close off the fluid. When the fluid pressure is to be read, the set
screw is backed off and the ball is pushed back by the fluid and can enter the channel (below)
that routes to the sensor.
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Figure 6.8: The finished product with sensor, screws, balls, and fittings assembled.

The device worked very effectively. This is because the body is made of aluminum and
the sealing ball is steel whose elastic modulus is 2-3 times larger. This means that the ball
can be pressed into the aluminum and create a ring “seat” which seals the opening. Upon
release of the set screw, the higher pressure from the port pushes the ball away from the
opening and allows the fluid through. When the fluid to be read is incompressible, there is
very little flow necessary unless the system contains a trapped compressible fluid (such as
air pockets). A quarter turn of the set screw was sufficient for the task.
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6.1.2 Electronics

In order to read the electronic sensor and store the data, an electronic system was designed
and built. It is centered around a microcontroller that reads the sensor’s voltage and stores
the data to an SD card as a .csv file. A small control panel was also constructed to allow
input from the user and display the sensor reading in real-time.

Figure 6.9: Display panel made on prototype board. This is how the user interacts with the
data acquisition system.

The list of components labeled 1-8 in figure 6.9 are as follows:

1. SELECT Digit Display

2. Instrumentation Amplifier

3. 12 V Voltage Regulator
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4. SELECT Button

5. START Button

6. BUSY LED

7. Gain Switch

8. Pressure Readout

All these circuit components are readily available “off the shelf” parts obtainable at the
UW EE store (with the exception of the amplifier IC).

Figure 6.10: Diagram of the data acquisition process.

Data from the sensor is stored in the columns of an array. The array size is specified
in the code (number of columns = number of experiments, number rows = number of data
points in each experiment). The first row entry in each column is assigned a number that
the user chooses using the SELECT button; this organization tool is useful in keeping track
of what port the data is coming from.
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Figure 6.11: Sample data file from the acquisition system. Each experiment collects N data
points and stores them in a columns as CSV format. The first row entry of each column is
chosen by the user before the data collection is begun.

A code was written using the Arduino programming environment (based on the language
C) to perform the data acquisition and control the user control panel. The range of pressures
to be measured is 0-800 psi. However, when measuring lower pressures it is desirable to obtain
better accuracy by limiting the range. To do this, a switch on the board is used to change
the amplifier gain by completing the circuit to an additional parallel resistor. The switch
position 1 maps 0-250 psi to 0-5 V, while position 2 maps the full range 0-800 psi to 0-5
V. In order to display real time pressure rather than digital voltage, two sets of calibration
values must be stored on the microcontroller. Since the sensor is linear with pressure (stated
on the datasheet) each set has two calibration values. The operation works as follows:

1. After power-up, a mode is selected using the SELECT button. The three modes
available are HIGH gain (0-250 psi), LOW gain (0-800 psi), and raw voltage (for
calibration/debugging).

2. The START button is pressed and the microprocessor is ready for data acquisition.

3. The SELECT button is used to label the column (assign the first row entry value with
a number from 0-9)

4. The START button is pressed and data acquisition begins to fill an entire column with
pressure data. The data rate is set by the delay in the program loop. The white BUSY
LED lights while this is happening.

5. After a column is written, the system is ready to repeat steps 3,4. When the maximum
number of experiments is reached, the microprocessor writes all data to the SD card
and blinks the BUSY LED 6 times to confirm that the data was saved on the SD
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card. The file name of the data file is the number of milliseconds since microprocessor
bootup. This helps keep track of experiment sequence.

The software is elaborate so the full code is shown in an appendix.

6.2 Preliminary Results

The device was used briefly to obtain some data for a closed-cell polyurethane seal. The
pressure source was shop compressed air, and the film material was the same 1 inch wide
ABS strip used previously. In this experiment, the film was aligned between the plates shown
in figure 6.4 and clamped with the 10 bolts as shown. The pressure was applied through the
center hole and the pressure at the other hole locations was measured with the sensor setup
described above.

It was observed that bolt tightness had a pronounced effect on the pressure distribution.
Therefore, a wrench was used to vary the tightness of various bolts by less than 1/4 of
a turn: when this was done it produced a completely different plot. Below are five such
plots, showing how drastic the pressure distribution can be altered by slightly tightening or
loosening a few bolts.

Figure 6.12: Pressure distribution experiment 1.
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Figure 6.13: Pressure distribution experiment 2.

Figure 6.14: Pressure distribution experiment 3.
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Figure 6.15: Pressure distribution experiment 4.

Figure 6.16: Pressure distribution experiment 5.

The results from these experiments were expected because the seal materials do not form
perfectly planar, parallel, rigid surfaces for the fluid. Thus, the flow is unpredictable and
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does not follow the Poiseuille-flow solution discussed in chapter 3 which states that dp/dx
is constant, therefore the plots should be straight lines. This is because the uneven bolt
tightness causes nonuniform flow regions inside the sea. This effect and possible solutions
are discussed in the next chapter.
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Chapter 7

New Ideas and Future Work

In light of the pressure measurements shown in the previous chapter, some thought was
devoted to eliminating the problems of uneven pressure distribution with the goal of reducing
leakage and friction. Due to time constraints, these have not been built but rather were
developed purely from theory and things learned from past experiments and experiences
with the behavior of the dynamic seal.

7.1 Cutting Channels

The experiments described in chapter 6 showed some evidence that uneven bolt clamping
can close off areas of the seal and prevent fluid flow in those areas. This means that the
polymer can come in direct contact with the seal material which increases friction and yields
a nonlinear pressure distribution due to nonuniform velocities and fluid layer thickness.
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Figure 7.1: Due to uneven bolt clamping, the fluid may be squeezed out of certain areas
which leads to non-uniformity in flow and pressure drops.

A concept to remedy this was developed. It involves cutting channels in the material in
order to guide the fluid more uniformly across the seal material and ensure that it spans the
width of the seal so that lubrication occurs at all points of the polymer film. These channels
need be shallow to prevent excessive leaks. The following figures show a few implementations;
there are many other possibilities as well.
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Figure 7.2: A serpentine style cut guides fluid along the width of the seal. Since the arc
length of the curve is large, the resistance to fluid flow will be large and thus the leak
minimized.
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Figure 7.3: A criss-cross pattern style utilizing the same idea.

Figure 7.4: A fishbone style pattern.

In figure 7.4, the narrow longitudinal channel feeds fluid to the series of cuts along the
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transverse direction. Since there is no flow in the transverse direction, the pressure is uniform.
However, since there is flow in the longitudinal direction, each successive transverse cut will
have a different pressure, decreasing discretely as it approaches the exit point.

7.2 Combining Porous and Nonporous Materials

It was shown in chapter 3 that porous materials offer a linear pressure distribution and that
the flow rate through such material is proportional to the pressure gradient. However, these
materials do not allow the formation of a lubricating thin fluid layer between the polymer
film and the seal for the material to glide over as do non-porous materials. The question was
asked whether the materials can be combined in an effective way and extract the benefits of
each material type. Such a design is given in figure 7.5.

Figure 7.5: A possible seal design using both porous and nonporous material in order to
obtain the benefits of both.

Strips of alternating porous/nonporous material run along the length of the dynamic
seal. The majority of area should be covered by the nonporous material to allow for a
larger fluid layer that reduces the friction. The idea is that the porous material enforces
the linear pressure distribution by its inherent properties discussed earlier. Therefore, in
theory, nonlinear pressure gradients can only exist along the nonporous material. However,
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since these areas are narrow and their boundary conditions force a linear pressure drop, the
non-linearity would be greatly reduced.

Figure 7.6: A nonporous material bounded by porous materials on either side. This seal
material arrangement can make use of the advantages of both material behaviors.

Looking at figure 7.6 suppose that the polymer film is to be drawn along the x-axis.
The pressure bounds are P (x = 0) = Pv, the vessel pressure, and P (x = L) = Patm, the
atmospheric pressure. Along the porous materials, the pressure will be linear with x as was
shown in chapter 3.

P (x, y) = Pv(L− x) + Patm(x/L) , x ∈ [0, L] , |y| > w/2 (7.1)

Along the nonporous material (i.e. for |y| < w/2) imperfections can lead to unpredictable
pressure distributions as seen in chapter 6. However, any pressure gradients in the y direction
will cause flow along that direction. If w is small (i.e. w/L << 1), the gradients must be very
large to have significant flow in the y direction; therefore, the pressure along y will be kept
close to uniform. In effect, the porous materials are used to control the pressure distribution
along the entire seal and bring it as close as possible to linear even in the nonporous regions.

The nonporous region, as discussed in chapter 2, will have a thin layer of fluid between
the polymer and the seal material: this will serve as lubrication. The advantages of both
porous and nonporous materials are therefore combined in this hybrid system.

7.3 High Viscosity Fluids/Gels

In chapter 3 it was shown that for a given pressure gradient, the flow is proportional to
viscosity at low Reynolds numbers. Thus, if a fluid with very high viscosity is used, the flow
will be substantially reduced.
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Figure 7.7: A grease product tried as blocking fluid for the dynamic seal.

The grease product in figure 7.7 is a non-Newtonian fluid since it can retain its shape
under nonzero stresses. However, the general relationship still holds and has been proven
effective as a blocking fluid in a small test using the apparatus in figure 7.13; further work
can be done to explore this idea and quantify the results.

7.4 A New Idea: Self-Sealing Design

While considering the dynamic seal design discussed thus far, the question arose as to what
would happen if the seal material is improperly adhered to the metal clamping plates and
becomes detached during operation. In this case, the vessel fluid will protrude into the void
created by the detachment. The pressure of this fluid equals the vessel pressure and will
exert a force on the seal material. It was then postulated that this fact could be used as a
design tool and develop a seal embodiment wherein the fluid exerts the clamping force as
opposed to the metal plates/bolts arrangement.
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Figure 7.8: An example where the fluid from the vessel is allowed to enter the space between
the clamping plates and the seal material. Thus, the seal material experiences forces from
fluid pressure on either side.

By analyzing a free-body-diagram on the seal material, it becomes apparent that the
stagnant fluid from the vessel will exert a net force on the seal material due to a pressure
differential. Since the fluid leaks along the gap between the seal material and polymer, the
wall shear τ necessitates a pressure drop. Looking the a free body diagram of a fluid element
between the seal material and polymer it is clear that

p(x)− τδx ≈ p(x+ δx) (7.2)

Since the fluid has nonzero viscosity,

τ > 0 ∴ p(x+ δx) < p(x) (7.3)

or equivalently

∂p

∂x
< 0 (7.4)

Therefore, since the pressure of the flowing fluid is continually decreasing, there is an
increasing net force on the seal material that works to press it closer to the polymer film.
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Figure 7.9: A look into the pressure distribution on the seal material if it was rigid and flat.
Since the fluid between the seal material and polymer is flowing, the pressure drops due to
wall shear (from viscosity).
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Figure 7.10: Since the seal material is deformable, the net pressure force presses it closer to
the polymer film, decreasing the gap and choking the flow.

As shown in figure 7.10, the pressure imbalance acts to reduce the size of the channel
through which the fluid is leaking (between the seal material and polymer film), effectively
choking the flow. However, the flow cannot be stopped completely or else the wall shear
vanishes and the pressure would then be equalized on both sides of the seal material. This
creates a feedback control system where the gap is minimized however not eliminated, mean-
ing that the leakage is minimized but there is still a layer of fluid for lubrication: the best
possible scenario for the dynamic seal application.

7.4.1 Experimental Verification

The discussion above is essentially a paradox: the faster the fluid leaks, the higher the
pressure differential and the tighter the gap becomes, reducing the flow. In reality, there
must be an equilibrium solution to the problem. To test out the theory, an apparatus was
built as shown in the following figures.
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Figure 7.11: A solid rod is loosely fed through a soft tube which is adhered to a rigid pressure
vessel. The only path for the vessel’s fluid to escape is through the space between the solid
rod and the inside of the flexible tube.

Figure 7.12: Net force diagram of the cylindrical setup. The pressure difference between the
two sides of the tube work to collapse it onto the rod and reduce the flow.

The design in figure 7.12 sets up the same conditions as described in the previous dis-
cussion; it was built using readily available parts.

91



Figure 7.13: Photograph of the parts used in the experiment.

Figure 7.14: Closeup view of the experimental setup. Left: rubber tube is attached to the
acrylic tube wall using epoxy and contact cement. Right: solid rod protruding all the way
through the tube close to the brass fitting (pressure inlet).

An acrylic tube was fitted on one end with a brass fitting that connects to a quick-release
compressed air hose. Thus, about 100 psi air is fed into the system. The soft latex tube is
attached to the other end, and a rod is fed through its inside. The 1/4 inch solid acrylic
rod was abraded with sandpaper in order to reduce the diameter to about 0.245 inch such
that it would slide through unrestricted. The diameter difference between the solid rod and
inside of the latex tube allows the high pressure fluid to flow towards the atmosphere.
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When the system was pressurized using compressed shop air (at about 100 psi), the
rubber tube collapsed onto the solid rod from the pressure difference so tightly that in one
instance the rod actually became stuck. This is counterintuitive since the expectation would
be that the solid rod will be pushed out like a piston by the high pressure gas. There was
also very little gas leakage. The experiment was restarted with the solid rod only partially
inserted into the tube (to reduce the grip area) and when the pressure was reapplied, there
was a very small gas leak along the rod which was free to move easily by hand. This
confirmed the success of the theory and design. Future work on this topic would be to model
this system using solid-mechanics/fluid-mechanics combined theory and explore its behavior
with non-ideal geometries.

7.5 Overall Conclusions

Designing a successful dynamic seal has been an unanswered challenge since the solid state
microcellular process originated. The task is made difficult by the conflicting demands
that the seal must block a gas but not a solid; usually, restraining a solid is much easier
than a fluid. However, the present work has made progress into answering this request using
engineering principles to design a system with the proper components for a working dynamic
seal. The effectiveness was demonstrated in numerous experiments on both films, fibers, and
even solid rods. In essence, designing such seals is almost an art, where the designer must
strongly use intuition backed by engineering theory to make appropriate design decisions.
This project has helped the writer develop that intuition, a very useful tool since modeling
fluid behavior in a deformable solid medium is analytically challenging. The future work for
this project is very exciting and promising, and the applicability of this research to a real
industrial process is very likely. It was an excellent experience overall.
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Appendix A

List of Programs Used

Many software packages were used to perform the work outlined in this thesis. These tools
are valuable to the engineer for performing calculations, drafting designs, analysis, and for
creating the contents in the thesis itself. The list is not exhaustive and acknowledges a subset
of such programs.
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Appendix B

MATLAB Code

The above equations were scripted in MATLAB. First, the system of equations was solved
using the fsolve function which finds roots of vector functions F (x) = 0. The centroids
were trivially found following the solution.

Function file

function F=bolts(x); % n comes in length n+1

n=evalin(’base’,’n’);

a=evalin(’base’,’a’);

b=evalin(’base’,’b’);

F=zeros(n,1);

%area=evalin(’base’,’area’);

for i=2:n-1 % n is the number of unknowns (interior bolts, excluding 0 and b)

F(i)=(.5*a/b)*(x(i-1)-x(i))*(-2*b+x(i-1)+x(i)) -x(n);

end

F(1)=(a*x(1)/2)*(2-x(1)/b) -x(n)/2;

F(n)=(.5*a/b)*(b-x(n-1))^2 -x(n);

Running script

clc

clear all

close all

n = 6; %n is number of bolts including first at 0 (middle one)

a=5;

b=13;

%area=a*b/(2*n+3);

area=a*b/(n+1)/2;

guessvector=ones(n,1);

%guessvector=[2,5,8,10]’;
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options=optimset(’TolX’,1e-10,’TolFun’,1e-10);

[solution,extra,flag,out]=fsolve(@bolts,guessvector,options);

solution

U=[0;solution];

U(end)=b; %makes it length n+1

for k=1:n %find bolt location at centroid of each area element

B(k,1)=(3*b*(U(k)+U(k+1))-2*(U(k)^2+U(k)*U(k+1)+U(k+1)^2))/(6*b-3*(U(k)+U(k+1)));

end

B

yb=zeros(length(B),1);

yu=zeros(length(U),1);

plot(B,yb,’o’)

hold on

plot(U,yu,’k*’)

hold on

plot([0,b],[1,0])

%a*b/2/n

%(a/b)*(2*b-solution(1))*solution(1)%first area, double block

%(.5*a/b)*(solution(3-1)-solution(3))*(-2*b+solution(3-1)+solution(3))

%(.5*a/b)*(solution(4-1)-solution(4))*(-2*b+solution(4-1)+solution(4))
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Appendix C

Arduino Microcontroller Code

The code for programming the Arduino microcontroller was written using the “Arduino
Programming Language” which is an open source environment based on the programming
language C. The full code is shown below. Note that this will only run on Arduino MEGA
boards as it uses more than 13 digital outputs.

#include <SD.h>

#define maxdata 100

#define maxcol 8

#define sensorpin 0 // analog in for pressure sensor

#define switchpin 2 // digital pin for clicker switch

#define gopin 3

#define busypin 4

int data[maxdata+1][maxcol];

int port=1;

int column=0;

int mode;

int A; // calibration constants

int B;

int segmentpin[4][8]={

{9,15,16,17,18,19,20,21}, // elements 0-7 as on sheet.

{9,22,23,24,25,26,27,28}, // pressure digit 1

{9,32,33,34,35,36,37,38}, // pressure digit 2

{9,42,43,44,45,46,47,48}, // pressure digit 3

};

int segmentsONOFF[11][8] = {

{0,1,1,1,0,1,1,1}, // number 0

{0,0,0,1,0,0,1,0}, // number 1
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{0,1,0,1,1,1,0,1}, // number 2

{0,1,0,1,1,0,1,1}, // number 3

{0,0,1,1,1,0,1,0}, // number 4

{0,1,1,0,1,0,1,1}, // number 5

{0,1,1,0,1,1,1,1}, // number 6

{0,1,0,1,0,0,1,0}, // number 7

{0,1,1,1,1,1,1,1}, // number 8

{0,1,1,1,1,0,1,0}, // number 9

{1,0,1,1,1,1,1,0}, // X is 10

};

/////////////////////////////////////////////

void fileRITE(int dataarray[maxdata+1][maxcol]) // writes array to SD card

{

//char filenamee[]="something.txt";

char time_name[25]; // first 4 digits of seconds since bootup

sprintf(time_name,"%d_pressureData",millis()/1000);

File dataFile = SD.open(time_name, FILE_WRITE);

// if the file is available, write to it:

if (dataFile)

{

for(int k=1;k<=maxdata;k++)

{

for(int j=1;j<=maxcol;k++)

{dataFile.print(dataarray[k][j]);

dataFile.print(",");

}

dataFile.print("\n");

}

dataFile.close();

}

}

/////////////////////////////////////////

void setup()
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{

pinMode(switchpin, INPUT);

pinMode(gopin, INPUT);

digitalWrite(gopin,HIGH); // enables internal pullup resistor

digitalWrite(switchpin,HIGH);

ledwrite(port,0);

// switch on 7 segments

for(int k=1;k<=4;k++)

{

for(int j=1;j<=8;k++)

{pinMode(segmentpin[k][j],OUTPUT);

}

}

// mode select

int z=1;

while(!digitalRead(gopin))

{

if(digitalRead(switchpin)) ++z;

if(z>3) z=1;

ledwrite(z,0);

if(z=1) A=1, B=0;

if(z=2) A=.5, B=0;

if(z=3) A=2, B=0;

}

}

//////////////////////////////////////

void loop()

{

int livepressure=givepressure();

// select port

if (digitalRead(!switchpin))

{++port;

delay(150);

if(port>maxcol) port=1;

ledwrite(port,0);

}

//
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if(digitalRead(!gopin))

{data[0][column]=port;

digitalWrite(busypin,HIGH);

// write pressure sensor data to array

for(int k=1;k<=maxdata;k++)

{data[k][column]=givepressure();

delay(50);

}

++column;

if(column=maxcol) // write the array to SD card and reset column

{fileRITE(data);

column=0;

for(int v=1;v<=6;v++) //flash busypin to indicate data was written to SD

{digitalWrite(busypin,LOW);

delay(100);

digitalWrite(busypin,HIGH);

delay(100);

}

}

}

digitalWrite(busypin,LOW);

}

//////////////////////////////////////////////////////////

void ledwrite(int x, int dig) //output number x to 7segment LED display "dig"

{

if(x>11 || x<0) return;

for(int k=1;k<9;k++) // start at 0 if want to include the dot

{digitalWrite(segmentpin[dig][k],segmentsONOFF[x][k]);

}

}

///////////////////

int givepressure()

{

int rawsensor=analogRead(sensorpin);

// now convert to MPa*100 integer
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int p=(rawsensor-B)*A;

//int p=rawsensor;

int h=p/100;

int t=(p-(100*h))/10;

int o=p-h*100-t*10;

ledwrite(h,1);

ledwrite(t,2);

ledwrite(o,3);

}
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Appendix D

Flow Experiments Data

The data collected during the experiments performed on the various porous materials dis-
cussed in chapter 3 is given below.

In this experiment, the leaked water was weighed at the given time intervals without
taring the scale each time. Therefore columns 3 and 2 are subtracted to yield the total
leakage in that time span.

Table D.1: Polyurethane (dark gray) open cell foam of 1/16” (1.59 mm) thickness, 20 lb/ft3

density.
Pressure (MPa) Weight Start (g) Weight End (g) Time (min) Flow Rate (g/min)

1.30 294.50 301.90 2.00 3.70
1.40 307.00 315.00 2.00 4.00
1.52 319.60 328.50 2.00 4.45
1.60 333.70 345.50 2.50 4.72
1.71 353.70 363.80 2.00 5.05
1.80 368.70 378.80 2.00 5.05
1.90 388.70 403.00 2.50 5.72
2.00 408.50 421.10 2.00 6.30
2.10 426.50 440.10 2.00 6.80
2.20 451.00 468.80 2.50 7.12
2.30 481.40 496.10 2.00 7.35
2.40 507.00 522.50 2.00 7.75
2.50 536.00 552.50 2.00 8.25

In the following three experiments, the scale was tared each time the clock was reset, and
the “Leak” column represents the total water leaked in that time span.
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Table D.2: Silicone open cell foam of 1/8” (3.18 mm) thickness, 12 lb/ft3 density.
Pressure (MPa) Leak (g) Time (min) Flow Rate (g/min)

0.20 184.40 3.00 61.47
0.30 189.90 3.00 63.30
0.40 201.10 3.00 67.03
0.50 214.50 3.00 71.50
0.60 220.90 3.00 73.63
0.70 235.40 3.00 78.47
0.80 255.60 3.00 85.20
0.90 294.40 3.00 98.13

Table D.3: Natural Gum rubber open cell foam of 1/8” (3.18 mm) thickness, 30 lb/ft3

density.
Pressure (MPa) Leak (g) Time (min) Flow Rate (g/min)

0.50 186.20 4.00 2.53
0.65 193.10 5.00 3.40
0.80 198.30 5.00 4.44
0.95 204.20 5.00 5.62
1.10 213.60 5.00 7.50
1.30 231.80 5.00 11.14

Table D.4: Polyurethane (white) open cell foam of 1/4” (6.35 mm) thickness, 1.8 lb/ft3

density.
Pressure (MPa) Leak (g) Time (min) Flow Rate (g/min)

0.15 13.50 1.00 13.50
0.22 17.40 1.00 17.40
0.28 21.70 1.00 21.70
0.33 24.80 1.00 24.80
0.40 29.00 1.00 29.00
0.46 31.60 1.00 31.60
0.53 35.50 1.00 35.50
0.60 41.40 1.00 41.40
0.66 44.00 1.00 44.00
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Appendix E

Patent Application

The dynamic seal ideas described in this thesis were disclosed to the University of Washington
Center for Commercialization and subsequently a patent was filed to protect the intellectual
property. The patent application in its entirety is attached below.
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