
Nonlinear Springs with Applications to Flow Regulation Valves and
Mechanisms

by

David C. Freeman, Jr.

North Carolina
B. S. Architectural Engineering

Agricultural and Technical State University, 1990

M. S. Civil Engineering
Massachusetts Institute of Technology, 1992

Submitted to the Department of Mechanical Engineering
in Partial Fulfillment of the Requirements for the Degree of

Doctorate of Philosophy in Mechanical Engineering
at the

Massachusetts Institute of Technology

February 2008

© 2008 Massachusetts Institute of Technology
All Rights Reserved

Signature of Author . ............

Certified by ................ ...

Accepted by ....... .........

MASSACHUSETTS INSTITUTE
OF TEOHNOLOGY

APR 2 5 2008

LIBRARIES

Departmprn f Mechanical Engineering
Jan 3, 2008

Alexander H. Slocum
Professor, Mechanical Engineering

Thesis Supervisor

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Lallit Anand
Professor, Mechanical Engineering

Graduate Officer

ARCHIVES





Nonlinear Springs with Applications to Flow Regulation Valves and

Mechanisms

by

DAVID C. FREEMAN, JR.

Submitted to the Department of Mechanical Engineering
on January 4th, 2008 in Partial Fulfillment of the

Requirements for the Degree of Doctorate of Philosophy in
Mechanical Engineering

ABSTRACT

This thesis focuses on the application of nonlinear springs for fluid flow control valves
where geometric constraints, or fabrication technologies, limit the use of available solu-
tions. Types of existing nonlinear springs are discussed and categorized as either, single
element springs or springs relying on external elements to provide nonlinear characteris-
tics. This work discusses the design principles of, both, hardening and softening nonlinear
springs and the development of a nonlinear spring system using a contact surface to
increase or decrease stiffness. This work has been motivated by the development of a new
automotive positive crankcase ventilation (PCV) valve that meets the flow requirements
of the current production valve, yet resist stiction commonly associated with the freezing
of the valve's internal components. The valve regulates the PCV system, which ventilates
corrosive gases from the crankcase. Using the nonlinear spring design principles devel-
oped here, a valve has been designed that is estimated to cost 90% less than the current
production valve, addresses the issue of freezing, reduces oil consumption by 54%, is less
prone to hysteresis and eliminates flutter instabilities that cause the valve to violate flow
specification. This thesis concludes with a discussion of the potential for this type of non-
linear spring in medical devices, toys, microsystems, mechanical couplings and fixturing.

Thesis Supervisor: Prof. Alexander H. Slocum
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NOMENCLATURE

UPPER CASE:
C Compliance of catheter
D Valve seat outer diameter
E Elastic Modulus [N/m 2]
F Spring force [N]
G Shear Modulus [N/m 2]

I Moment of inertia [mi]
J Torsional moment of inertia [m4]
L Cantilevered beam length [m]
AP Pressure difference across the valve plate
P Applied force
Q Mass flow rate
R Radius of curvature for a curved beam
V Velocity [m/s]

LOWER CASE:
b Cantilevered beam width
d Valve seat inner diameter
do  Spring wire diameter
g Initial gap height
h Gap height
k Spring stiffness
n Exponent coefficient of nonlinear force
nc  Number of active coils
p Compliance nonlinearity exponent
Ps Pitch of a spring coil
r Radial direction in the cylindrical coordinate system
t Displacement as a measure of material compression
u Cantilevered beam thickness
x Axis direction in the plane of the valve seat
z Axis direction perpendicular to the plane of the valve seat

GREEK:
ao Angle of curvature for curved beam
P1 Platform Coefficient [1/m]
6 Displacement [m]
A6 Rate of change in displacement
A8s Rate of change in displacement of spring
F Nonlinear beam design coefficient

Contact surface design coefficient
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Nonlinear spring stiffness coefficient [N/m n]

Normal stress
Angular direction in the cylindrical coordinate system
Torsional stress
Viscosity
Nonlinear beam design coefficient
Nonlinear beam design coefficient
Nonlinear beam design coefficient

SUBSCRIPTS:
an  Distance from the end of the beam to the first discrete stiffening element
Aplate Area of the flow regulating plate
Co  Orifice coefficient
Do  Mean coil diameter
FR Required spring force
hE Effective gap height
Mx  Moment applied at location x
Qinf Constant infusion rate
Vcat Catheter withdrawal rate
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Chapter 1
INTRODUCTION

"However, when a steadily increasing force is applied to a wool felt pad, the
resulting compression does not obey the linear relationship F = k x. Instead, one
finds that the felt appears to become stiffer the more it compresses, so that a larger
force must be applied to produce the same increase in compression. In this case,
the wool felt used for piano hammers acts as a nonlinear hardening spring" [Rus-
sell, 1998].

1.1 Evolution Of A Nonlinear Spring

The focus of this thesis is on the application of nonlinear springs for fluid flow control in

packages that are often limited by geometric constraints and fabrication technologies. This

work develops design principles for a spring, such that, an external element gives it non-

linear stiffness characteristics required for a specific precision fluid flow control. Motiva-

tion for this work evolved during the development of a new automotive positive crankcase

ventilation (PCV) valve that would meet the requirements of current production valves,

yet resist stiction commonly associated with the freezing of the valve's internal compo-

nents (Figure 1.1). Inherent in this new valve are two innovations. First, is that a simple

hardening spring allows tuning of the flow. This means that a single valve can be adjusted

to vary its flow characteristics. A valve can be varied to meet a different flow requirement,

simply by tuning the spring. Second, is the use of vibration to break up ice that may other-

wise prevent flow through the valve. This use of vibration means that the valve does not

have to rely on a high rate of flow to prevent freezing, and so it can be tuned to lower flow

rates in cold temperatures. This helps to reduce the consumption of oil entrained in the

flow of air in an automotive PCV system. This new valve uses a spring flexure, a valve

plate and energy harvesting structure that resonates in response to the engine's vibration

(Figure 1.2). The spring flexure, valve plate and energy harvesting structure are integrated
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into a single, monolithic part, which can be produced in high volume by a number of two-
dimensional machining processes, such as stamping or electroforming. The current pro-
duction valve, using a compression spring and pintle, is produced in volume on the order
of several million per year. A monolithic spring flexure PCV valve produced in this order
of magnitude has the potential to yield a substantial cost savings over the current produc-
tion valve.

Figure 1.1 Production PCV valves. A steel valve made by FilkoTM is shown next to a plastic FordOEM valve (left). The internal components of the two valves are similar, each consisting of a metalspring, pintle and washers. These internal components are susceptible to freezing under certain operat-ing conditions (right).

1.2 The Monolithic Flexure Element Automotive Valve

It is the development of design principles for the new nonlinear spring that enables the
evolution of the Monolithic Flexure Element (MFE) PCV valve. The valve is assembled
from three pieces, a two piece housing and a single monolithic flexure element. This three
piece valve is easy to assemble, in contrast to the valve currently in production, which has
six components, each requiring specific orientation during assembly (Figure 1.3).

The geometry of the monolithic spring flexure element is constrained by the size of the
valve and is designed to counteract a pressure induced force that has a nonlinear relation
to the displacement of the spring. The current production valve resists the force created by
this pressure by using a variable cross-section plunger that varies the size of the flow pas-
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Figure 1.2 The new PCV valve, named for its monolithic flexure element, is comprised of a spring-
steel valve element and a two-piece injection molded housing that is easy to assemble (left). The mono-
lithic flexural element resonates as it harvests, both, the energy of the high frequency eddy currents in
the flow and the vibration of the engine (right).

sage in such a way that the force is approximately linear with respect to the displacement

of the plunger. This force can, thereby, be counteracted with a linear compression spring

(Figure 1.4). This solution, however, increases the number of components in the valve, is

difficult to model with accuracy and because of friction contact between components

within the valve, its response is nearly impossible to predict. Furthermore, small manufac-

turing variations in the components translate into large variations in the valve's response.

The MFE valve, however, has no friction contact and only three components; the mono-

lithic flexure element and the two halves of the housing (Figure 1.5). It is the stiffening

element that gives the linear spring, its nonlinear stiffness characteristics and ability to

control the flow precisely.

1.3 Overview of the Positive Crankcase Ventilation System

The purpose of the PCV system is to remove toxic, corrosive gases from an internal com-

bustion engine's crankcase. During the process of combustion, mixtures of partially

burned gases and water vapor, called blow-by, escape the combustion chamber through a

gap between the engine's piston rings and the walls of the cylinder to enter the crankcase.

"*



36 INTRODUCTION

Top
Washei

Bottom...
Washer

-lousing
Top

Plunger

.-Compression
Spring

'Housing
Bottom

Figure 1.3 The current production PCV valve has a flow annular defined by the inner diameter of the
top washer and the variable cross-section of the plunger. As the pressure increases, it forces the plunger
upward, changing the flow area such that the pressure is linear with respect to the upward translation of
the plunger. This relationship is then, well-suited for the linear compression spring.

Figure 1.4 Two sets of current production valves, showing there inner components. A sixth compo-
nent, the bottom washer, is not shown for each valve.

Without ventilation, these gases can create a pressure build-up, dislodging engine hoses

and the oil cap. These gases can also contribute to premature contamination of the oil,

resulting in a thick sludge that contributes to short service life and excessive engine wear.
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Figure 1.5 Final form of the MFE valve. The valve has a two piece injection molded housing and a
flexural spring element. The housing top has integrated structures that give the spring element its non-
linear stiffness characteristics.

The PCV system was developed to remove these combustion gases from the crankcase

and reintroduce them to the combustion chamber, where they may be reburned. This

reduces harmful emissions.

The ventilation requirement for the PCV system is a function of the engine's air/fuel

intake need. Flow through the PCV system is regulated by the PCV valve (Figure 1.6).
The PCV valve must regulate flow, such that the ventilation is adequate enough to prevent

oil sludging and crankcase pressures from exceeding levels that can ruin engine seals. If
the flow rate becomes too high, however, oil consumption through the PCV system can
increase. Furthermore, if the PCV flow is not controlled properly, the fuel-to-air mixture

at the intake manifold can be altered, resulting in rough idling. As an industry standard,
the PCV system components must be able to function in temperatures ranging from
approximately -40' to 1000 C. Current production valves are prone to ice build up and
freezing (especially in reduced flow configurations used in smaller engines). The currently
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Figure 1.6 The function of the automotive positive crankcase ventilation (PCV) system is to remove
oil degrading blow-by gases from the crankcase by means of the intake vacuum. These gases are pulled
from the crankcase through the PCV system into the intake manifold, where they are mixed with fresh
air and fuel before being reburned in the combustion chamber. The PCV valve regulates the flow of
this system to provide adequate ventilation and a proper fuel mixture to the intake manifold.

used method of countering this effect is to use an electric heating element integrated into

the valve. This adds a substantial cost to the system.

1.3.1 PCV System Flow

When the PCV system is functioning properly, pressure in the crankcase is usually near

atmospheric. Pressure in the intake manifold, however, varies with the throttle position.

The vacuum is created by the motion of the pistons as the intake valves open and close.

Opening the throttle valve opens the intake manifold to near atmospheric pressure,
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decreasing the vacuum level. Closing the throttle closes the manifold causing the vacuum

level to rise. This vacuum level ranges from maximum (18-20 inches Hg), which occurs at

idle when the throttle valve is closed, to its operation minimum (2-3 inches Hg), which

occurs at wide open throttle (WOT). The pressure difference between the crankcase and

the intake manifold is the pressure drop across the PCV valve that drives the flow through

the PCV system.

A PCV valve is designed to meet the ventilation requirements of the engine. Blow-by

gases enter the crankcase at the highest rate when the engine is operating at WOT. Since

the vacuum level in the intake manifold is at its lowest at this time, the PCV valve must

therefore allow maximum ventilation flow when the pressure driving this flow at its mini-

mum. Alternatively, the crankcase's ventilation requirement is lowest when the engine is

at idle, at which time, the vacuum level is highest. The PCV valve must be designed,

therefore, such that the maximum ventilation occurs at minimum vacuum and minimum

ventilation at maximum vacuum. The required mass flow response, expressed as a pres-

sure-flow profile, is a function of the vacuum level (Figure 1.7). The mass flow rate, Q, in

ft3/min at standard temperature and pressure for a given production valve in terms of AP

(in. Hg), is typically of the form,

Q = 0.0005(AP)3 - 0.0107(AP)2 - 0.0301(AP) + 2.1972, eqn. (1.1)

(see Figure 3.5).

System Malfunction

The PCV system has been developed as a means to remove crankcase gases that are envi-

ronmentally harmful. Before 1968, automobiles vented this gas to the open air. Alterna-

tively, current PCV systems reintroduce these gases to the combustion chamber via the

intake manifold, where they are burned. A build up of these gasses due to a loss of PCV

system function will affect the performance of the engine, and in time, shorten its life.

Failure of the PCV valve by freezing is a particular concern. The gases residing in the

crankcase have high moisture content, as water is a by-product of combustion. Gases
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Figure 1.7 Maximum, mean and minimum flow specification curves for a production PCV valve.
An equation is fitted to the mean and used in the theoretical development of the geometry of the non-
linear stiffness system. [PCV valve data courtesy of Miniature Precision Components, Inc., Walworth,
WI.]

drawn into the intake manifold through the PCV valve generally contain about 13% water

by mass. Freezing ambient temperatures can cause this moisture to condense and solidify

in the narrow passageway of the valve. If the temperature of the valve surfaces are below

freezing, ice build up can stop the flow completely. This causes a pressure buildup in the

crankcase which forces a backflow of moist gases toward the main air inlet, just upstream

of the throttle valve. Introducing these moist gases to a cold throttle valve can cause ice to

nucleate, eventually freezing the throttle in its operating position. This can affect the oper-

ator's ability to control the vehicle (Figure 1.8).

1.4 Current Production PCV Valves

Current production PCV valves have six components; a spring, a pintle, two metal orifices

and a two-piece housing (Figure 1.9). The flow rate through the annular passage is deter-

mined by a circular flow area and the respective position of the variably tapered pintle.
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Figure 1.8 Properly functioning PCV system (left). When the PCV valve freezes, pressure builds up
in the crankcase, causing the moist gases to flow towards the throttle valve (right). This can cause ice
accumulation on the throttle valve, which limits control of its position, greatly affecting drivability of
the vehicle.

The position of the pintle is determined by the acceleration of gravity, the force of the

compression spring and fluid pressure on the pintle. As the pressure increases, the pintle

intrudes further into the passage, reducing the size of the annular opening, thus reducing

the flow rate. It is the weight of the plunger, the force of the spring and the fluid pressure

drop across the flow passage opening that controls the flow PCV system flow.

Hysteresis

In this type of spring-plunger valve, there is contact friction between the adjacent surfaces

of the valve housing and the pintle. This friction gives rise to hysteresis in the valve per-

formance. This hysteresis is not taken into account as current production valves are char-

acterized in industry. The industry standard is to test the production valves by manually

reading the valve's flow response as the vacuum level increases from zero to its maxi-

mum. The pressure-flow profiles measured are then used to categorize these valves. Since

this test is manual, it can only be read as fast as the operator can record the data and mea-

surements are only taken as the vacuum level increases. This, however, is only half of the

valve's response. Tests procedures developed in the course of this work have revealed a

large hysteresis effect that often invalidates the specification for which the valve is charac-
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Figure 1.9 Components of a typical PCV valve. Note that there is usually a second
orifice washer at the bottom of the valve housing not shown here. This prevents dam-
age to the housing by the steel pintle which is prone to rapid oscillation. This also
adds an additional component, making this a six piece valve.

terized (Figure 1.10). Alternatively, this work used a computer controlled data acquisition

system and sensors to record characterize the valves. This allows measurement over the

full response and provided detailed data on the effects of hysteresis in the valves tested

(Figure 1.11).

Flutter instability

Another key issue in PCV valves is flutter instability. During normal vehicle operation,

the internal components of the valve can oscillate rapidly, resulting in pressure instability

across the valve. To the measuring sensors used in bench test or dynamometer tests, these

instabilities appear to be high frequency, large amplitude fluctuations in pressure. These

pressure instabilities prevent choking of the flow and yield high flow rates at high vac-

uum. This often violates the flow specifications for the PCV valve and increases the rate

of oil pulled through the PCV system, resulting in increased oil consumption

(Figure 1.12).
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Figure 1.10 Test results of a production EV-257 valve on the MIT PCV valve flow bench are dis-
cussed in Section 4.2. Valve exhibits a large degree of hysteresis, which is an issue with passive con-
trol valve mechanisms that have internal friction.

Figure 1.11 Using a data acquisition system, data recorded at 5 hertz, the difference in hysteresis
between the thesis valve and the production valve, EV-118, is illustrated.
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Flutter in the EV-98 Production PCV Valve

Figure 1.12 This data has been recorded using a manual procedure and does not capture high fre-
quency events. It shows that the EV-98 valve violates the flow criteria, once flutter is initiated, between
2 and 4"Hg. Flutter is an issue with many current production PCV valves for two reasons. Once a valve
enters flutter, its flow rate violates the flow specification. This violation increases the amount of oil
entrained in the flow. This means that in addition to improper ventilation, there is an increase in oil
consumption. Secondly, the flutter instability is often accompanied by an audible frequency. This audi-
ble noise is often viewed by the consumer as an overall vehicle quality issue, negatively affecting cus-
tomer satisfaction. (Courtesy of the Ford Motor Company).

Oil Pullover

The PCV valve is an important part of an environmentally conscious system that regulates

crankcase ventilation while reducing the amount of oil that might otherwise be pulled

through the system. This entrainment of oil is known as oilpullover. Oil pullover refers to

the rate at which oil from the crankcase is entrained in the flow of ventilation of gases

being drawn to the intake manifold. The industry standard is to measure the amount of oil

entrained by temporarily installing a coalescent filter in the PCV system. After a mileage

test of normal highway and city driving (usually 2000 miles), the coalescent filter is

removed and analyzed to determine the PCV system's oil consumption. This quantity,

expressed in a mass of oil per distance, is usually on the order of 70-90 grams of oil per

1000 miles for the current production valves. The desired goal is to reduce the amount of
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oil consumed through the PCV system, which is better for the environment and better for

the vehicle.

Freezing

Reducing the PCV valve flow rate is one means of reducing oil pullover. Reducing the oil

pullover increases catalytic converter life and reduces intake valve and turbo charger foul-

ing as well as evaporative hydrocarbon emissions. The rate of flow in current PCV valves,

however, is limited by the potential for the valve to freeze in cold temperatures. As the

flow through the valve decreases, ice accumulates more readily in small flow areas at low

flow rates. A frozen PCV valve leads to a frozen PCV system. As a countermeasure, cur-

rent low flow production valves have an integrated electric heating element, requiring an

additional wiring harness and connector. This increases the cost of the $1 valve system to

$6. With Ford Motor Company producing 4 million vehicles per year and General Motors

producing nearly 6 million, a passive, freeze-resistant low flow valve can yield a savings

of $5 per vehicle, a net savings of $20-$30 million per year for each of these companies.

Flow regulation

There are several PCV valve configurations on the market today, however, they all use a

single linear spring to regulate the flow. Many valves currently in use address the nonlin-

ear relationship between the flow pressure and the spring force by using a geometrically

contouring a valve flow element, such as the pintle head, to approximate a linear relation-

ship (Figure 1.13). This can be done in theory, but its flow control is dependent upon very

narrow annular flow, where the annular gap can be on the order of surface imperfections.

Valves of this type are difficult to reproduce with repeatable response. For this reason, the

valves are manufactured, and then measured against a flow standard for characterization.

The alternative approach to valve design is to move the burden of nonlinearity to the

spring. The small internal volume of the valve, however, limits the application of many

nonlinear springs currently in use. What is needed is a new design approach for a type of

nonlinear spring, suitable for small packaging, independent of friction contact and low in
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Figure 1.13 In the images above, Po> P1. In valves using a gate to regulate the flow, the pressure differ-
ence, (Po - P1), has a nonlinear relationship to the gap height, h. In such valves, it is easy for the pressure
to overwhelm the spring force, causing the valve to snap shut, acting as bi-polar switches instead of con-
stant regulators. For small variations in the flow rate, the pressure is proportionate to 1/h2 (discussed in
section 3.2.5). Since h is inversely proportional to the spring displacement, x, the relationship between the
pressure force, and the spring force, kx, is also nonlinear (left). Many valves currently in use, use a geo-
metrically contoured pintle. By defining the shape of the pintle head, the effective gap height, hE can be
determined, such that it is proportional to the square root of the spring displacement, x. By doing so, the
relationship between the pressure force and the spring force becomes linear.

cost. Such a design theory enables the development of a valve whose response is less

dependent upon manufacturing tolerances and robust to the effects of hysteresis. This new

type of spring would be the basis of design for a new concept in flow control and open the

door to many other products requiring high precision control for little cost.

1.5 Springs

A spring is any elastic device created for the purpose of converting mechanical work into

potential energy and re-converting it back into mechanical energy [Gross, 1966]. There

are a wide variety of spring devices, such as helical compression, torsion springs, helical

springs stressed in bending, leaf, flat springs, torsion bar springs, and disc-shaped springs.

Springs are made from a wide variety of materials. In their simplest form, most of these

springs displace linearly with respect to the load applied, but they are also constant force

and nonlinear springs (Figure 1.14). Springs are often used because of their robustness

under dynamic loading conditions, but the loading conditions may also be static at normal

temperatures, static at elevated temperature, repeating, or fatigue loading from stress

cycles of varying amplitude. This variability makes the spring well suited for passive

energy storage.
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Figure 1.14 The linear spring is the most common spring type. The force, F increases by a constant
factor k with respect to the displacement, x (upper left). The force of a constant force spring does not
vary with the displacement (upper right). The force of a nonlinear spring varies nonlinearly with
deflection. This graph shows the response of a spring that stiffens as it deflects (lower left). A nonlinear
spring can also soften as it deflects. The stiffness of a softening spring decreases as the spring deflects
(lower right).

Nonlinear Springs

Nonlinear springs exist in many forms and have a wide variety of applications. A nonlin-

ear spring may harden or become stiffer as it deflects, or it may soften and become less

stiff. Vehar describes the force-displacement function of a nonlinear spring by three fac-

tors, the shape function, load range and displacement range [Vehar, 2006]. Structural non-

linearities are discussed as a result of geometric nonlinearities, material nonlinearities, or

change-in-status, such as noncontact-to-contact or slack to tension. The nonlinear spring

in developed here can be characterized by the latter.

The PCV valve requires a spring having nonlinear stiffness to counteract the nonlinear

pressure induced force. A softening spring may be used to limit the force applied in a
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mechanical system. A coupling requiring a large force to engage may cause damage to

other components if the applied force is not reduced as the coupling advances beyond the

position required for engagement. A nonlinear spring might act as a mechanical fuse, pro-

viding a large force under small displacement, but yielding a decrease in the forces (soft-

ening) as the displacement increases. Spring mechanisms of this type are used in fixturing

and coupling devices (Chapter 6).

1.6 Other Nonlinear Spring Applications

In addition to automotive applications, an MFE valve may be used in medical devices,

where valves (or devices) are often disposable, yet, must be robust to the environment

within a living organism. This biological environment requires that the valve be tolerant of

various fluid particles and operate in the presence of highly viscous fluids, pulsatile flows,

capillary forces and surface tension. It is desired that these valves function within a narrow

precision bandwidth.

The MFE valve may also be used in micro-devices for passive flow control. The mono-

lithic spring and valve element is comprised of a minimum number of components and is

well suited for two-dimensional micro fabrication processes. Having a reduced number of

components and lacking friction contact between regulating elements, a micro-scaled

MFE valve may have the potential for greater durability and functional robustness in the

presence of fluids, whose properties may be unknown at the micro-scale level. Yang

developed an electrostatically actuated on/off microvalves for use in a microengine [Yang,

2001]. Micro-MFE valves may be fabricated using similar processes, adding stiffening

features for the monolithic springs. The MFE valve differs from Yang's microvalve, how-

ever, in that it is designed to passively regulate the flow rate, whereas Yang's valve is

designed to either allow or prevent flow. The MFE design is also passive and does not

require a control system.
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Chapter 2
NONLINEAR SPRING DESIGN
PRINCIPLES

Nonlinear springs may be an economical alternative to feedback control systems in design

problems requiring nonlinear response. They are often applied in mechanical systems,

where load conditions may be unknown or vary greatly. An automotive leaf spring sus-

pension system, for example, is designed to maintain ride comfort, whether the vehicle is

empty or heavily loaded. The stiffness of the suspension spring, therefore can vary with

the applied load.

2.1 Nonlinear Springs in Application

The Nonlinear Piano Hammer

The piano hammer is a common example of an application of nonlinear springs. A piano

hammers is comprised of a wooden mallet covered by a felt material that strikes the

strings in such a way that its nonlinear stiffness delivers a specific richness of tonal quality

(Figure 2.1). This nonlinearity was first modeled by Ghosh, who theorized that the com-

pression of the piano hammer felt could be expressed in the form of

F = kup ,  eqn. (2.1)

where F is the force exerted by the hammer, k is a scaling factor, u is the displacement as a

measure of compression of the felt, and p is a compliance nonlinearity exponent [Ghosh,

1932]. Stulov compared this equation to the empirical modeling of a piano hammer and

suggested that an adequate theoretical model would have to take into account hysteresis

and the velocity of the hammer [Stulov, 1995]. To study this, Stulov measured force and
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Figure 2.1 To obtain its stiffness characteristics, the piano hammer uses wool felt in addition to its
structural geometry. The wool felt also contributes a large degree of hysteresis [Stulov, A., "Hysteretic
Model of the Grand Piano Hammer Felt", J. Acoust. Soc. Amer. 97, 2577-2585 (1995).].

hammer compression for various striking velocities of the hammer, Vh, while keeping all
other parameters fixed. Stulov proposed the following relationship

F(u(t)) = k uP(t)- -'uP() exp d( . eqn. (2.2)
0

Here, the compliance nonlinearity, p, and the instantaneous stiffness, k, are elastic param-
eters of the felt and the hysteresis amplitude, 6, and the relaxation time, to, are hereditary
parameters. 4 is a convolution variable with units of time. Using the equation of motion
for the hammer

d2u
mdm + F(u) = 0, eqn. (2.3)

dt2

and initial conditions
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du
u(O) = 0 and d-(0) = Vh ,

and substituting equation 2.2 for F(u), Stulov was able to obtain good agreement with

force-compression characteristics obtained experimentally (Figure 2.2). The piano ham-

mer is an example of a design problem, where the functional requirement not only calls for

a nonlinear spring, but for the desired tonal effect, hysteresis is an important parameter.

The parameters of a nonlinear problem are often not well understood in their entirety and

require experimental data to characterize theoretical models. The results shown in

Figure 2.2 illustrate the significant impact of hysteresis in elastomeric materials.

tu

Z 40

4 20

0
0.0 0.3 0.6 0.9

compression (mm)
Figure 2.2 Using a numerical approach, Stulov was able to obtain good agreement with force-com-
pression characteristics obtained experimentally. To obtain this data, the velocity of the hammer, Vh
varies as indicated, while all other parameters remain fixed.

Leaf Spring Suspension Systems

As mentioned earlier, nonlinear springs can be found in such applications as leaf spring

suspension systems of automobiles (Figure 2.3). A leaf spring suspension system is made

up of several layers of slender arc-shaped spring steel having a rectangular cross-section.

The springs are usually mechanically clamped together. As the end of upper spring

deflects, it encounters support from the spring beneath it, resulting in effective stiffening
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(Figure 2.4). The center of the arc provides a mounting location for the vehicle's axle,

while tie holes are provided at either end of the spring for attaching to the vehicle body

[Shabana, 2006].

Another example of a stiffening nonlinear spring is found in the safety stops used in some

passenger elevators. Safety stops are usually made up of multiple spring coils to form non-

linear stiffness springs (Figure 2.5). The upper spring is compressed until contact is made

with the lower spring. The resulting stiffness is then the sum of the stiffnesses of the

springs in compression.

Figure 2.3 Leaf Spring in 1937 Bugatti Type 57SC Gangloff Drop Head Coupe front suspension.
From the Ralph Lauren collection seen on display at the Boston Museum of Fine Arts (Photo courtesy
of Sfosket, Wikipedia).
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Figure 2.4 A typical leaf spring suspension system. The vehicle's axle is supported at the center of
Figure 2.4 A typical leaf spring suspension system. The vehicle's axle is supported at the center of
the arc, (A), while tie holes provided at either end of the spring, (B), attach to the vehicle's body.

E r.

k 1+k2
=kl +k2+k3

Figure 2.5 Multiple spring coils (left). The principle of multiple springs is that as the springs are com-
pressed, the resulting stiffness is then the sum of the stiffnesses of the springs that are in compression
(right).

Nonlinear Springs In Commercial Applications

The monolithic flexures used to make injection-molded caps for the packaging of lotion,

shampoo and dishwashing liquid are, by their bi-stable nature, nonlinear springs

(Figure 2.6). They have two low energy states, either fully opened or fully closed. The

states between are unstable. If a force is applied to the flexure in one of its low energy

states, it produces a resultant force as a function of its stiffness. As the flexure deflects, it

approaches its point of highest energy and its stiffness increases nonlinearly. After reach-

ing the point of highest energy, its stiffness reduces sharply. Furthermore, the direction of

its magnitude changes and the flexure snaps into the opposite low energy state. This is the

F-
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nature of one type of nonlinear spring that softens as it deflects, having a characteristic

snap created by prestressing the flexure such that it creates two low energy states.

Figure 2.6 Injection-molded bottle caps found in the packaging of lotion, shampoo and dishwashing
liquid.

Other Examples

Another example of a nonlinear spring application is the porch swing invented by Levi

[Levi, 2003]. The purpose of the nonlinear spring is to give the swing a desired "bounce"

over a wide range of weights (users) supported on the seat of the swing. The preferred

embodiment of Levi's spring is a barrel shaped tension spring, having a maximum coil

diameter in the middle and tapering to minimum coil diameters at the ends of the spring.

Since the stiffness is inversely proportional to cube of the coil diameter, large diameter

coils provide a relatively low stiffness, while small diameter coils provide high stiffness

(see Section 2.2). The small diameter coils at the spring's end will not begin to stretch sig-

nificantly until the large diameter coils in the middle have undergone a great degree of

stretching.

This spring design allows for a nonlinear spring in which Levi's describes as having two

or more distinct zones, wherein the first zone provides relatively low spring stiffness, such

that deflection under the weight of a person of light weight, such as a child, would result in
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sufficient deflection for the desired bounce. A subsequent zone occurs when the middle

coils are sufficiently stretched to allow the stiffer, small diameter coils to engage. As the

load applied to the seat increases, the stiffness of the spring increases. As a result, the

swing maintains the desired bounce with little sensitivity to the weight of the user

(Figure 2.7).

Figure 2.7 Patented swing designed by Levi (left) uses a nonlinear spring to achieve the desired
bounce (right) [Levi, 2003].

2.2 Nonlinear Spring Principles

Single Element and Coil Nonlinear Springs

The term single element nonlinear spring describes an elastic device that behaves nonlin-

early without requiring the interaction of an external element. Typically, a compression

spring behaves linearly, but there are means to influence its behavior so it functions non-

linearly. The stiffness of a compression spring is dependent upon its number of active

coils and its length. For a coil spring, the stiffness, k, is related as

4GJ
k 4GJ- , eqn. (2.4)

where G is the shear modulus, Do is the mean coil diameter, nc is the number of active

coils, and J is the torsional moment of inertia. For a round wire spring, J is given by
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J = , eqn. (2.5)

where do is the wire diameter.

Given a compression spring, nonlinearity can be achieved by varying the number of active

coils, nc, as the spring deflects. This is easily accomplished in a tapered pitch helical

spring (Figure 2.8). As a compression force is applied, the coils that are closer together

contact one another to "bottom out" and cease being a part of the number of active coils.

As the number of active coils is reduced, the stiffness is increased. Varying the outer

diameter of a tapered pitch helical spring also yields a similar result with a shorter col-

lapsed spring height. Using a tapered mandrel and helical spring, a nonlinear torsional

spring can be created that increases stiffness as the number of active coils decreases

(Figure 2.9).

Figure 2.8 The tapered pitch helical spring responds nonlinearly to an applied force. As the force dis-
places the spring, the bottom coils contact, decreasing the number of active coils, increasing the
spring's stiffness (left). A tapered pitch helical spring having a varying outer diameter yields the same
nonlinear force response over a shorter free length of the compression spring (right).
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Figure 2.9 External elements can be effective in creating nonlinear torsional springs such as this
tapered mandrel and helical spring. As the spring is torsionally displaced, the coil diameter decreases.
This causes the coils at the widest end of the mandrel to contact, reducing the effective number of
active coils and thus, increasing the torsional stiffness of the spring.

Spring stiffness can also be varied by using multiple springs of different stiffnesses in

series (Figure 2.10). The force required to displace one spring is much less than that of

another in the same series, the softer spring will deflect until enough force is applied to

begin deflecting the stiffer spring. The combined stiffness is less than that of the softer

spring. Stiffness can also be varied by placing linear springs in parallel (Figure 2.10). The

upper spring deflects until the force comes into contact with the lower spring. The springs

then act together and the resulting stiffness is the sum of the two stiffnesses together.

Nonlinear Springs Systems Using External Elements

The stiffness in a coil compression spring is a function of the number of active coils. To

make the stiffness nonlinear, external elements can be employed to influence the number

of active coils. If the need is to stiffen the spring, an external element can be applied to

reduce the number of active coils (Figure 2.11). This is similar to the way that the spring

coils bottom out in Figure 2.8. If the objective is to soften the spring, an external element

can be used to pre-displace a number of the spring's coils, rendering them inactive until

the applied force exceeds the corresponding preload, thereby activating these coils
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Figure 2.10 When multiple springs having different stiffnesses are in series together, the resulting
stiffness is less than that of the softest spring (left). When the springs are in parallel, the longer spring
deflects until the displacement reaches the lower spring. At that point, the springs act together, result-
ing in a stiffness that is the sum of the two stiffnesses together (right).

(Figure 2.11). Once the applied load exceeds the preload, the entire length of the coil

becomes active, reducing the stiffness of the spring.

Figure 2.11 Springs using an external element to vary their stiffnesses. The spring on the left deflects
along the entire length of its active coils until contact is made by the external elements. At that point,
the number of effective coils decreases and the spring stiffness increases. The lower coils in the spring
on the right are pre-displaced. Initially, only the free upper coils displace as the lower coils' preload
must be overcome in order for them to become active. When this occurs, the resulting spring stiffness
softens.
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Principles of mechanical advantage can be applied also to create nonlinear springs. A

spring can be integrated into a system that yields a mechanical advantage in the displace-

ment applied. In such a system, a change in the rate in the displacement at one point in the
d6 dSssystem, -, will cause a rate of change in the spring, -- , that is either greater (stiffening)

or less (softening) (Figure 2.12).

)
L

Figure 2.12 Mechanical advantage can be used to modify the effective spring stiffness. In the four bar
linkage, the spring lengthens at a rate greater than that of the displacement at the point of force applica-
tion. The same principle can be converted for a torsional application.

Elastomers are often used as springs. Elastomeric springs can be linear or nonlinear,

depending on their geometric configuration. The shape of the elastomer determines the

distribution of stress within the material and therefore, its linearity. The force required to

introduce a concentration of stress in a large volume of material is much greater than that

required to yield the same concentration in a smaller volume. A geometric configuration

that redistributes the elastomer, such that the stress is concentrated in a small volume

under small displacement and in a larger volume as the displacement increases, will be

nonlinear (Figure 2.13). The same is true for a configuration in which the volume of stress

concentration is reduced as the elastomer is displaced.

An increase in stiffness in elastomeric materials can be obtained by constraining the elas-

tomer in such a way that expansion due to Poisson's effect is restricted. A solid elastic

core placed between two pistons, such that its lateral expansion is constrained by a rigid

~rBBI~
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Elastomer

Figure 2.13 The geometric shape of an elastomeric spring can yield a nonlinear stiffness (left). Ini-
tially, the load applied causes a concentration of stresses in region A. As the material is deflected under
load, the stress concentration moves into the larger region B resulting in a higher stiffness (right). An
external constraint, such as the one shown above, serves to increase the maximum stiffness as the elas-
tomer is compressed.

sleeve after some lateral expansion, will be nonlinear (Figure 2.14). As the force is

applied, the core resists compression, resulting in lateral expansion caused by Poisson's

effect. When the perimeter of the core contacts the wall of the rigid sleeve, it can no longer

expand, and the stiffness of the core increases sharply. This sharp change in the rate of

stiffness can be countered by using an elastic band, such as the v-type restraining band

shown in (Figure 2.14), which allows a smoother rise in the rate of stiffness by adding a

more gradually compliant interface between the core and the wall. The v-type band is par-

ticularly effective in reducing the rate of change in stiffness in that it is nonlinear in its

shape itself. The initial displacement concentrates stress in the tips of the "v" and eventu-

ally distributes to the entire band as compression continues. This enhances its ability to

reduce the rate of the rise in the stiffness of the overall system. Once the v-band contacts

the wall, the band acts as an integral part of the core, gradually increasing the stiffness

until the core and band are in almost full contact with the wall, at which time, its energy is

at its highest (Figure 2.15).
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Figure 2.14 Nonlinear stiffness can be achieved by using a solid elastic core that is constrained
between two pistons and a rigid sleeve wall (left). The stiffness is increased sharply when the com-
pressed elastic core reaches the confines of the rigid sleeve wall (left-center). An elastic band around
the core reduces the rate at which the stiffness changes (right-center). The v-type band adds compli-
ance as well as an additional parameter for stiffness variability (right) (Figure 2.15).

First Contact with
Rigid wall "-\

Figure 2.15 Curves representing the effect of a solid core without an elastic band contacting a rigid
wall restricting Poisson's effect (A) and a solid core with an elastic band (B), as shown in Figure 2.14.

Cantilevered beams may also be made nonlinear by using contact elements. The stiffness

of a cantilevered beam is a function of its elastic modulus, moment of inertia and beam

length. Its effective beam length, however, is adjusted when it makes contact with an

external element, creating an additional support somewhere along the beam's length

(Figure 2.16).
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Figure 2.16 A linear flexure spring may become nonlinear when it makes contact with external fea-
tures. When a deflecting beams, shown above, make contact with the stiffening feature, its effective
beam length decreases, increasing its stiffness. The feature can have many forms, as one or more dis-
crete contact points (left) or as continuous surfaces (right).

2.3 Nonlinear Beam Design Principles

The nature of the spring load is an important design consideration. Static versus dynamic

loading, normal versus extreme temperature all affect fatigue of the spring material and

the life of the spring. These loading conditions must be considered when determining the

allowable stress. Wahl gives a comprehensive discussion of factors affecting design con-

siderations [Wahl, 1963]. For convenience, these factors are listed here in table form

(Table 2.1).

TABLE 2.1 Wahl presents a discussion of working stress and other design
considerations in mechanical springs [Wahl, 1963].

Important factors in spring design

Material properties

Condition of spring surface

Kind of loading static, fatigue, number of cycles

Boundary conditions

Corrosion effects

Creep or load loss at load-elevated temperature

Change in torsional (shear) modulus with temperature

Vibration and Impact effects

Effect due to load eccentricity, tolerance, etc.

Completeness of knowledge regarding applied loads

Seriousness of spring failure

+ F



Nonlinear Beam Design Principles 63

Cantilevered flexures can take many forms and are useful in applications requiring low

cost solutions. The simplicity and the fact that they can be formed from a wide variety of

materials, make them ideal for many low-cost, robust applications. The external contact

element, referred to as the contact surface, changes the stiffness of the spring by modify-

ing the characteristic length of the spring element. Using the method discussed here, a

spring can be designed to yield a specific, variable stiffness that is highly repeatable and

reconfigurable.

2.3.1 Quantifying The Required Stiffness

Before choosing the complexity of a nonlinear spring, determine that there is a need that

cannot be met with a linear spring. It may be that the system has a wide range of possible

initial load conditions or that its load varies nonlinearly with spring deflection. The nature

of the system will dictate the necessity for nonlinearity and how it is quantified, but it is

most useful to express it in the form of a function relating force and displacement,

F = icn . eqn. (2.6)

Whether consideration is for a single element nonlinear spring or a nonlinear spring sys-

tem, it is important to quantify the spring's specification, as it is needed in determining the

geometric shape of the spring or contact elements and to verify the final design. The

resulting expression is the input function for the design principle.

An engineering problem requiring a nonlinear spring may specify the force-displacement

relationship, or it may be necessary to extract it from the given parameters. For example,

the design of the flexural PCV valve requires a nonlinear spring element. The functional

requirement of a PCV valve specifies its flow response with respect to the vacuum level

driving the flow. Figure 2.17 shows the flow specification mean, maximum and minimum

with respect to the vacuum level for a typical valve. The wide range between the maxi-

mum and minimum flow is indicative of the wide tolerance and substantial degree of hys-

teresis associated with the current production valve. Any valve having a flow response
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that is within this specification qualifies as a solution. The mass flow rate is a function of

the valve element's spring deflection and the vacuum pressure. A method discussed in

Chapter 3 illustrates that, given a pressure-flow profile, the force-displacement relation-

ship can be developed for the nonlinear spring (Figure 2.18). This relationship gives the

required stiffness needed to determine the geometry of the nonlinear spring system.

Ateo4vedPCV Valve Flow SpecMdadm

2-
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Figure 2.17 Flow rate specification for a PCV valve determines the specification for the nonlinear
stiffness of the spring used in the MFE valve. The graph shows maximum, minimum and mean flow
specifications. This wide bandwidth is indicative of the wide tolerance and high degree of hysteresis
associated with the current production valve.

2.3.2 Developing The Nonlinear Spring Geometry

Once the expression for the stiffness has been determined, the geometry of the nonlinear

spring system can be investigated. The force-displacement relationship for most nonlinear

beam shapes have been solved in classical theory and even the most difficult can be deter-

mined empirically with useful results. For a cantilevered beam having a uniform cross sec-

tion, the displacement equation is

rt.ii-·:--·I
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Figure 2.18 The spring force-displacement relationship derived from the requirements given in figure
2.17. A curve is derived for each, the flow maximum, the flow mean and the flow minimum. Develop-
ment of these curves are discussed in chapter 5 and appendix A.

FL3

3EI
eqn. (2.7)

Optimizing the beam length L, width b and thickness h of the flexure beam is a function of

material cost, weight, maximum stress, properties and the fabrication processes. The

spring geometry is a function of the initial required stiffness, which, for systems that

become stiffer with deflection, is the stiffness of the spring before contact is made with the

stiffening element. Equation 2.7 can be rewritten to express the deflection as

4FL3
6Ebt Ebt3 ' eqn. (2.8)

however, because of the high frequency load cycle, maximum stress must be observed.

For infinite load cycles, maximum stress should be on the order of 25% or less of the yield
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stress. Equation 2.8 illustrates the sensitivity of the system to b, h and L. Figure 2.19

shows a graphical representation of the optimization.

Stiffhess vs. Beam Thickness

Beam Thickness (in)

Figure 2.19 A theoretical representation of flexure beam stiffness versus beam thickness for a prede-
termined beam length and width. This solution required a thin flexure to achieve the low stiffness
desired, however, the risk of fatigue posed a serious limitation. A similar curve was developed to ana-
lyze the beam width and stiffness, and the beam was optimized using the two graphs.

2.3.3 Integrating The Stiffening Contact Element

The contact element is the stiffening member of this nonlinear beam system. Its surface is

defined with respect to the beam's reference frame such that

z = fn(x), eqn. (2.9)

where x = 0 at the fixed end of the beam. In the case that the beam is curved, it may be

defined in cylindrical coordinates as

z = fn(O, r). eqn. (2.10)

As the beam deflects, it makes contact with the element, creating a reaction force. The

contact element can be a smooth and continuous surface or have discrete points of contact.
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A continuous contact surface will allow the beam to follow its contour as the beam

deflects, resulting in a stiffness behavior that is continuously variable. A discrete contact

surface will change the beam stiffness characteristics each time contact is made with a

new element (Figure 2.20). In some cases, it may be sufficient, and often more cost effi-

cient, to approximate a continuously variable stiffness using discrete elements along the

length of the beam, in lieu of the continuous surface. Certain configurations of the contin-

uous element may be difficult to fabricate using processes, such as injection molding,

whereas, discrete elements could be integrated with ease.

• " ... .... "_1 -.. - _. _ 1 P" - ____ - "KT I____-__ ____. t 2-
tiUness

Figure 2.20 A simple spring force-displacement compared to that of a nonlinear discrete and continu-
ous spring.

Three nonlinear models are presented in this section illustrating the impact of the geomet-

ric shape of the contact surface and various boundary conditions (Figure 2.21). First is the

discussion of a Timoshenko model which presents a cantilevered beam, unsupported at its

free end and having a continuous contact surface of a constant radius. Next, a discrete con-

tact surface model has been developed for this thesis having a fixed slope at the free end of

the beam. This model is most similar to the PCV valve spring, which required a curved



NONLINEAR SPRING DESIGN PRINCIPLES

beam because of geometric constraints. Finally, a beam simply supported at one end, hav-

ing a fixed slope at the other is referenced for its treatment of the shape of the geometry of

the stiffness contact surface. The design parameters of the beam and stiffening element are

shown in Table 2.2.

R

I . p

I I j ~ - - - -

surface: y = ax2 a,x+ag,

WDiscrete Contact Point

Figure 2.21 Three models are discussed in this section having varying boundary conditions, geometric
configurations and contact surfaces. The Timoshenko model having a constant radius contact surface
(upper left), a discrete contact model (upper right), and a model that is simply pinned at one end (lower
left). In the next section, a useful curved beam model is presented that has proved useful in the develop-
ment of the PCV valve (lower right).

TABLE 2.2 Beam and Stiffening Contact Parameters

Model Supported End Load end Contact Surface
Timoshenko Fixed Free Constant Radius

Thesis Model Fixed Zero Slope Discrete Point

Simple Pinned Pin Zero Slope y =fn(x)

The Timoshenko Model

In the second of Timoshenko's two volume, Strength of Materials, he discusses the

deflection of a cantilevered beam as it comes into contact with a cylindrical support of a

constant radius, R [Timoshenko, 1958] (Figure 2.22). This model assumes small deforma-
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tions and that the radius is large with respect to the beam length, 1. The contact surface is

continuous,

Ycontact = R 2 - (x- l) 2 + R, eqn. (2.11)

such that, once the beam is deflected, it is always in contact with the surface. Before con-

tact, the beam follows the simple cantilevered deflection relationship of equation 2.7. As

the beam deflects, the curvature of the beam follows the curvature of the cylinder such that

Figure 2.22 Timoshenko discusses the deflection of a cantilevered beam as it comes into contact with
a cylindrical surface as a function of the cylinder's radius of curvature. The deflection can also be writ-
ten as a function of the surface's coordinates x and y, generalizing the equation for surfaces of other
geometries.

M Pl 1
EI EI R'

eqn. (2.12)

After contact, therefore,

Px 1
EI R'

eqn. (2.13)

where x is the length of the beam from the point of contact to its free end, and so

EI
x - . eqn. (2.14)PR
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The deflection of the beam with its contact element is the sum of the three components:

(1) The deflection of the cantilevered beam,

3 2

-X 3 2 eqn. (2.15)3El 3P2R33

(2) The slope of the beam at the point where it contacts the cylinder is,

dYcontact = -(- eqn. (2.16)dx /R2 _ 2
SR -R(x - 1)

and, given small displacement and large R with respect to 1, the displacement owing to the

slope is

2 = x(lRx) - PR eqn. (2.17)

(3) The difference in displacement from the point of contact (point D) and the undisplaced

position,

i3 2 22 eqn. (2.18)

Thus, the total displacement is;

8 + 62+3 2R 6 pR 3  eqn. (2.19)

The Thesis Model

Apparent in the Timoshenko model is the nonlinearity of the force-displacement relation-

ship. The free end of the beam, however, may not suit the boundary conditions of the

given problem. The beam in the PCV valve spring, for example, is attached to a clamped

support structure at one end and to the valve plate at the end where the force is applied.

The clamped end is modeled as a fixed support, but though the symmetry of the plate
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allows vertical translation, it fixes the slope of the beam. This is where the Timoshenko

model is less similar to the spring used in the thesis valve design. Furthermore, for sim-

plicity and ease of fabrication, the valve spring approximates a continuous contact surface

with discrete elements. The thesis model has been developed using a discrete contact ele-

ment, such that the free end of the beam is constrained to a zero slope (Figure 2.23). This

adds a moment at the free end of the beam. The analytical model is developed using the

principle of superposition, applying loads P (at x = 0) and Pg (at x = a, the point where the

beam contacts the contact surface). From Young, the following are defined as; [Young,

2002]

Figure 2.23 Discrete model has a contact element at one or more discrete locations in lieu of a contin-
uous surface. The beam shown is cantilevered at the left end and allowed to translate vertically without
rotation at the right. As the beam contacts the element, a reaction force, Pg occurs. Contact changes
the effective length of the beam, making it stiffer.

2 2
P8 (L2  a ) PL

MA= 2L - eqn. (2.20)

PL P(L-a) 2

MB- 2 2L , and eqn. (2.21)

B- pL 3  1 5I ( L - a)2 (L + 2a). eqn. (2.22)12EI1l 2 EI( - ±2)
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Equation 2.22 is the equation of the deflection of the valve plate at B as a function of the

pressure induced force at the plate, P, and the contact element reaction force, P&. P3 how-

ever, is also a function of P. Therefore, to determine the relationship between P and Pg,

the moment is written and integrated, such that for all x > a,

v"EI= P(L - x)-MB-P 8 (x - (L - a)). eqn. (2.23)

Substituting in equation 2.20 we get,

PP 3L ( aL2 23L~8~L-a
v= -- -x)-E- 2L + x-L +) , eqn. (2.24)

for which, we can integrate and apply the boundary condition (slope = 0 at x = 0) to get,

P 2 P 8(L2 -a 2)x 2v'= (3Lx - x2 )a- + - Lx + ax). eqn. (2.25)2EiL EI 2L 2 "

Integrating once more gives the deflection as a function of x,

( P 3Lx 2 x~3  P 2 ((L2 -a2 )x2  x3 Lx2  ax eqn. (226)V - L -- +4a . eqn. (2.26)2El 2 3 2EIl 4L 6 2 2

Using the boundary condition, v(a)=Sk, which is the point at which the beam makes con-

tact with the contact surface, solve for C, and substitute to find,

P 3L(x -a 2 ) a3 -x L24 2 4 2x2 23 + Lx 2 -La 2 -ax + s,. eqn. (2.27)
vE--I, 2 +":) +M-I• 4L "3-6 2"

Using the boundary condition, v(O) = 0, and solving for P, then gives,

p(3 L a 2  - 2 E
P= 2 2 4 3 2 eqn. (2.28)

L 2 aa -a 2a La
4L 3 2

Substituting equation 2.28 back into equation 2.22 gives the deflection of the system with

respect to the applied load, P,
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p(3La' 2EISa=  PL3 + 2 ~ - 2EI k(L - a)2(L + 2a) eqn. (2.29)
3 2+12E1 eqn.(2.29)

12E L2 a2  4  2a3 2 12EIL - a 2a La
4L 3 2

Equation 2.29 is linear and represents the deflection of the beam after contacting a single

discrete contact element at location, (a, 3k), with respect to the beam. Since P and 6 are

derived from the desired stiffness, and are therefore, given, a more convenient form of this

equation is,

2 3 2 2 4 3(3La a PL 12EI (a -a La
2 3) 12EI) (L -a)2(L + 2a) 4L 2

Sk = 2EI cqn. (2.30)

This equation can be found in the MathCAD worksheet included in appendix A, wherein,

the desired flow rate of a flow control mechanism computes the required spring stiffness

and outputs the design parameters for the contact element, a and 6.

For multiple contact elements, superposition can be applied to subsequent points of con-

tact. For discrete elements, it can be assumed that the beam makes contact with exactly

one element at any time. It should also be noted that, though equation 2.29 is linear, it

holds true for the nonlinear continuous contact surfaces as well. In this case, however, the

point of contact, (a, ck), varies as the beam deflects and is difficult to solve. It is this vari-

ation that makes the deflection nonlinear.

Pinned Beam Model

The Timoshenko model describes a continuous contact surface having a constant radius,

R. The thesis model illustrates a discrete contact point that changes the stiffness. What

remains is a contact surface whose geometry is described as a function of the distance, x,

along the beam (Figure 2.24). Li derives such a model, having a contact surface described

by the equation [Li, 2004],
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c(x)= a2x2 + alx + a0, eqn. (2.31)

and a pin at the supported end of the beam. Given this second order contact curve, the

deflection at the end of the beam is,

y(L)= (2a 2L2 + alL) 2E(2a2+L + a) + a2L 2 + ao.
FL2 L +a L + a0.

eqn. (2.32)

Figure 2.24 Nonlinear spring model illustrated by Li.

Though the continuous contact element may be desirable, the pinned end constraint is not

an adequate representation of the PCV valve constraint. Furthermore, notching the plate to

create the pinned support creates a high risk of fatigue failure, given the high frequency at

which the valve plate vibrates. For these two considerations, the thesis model has been

chosen as the analytical basis for the PCV valve prototype.

2.3.4 Curved Cantilevered Beams

If the shape of the beam is linear in the plane of its deflection as implied in the Timosh-

enko and Roark models, axial loads would also be induced by the symmetry of the flexure.

The impact of axial loading, however, can not be neglected. To avoid axial loading, the
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beams in the valve design spiral towards the valve plate. As the beams deflect, the plate is

free to rotate and axial loads within the beams are neglected.

In his Ph.D. thesis, Joachim Sihler proposed a circular tether design for a three-way silicon

microvalve [Sihler, 2004]. In it, he developed an equation for the stiffness of a cantile-

vered curved beam having a zero-slope-zero-twist constraint at its end (Figure 2.25). His

theory proved useful in the development of a nonlinear spring because it is able to deflect

without parasitic axial loading. This zero-slope-zero-angle constraint also increases the

stiffness of the beam, which, when combined with the contact feature, increases the range

of the beam's nonlinearity. Sihler proposed that the deflection of such a beam could be

determined from the expression,

Figure 2.25 Applied forces and orientation of the circular tether proposed by Sihler [Sihler, 2004].

5F=

E3( I+ GIR Eb I)~
eqn. (2.33)

where,
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L I2( : )(ao - sino) + cosao - 1) eqn. (2.34)

and,

(4 sinaocosa 0) + (a 2 - 4) sin 0o + a0 (sino 0 )2)F = eqn. (2.35)4(1 - cosao)
The deflection of a curved, nonlinear beam contacting an external member can be better

approximated using Sihler's theorem. To determine the geometric configuration of a non-

linear spring having a curved cantilevered beam, substitute equation 2.33 for equation 2.7

and follow the design process for the linear beam. This is not difficult, but well suited for

symbolic math software such as MathCAD or Maple.

2.3.5 Finite Element Analysis Of The Continuous Contact Surface

Several analytical solutions have been presented, each having its own set of limitations.

The objective is to understand these limitations of each model and the implications of each

approach. Once a theoretical solution has been defined, finite element analysis (FEA)

models can be used as a sanity check for the results and locations of stress concentration.

In developing an FEA model, however, an understanding of the limits of the software is

needed to insure that it is capable of analyzing the contact between the beam and surface,

and that the model itself represents the intended physical description. Though most FEA

programs allow a zero-rotation constraint (0 = 0) at the end of a beam, some will not prop-

erly constrain a beam model using solid elements when contact analysis is being consid-

ered. The model, however, may be developed in such a way that this constraint is kept. For

the FEA model used here, the free end rotation is constrained by a double beam flexure

(Figure 2.26). This double beam allows translation in z while preventing rotation at the

end. Each of the double beams are three times the length, and half of the thickness of the

flexure being measured, meaning the stiffness ratio to the beam being measured is nearly

27:1. There is also a double beam flexure at the end of the first double beam allowing dis-
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placement in the x direction, preventing the development of axial forces in the measured

flexure. It is critical to ensure that the model being analyzed represents the model desired.

The results of this FEA analysis are shown in Figure 2.29.

•.- L

Double Beams

Figure 2.26 A model is developed that will constrain the slope right end of the beam (0=0) and mini-
mize axial loads. The double beams (length = 3L) prevent rotation, have a combined stiffness that is
much less than that of the section on interest, having length, L, and can be ignored for first order
approximation. The vertical double beams at the far right allow horizontal translation, minimizing
axial loads in the section of interest (see Figure 2.27). For this analysis, L=100mm, the beam thickness
is 2mm and the material specified is aluminum 6061. The entire plate has a width of 5mm and the
thickness of each of the double beam member is Imm.

Figure 2.27 FEA deflected shape of beam and contact model. As the beam makes contact with the
surface, forces are generated along the beam, counteracting the applied force and increasing its effec-
tive stiffness. Figure 2.29 plots the force against the displacement.

2.3.6 Geometry Of The Contact Element

The contact surface may take on many geometric configurations. It is useful, however, for

the surface to follow a second order polynomial of the form,

z = -px 2- x-g. eqn. (2.36)

II
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p and 4 are coefficients that determine the shape of the surface and g is the gap between

surface and the beam at the cantilevered end (Figure 2.28). The 4 term may be used to fine

tune the shape of the surface, however, the stiffness of the beam is much more sensitive to

the x2 and g terms. For this reason, the 4 term is not used. The term, g, translates the sur-

face from its position at the origin without altering its geometry (Figure 2.28). This term

is useful in that it creates a region of linear stiffness before the displacing beam makes

contact, which then, causes it to behave nonlinearly (2.29). The 13 term, on the other hand,

causes the second order surface to pitch (Figure 2.30).

The 3 and g terms are used in combination to create the desired contact surface geometry.

A detailed discussion is presented in Chapter 5 and the corresponding MathCAD work-

sheet is included in appendix A.

Figure 2.28 The term g in equation 2.36 causes the contact surface to translate. The z1 curve is the
contour of a contact surface where g = 0, and in the z2 curve, g has a non-zero value (g=O.15mm). Both
curves share the same 3 value (P= 1.76mm), and as one might expect, the resulting deflection of the
nonlinear regions are the translation of one another (Figure 2.31).
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Figure 2.29 FEA results for the force-displacement of the model shown in figures 2.26 and 2.27.
Having a gap, g = Imm, the 100mm beam makes contact with the continuous surface at end displace-
ment, z = 5mm. Until the beam makes contact, it behaves linearly. After contact, the stiffness becomes
nonlinear.

I 1 ' t ,

I=l Oumm i

Figure 2.30 The 3 term in equation 2.36 changes the pitch of the contact surface. The z3 surface
above is compared to the z1 surface. In the z3 curve, g=O. 15mm and P' = 1.42mm. P' is defined, such
that z1(100mm) = z 3(100mm) = 81. The resulting stiffness lies between the stiffness resulting from
contact with the z1 surface and that of contact with the z2 surface (Figure 2.31).

.m
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Force vs. Displacement Curve

U U, I U.2t U U UD14 slU.m U.6 (.7

Beam Displacemlent (mm)

Figure 2.31 FEA results of the beam shown in figures 2.26 and 2.27 for each of the surfaces dis-
cussed in figures 2.28 and 2.30. The figures are shown overlaid over the required stiffness curves (Fig-
ure 2.18).



Chapter 3
FLOW CONTROL MODELS

Springs serve several mechanical functions. They sometimes actuate mechanisms, provide

preload or just maintain constant force. Springs are also very useful in passive flow con-

trol devices. In pressure vessels, check valves use springs to keep internal pressure below

the threshold of safety. When the internal pressure exceeds the force of the spring, a flow

passage is opened, expelling gas and thereby, reducing the vessel's internal pressure. Pas-

sive back-flow prevention valves function similarly, held open by the force of a spring to

allow flow while the fluid is under positive gauge pressure, but closing to prevent back-

flow when the pressure becomes zero or negative.

Both check valves and back-flow prevention valves are two-state systems, either allowing

or preventing flow as a function of the spring mechanism's response to pressure. For a

flow control system, this pressure is the input and the resulting flow, or lack of flow, is the

response. These valve systems are only two of a variety of classifications of valves, and

there are a variety of different ways that each can be configured. There is another class of

valve systems, however, that can provide a flow response that varies as the input pressure

changes. This is the class of flow regulating valves. The relationship between the input

pressure and the resulting flow is the pressure-flow profile. In most flow regulating

devices, the pressure varies nonlinearly with respect to the displacement of the spring

mechanism. This is because the fluid pressure varies nonlinearly with the size of the flow

passage, and the flow passage varies linearly with the displacement of a linear spring

mechanism. As a result, the forced caused by the increasing pressure eventually becomes

much larger than the spring force, causing a force imbalance, which instantaneously

changes the flow state, interrupting the flow. This means that a flow mechanism having a

linear spring is severely limited in the range in which it can regulate flow. To address this

limitation, flow device will need a nonlinear spring to maintain the balance of forces in the
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operating range. With the proper design of a nonlinear spring mechanism, a flow control

device can provide a flow response that corresponds to the desired pressure-flow profile.

3.1 A Nonlinear Spring Element Valve

There is more than one configuration to make up a nonlinear spring flow control mecha-

nism. Many of the nonlinear spring types presented in Chapter 2 can be used as the basis

for a design. Flow control mechanisms are often limited, however, by the constraint of the

housing envelope and/or the environment in which the device must operate. There may

also be form factors limiting the size of the device. If the device is to regulate the flow of

fluid in an automotive system, for example, it will have to abide within the constraints on

size and form driven by the industry's push towards smaller, cheaper, and lighter parts. If

this device, however, is for a medical application in which the flow controller regulates the

blood flow from within the body, the form factor and the materials acceptable for use will

be quite different. In microscale devices the form, selection of materials and configuration

of the device may be determined by the state of the art in micro fabrication technology.

Although there are many possible configurations for the spring and flow control mecha-

nisms, integrating a nonlinear spring into the device can be difficult.

The cantilevered beam with contact element shown in figure 2.16 lends itself easily to

micro and macro scaled devices, is robust in the design of flow control mechanisms, has

few parts, and is low in cost to fabricate. Furthermore, with careful design, this type of

nonlinear spring, used in the configuration of a low-cost back-flow prevention valve cre-

ates a high-precision flow control device.

3.1.1 Pressure-Flow Profiles

The nonlinear spring is a key element in this type of passive flow regulating device, but it

is important to understand the physics of the flow controlling mechanism. In designing a

valve, the given pressure-flow profile represents the desired response of the control sys-

tem. This response is the relationship between the pressure (system input) and the actual
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flow response (system output). The pressure-flow profile for a desired flow control device

may be expressed in the form

Q = fn(AP), eqn. (3.1)

where AP is the pressure input and Q is the output flow rate. If the regulating mechanism

were a simple orifice, the flow rate through the orifice would increase as the input pressure

increases. Orifice flow has the pressure-flow profile of the form,

Q = Co(AP) n , eqn. (3.2)

where the exponential, n, is typically 0.5. Goldstein provides a broad definition of Co, a

formulation of the properties of the fluid medium, the flow characteristics and the geome-

try of the orifice, of the form,

Co = FbFrYFpgFtbFtFFpvFmFaFI eqn. (3.3)

where Fb = basic orifice factor
Fr = Reynolds number factor
Y = expansion factor
Fpg = pressure-base factor
Ftb = temperature-base factor
Ftf= flowing-temperature factor
Fg = specific-gravity factor
Fpv = super compressibility factor
Fm = mercury-manometer factor
Fa = orifice thermal expansion factor
F, = gauge-location factor

[Goldstein, 1996].

The graph of Figure 3.1 shows a set of pressure-flow profiles obtained experimentally for

orifices of varying diameters. As illustrated in the graph, in an orifice, the flow rate

increases as input pressure increases. There are classes of problems, however, that require

that the pressure-flow profile have a constant flow response or even that the response

inversely corresponds to the input pressure. This is not a problem for flow control devices

that use actuators and feedback systems, but is quite challenging in the design of a passive
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Figure 3.1 Experimental data taken by measuring the flow rate through an orifice as the vacuum
level increases. Orifice pressure-flow profiles take the form of equation 3.2. The orifice diameter,
DO, and corresponding flow rate, Q, are shown for each curve. The orifice diameter is factored into
the coefficient term of the flow rate. (Data acquisitioned at 5 hertz.)

flow control device. It can be difficult to characterize the response of the control device.

Even if it can be approximated as an orifice of a varying diameter, many of the factors of

the orifice coefficient, Co, for real compressible flow are difficult to quantify and is most

often determined by experiment. Given the theoretical data, however, the coefficient can

be calculated using equation 3.3 as referenced in Goldstein.
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3.2 Quantifying the Mechanism of Flow Control

A passive flow control device consists of a housing, a flow passage, and an inner valve

mechanism that varies the size of the flow passage. In a passive valve, the mechanism is a

spring actuated device that opens or closes (depending on the type of valve) the size of the

flow passage as the spring deflects. The spring is actuated by the pressure difference

across the valve, and depending on its design and orientation, gravity. If the model of this

mechanism is simplified to consider the flow response only as a function of the input pres-

sure and the position of the valve element, it can often be analyzed using classical methods

of fluid mechanics. Once the flow characteristics are known for a given geometry, the rela-

tionship between the size of the flow passage mechanism and the forces acting on it can be

determined by balancing the forces. Classical and empirical methods of analyzing flow

characteristics are discussed in detail in Section 4.3.

A valve mechanism can be a single element or a mechanism comprised of several compo-

nents. It can consist of springs, bearings, washers or floating components which, when

actuated, control the flow of a medium through the device. Aflexure valve is one in which

the valve mechanism is a single monolithic part incorporating a spring flexure and a flow

regulating plate. This type of mechanism is herein referred to as a monolithic flexure ele-

ment (MFE), and the comprising valve, an MFE valve. Valves of this type have been used

in many applications in both, macro and microscale systems. The automotive positive

crankcase ventilation (PCV) system is one that presents a unique opportunity for the use

of this type of valve because the system requires precision flow control at production

scales that demand very low cost per unit (Figures 3.2-3.4). The MFE valve has several

advantages over current production PCV valves, including a lower part count, easy assem-

bly, and a cost that is 40% less than its production counterpart. The MFE valve is also

nominally open and has no contacting frictional surfaces. This makes it more responsive

and less prone to the effects of hysteresis. This is very significant in low-cost flow control

devices, in that, as systems incorporating these devices improve and become more respon-

sive, the error in these valves becomes a larger percentage of the systems' overall perfor-
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mance limit [Ruel, 2000]. A low-cost MFE valve system, yielding high-precision, open-

loop flow control and faster response, will eliminate the need for expensive, close-loop

control solenoid valves, which can be a large percentage of the overall system cost.

im

ill

Figure 3.2 The automotive PCV system ventilates the crankcase of oil degrading combustion
gases. The PCV valve regulates the flow through this system.

3.2.1 Monolithic Flexure Element (MFE) Flow Control

In order to control the flow of a fluid using an MFE valve, it is necessary to understand

both the fluid flow dynamics and the structural dynamics relationships of the valve. The
valve's flow rate is a function of both, the pressure differential across the element's plate

and the size and structure of the flow opening. For the MFE valve, the effective flow open-

ing is also a function of the pressure differential. These relationships must be integrated

before a physical description of the flow rate can be written. For example, consider that
the flow rate function illustrated in figure 3.5 is specified. This is the pressure-flow profile
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Figure 3.3 Functional assembly of a typical automotive PCV valve.

Figure 3.4 Components of a conventional automotive PCV valve. Valve consists of a two piece
housing and the four parts of the valve element, which regulate the flow. The valve element here is
comprised of a steel pintle, a compression spring and two washers that define the valve's flow pas-
sage. The cost-per-valve to the vehicle manufacture is $1.

for a standard 2.1 scfm PCV valve. This means that the maximum flow rate of a valve in

this category will be at a mean of 2.1 cubic feet per minute at standard temperature and

pressure, a unit of mass flow rate. The typical pressure-flow profile of a PCV valve has a

high flow response at low input pressure and a low flow response at high input pressure.
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This corresponds with the fuel-air mixture needs of the intake manifold during the operat-

ing parameters of the internal combustion engine.

Figure 3.5 Typical flow rate specification for a PCV valve. Every valve validated to have flow rates
between the maximum and minimum curves throughout the pressure range meets specification.

3.2.2 Mechanical Design

MFE valves use a monolithic flexural element consisting of a flow regulating plate teth-

ered to a support structure by compliant flexures. The number, size and geometric config-

uration of the flexures may vary. The flow regulating plate is held in position adjacent to

the flow passage orifice, the outer perimeter of which, forms the valve seat. The distance

between the valve seat and the flow regulating plate varies as a function of the flexures'

stiffness and the force applied by an input pressure and/or external/integrated actuators

(non-passive MFE valves may consist of bimetal strips or wax motors). The distance

between the regulating plate and the valve seat is called the gap height, h, and defines the

size of the flow opening and thus, controls the flow rate through the valve (Figure 3.6).
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Figure 3.6 Two dimensional representation of a flexure valve in its undeflected (top) and deflected
(bottom) positions. The flow regulation plate is shown having a thickness greater than the flexure
beam for clarity. In practice, the plate and beam are a monolithic part of uniform thickness.

3.2.3 Kinematic Structure

The beams used to tether between the plate and the support structure may vary in geomet-

ric form and determine the initial stiffness of the valve element. To minimize axial load in

the beam, it is configured such that the beam is fixed at the support structure end and

allowed to translate, but not rotate at the plate end (Figure 3.7). The contact surface is inte-

gral to the housing and gives the beam its non-linear stiffness characteristics, resulting in a

valve element designed to reproduce a given pressure-flow profile (Figure 3.8).

The equation predicting the stiffness of the curved tethers proposed by Sihler [Sihler,

2004] considered the deflection of a curved, cantilevered beam being fixed to zero angular

deflection at its free end. The deflection is, therefore, due to the force applied at its end

1
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Figure 3.7 Flexure element is comprised of the support structure, the valve plate and the tethers that
connect the two. The housing features an integrated valve seat and stiffness platform. Each of the
three tethering beams can be considered a fixed curved beam allowing only z-translation at the point
where it connects to the plate.

and the deflection due to the twisting of the beam caused by the eccentricity of the same

force with respect to the curvature of the beam. Using the sum of the displacements cre-

ated by twisting and simple bending, he determined a stiffness equation (eqn. 2.33) and

corroborated its accuracy over a small range using finite element analysis. This proved

very useful in the geometric optimization of the structure. This approximation has been

verified empirically and is well behaved for the range of the input pressure experienced by

a typical PCV valve in an engine.

3.2.4 Mechanical Characteristics

In order to determine the relationship between the mechanical characteristics of the valve

and the flow rate, it is necessary to understand the physical relationship between the flow
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Figure 3.8 The valve of Figure 3.6 incorporating a contact surface (top). The contact surface acts to
stiffen the deflected flexure beam (bottom). As the beam makes contact, its effective length is
changed.

rate and the deflection of the spring. To do this, it is helpful to develop a simplified mathe-

matical model of the valve's internal flow passage. Once this analytical model is com-

plete, the flow rate can be determined with respect to pressure for a given gap height. The

accuracy of this solution, however, is dependent upon the validity of the assumed model.

This model will be validated in section 3.2.6 with experimental data.

The flow rate for the valve in Figure 3.7 may be solved by considering the model shown in

Figure 3.9. The valve flow passage opening has an inner diameter, d, while the valve plate

has an outer diameter, D. The distance, h, between the valve plate and the flow passage

opening, which forms the valve seat, is small compared to the characteristic length,

I

I

-: rr r:r r r -·
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D-d
2 " eqn. (3.4)

If this characteristic length is on the order of 10 times greater than h, the valve resembles a

two classical thrust bearing model wherein,

APanh
Q P- 3  eqn. (3.5)

6pln D

d

This model may be valid for a thin fluid film flowing radially through the gap, where h is

small compared to the circumferential length around the valve seat, itd (Figure 3.9)

[White, 1986]. A valve meeting the above criteria, however, should be validated experi-

mentally to verify that the model can be modeled with equation 3.5. Though equation 3.5

seems practical, it is probable, that it does not represent the geometry of the valve and a

different model is required to describe its flow characteristics.

awq/ /W./Vatwe Pte

Valve Seat Q

Figure 3.9 Flow is controlled in the gap between the valve plate and the valve seat (left). The valve
flow passage has the dimension d while the valve plate has the dimension D (right). The gap height h
is small compared to the characteristic length (D-d)/2. If this characteristic length is on the order of
10 times greater than h, the valve resembles the classical thrust bearing model. Only when this is
true, however, can equation 3.5 be used to model the flow.

In a passive valve, it is the opening of the flow passage that responds to input pressure. It

may be necessary to verify this relationship experimentally, but the more representative

the flow model, the better the approximation. Consider that the desired pressure-flow pro-

file is given in the form of equation 3.2. The valve will have an equation of the form,

Q = fn(AP, h).

UUI~W~LI

~p
II I

4- h
--T

eqn. (3.6)
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To develop the model of the valve that produces a response equivalent to the desired pres-

sure-flow profile, solve equations 3.2 and 3.6 for Q and set them equal to each other as in;

fn(AP) = fn(AP, h). eqn. (3.7)

From this expression, AP can be factored out of both sides of the equation and moved to

one side to yield an expression for AP as a function of h. This pressure-displacement rela-

tionship is analogous to the load-displacement equation of the spring mechanism. For an

input pressure that varies nonlinearly with respect to the displacement h, a nonlinear

spring must be used to balance the forces. The stiffness of the required nonlinear spring

can be determined by multiplying AP by the area it acts on to yield the spring's force-dis-

placement function (Figure 3.10) [ISA-S75.01, 1983].

A

z
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Figure 3.10 Force displacement curve for the tether connecting the plate to the support structure of
the valve element. The tether itself is the spring mechanism and must be nonlinear to maintain a
force balance with the input pressure and maintain flow.

3.2.5 Flow Models

Classical fluid dynamic theory offers many tools for determining fluid flow through con-

trol devices, however, actual fluid properties, flow velocities, pressure, temperature and

densities are seldom known. To derive an analytical model that adequately describes flow

through a valve, experimentation is often necessary. In the theoretical model development
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of the valve shown in Figure 3.7, two theoretical approximations were considered; a thin

film flow model (eqn. 3.5) and an orifice approximation (eqn. 3.2). Both entail assump-

tions that must be verified before the solution is considered valid.

Thin Fluid Film Model

The thin fluid film model developed in Section 3.2.4 was used to illustrate the relationship

between the flow rate, Q, the pressure differential, Ap, and the gap height, h. This model,

however, assumes fully developed flow is obtained in the characteristic length, (D - d)/2

(Figure 3.9). In order for this to be true, (D - d)/2 must be an order of magnitude or greater

than the gap height, h, which is also a function of the pressure difference across the plate.

This fully developed flow criterion must be met in order for the thin film model to be

valid.

The components shown in Figure 3.7 are part of a PCV valve prototype. It is the first of a

series of MFE valves designed to test the flexure element concept. The internal elements

of this valve are represented by the geometry shown in Figure 3.11. The characteristic

length, however, is of the same order as the gap height and thus, the fully developed flow

criterion is not satisfied. For this case, the thin film model can not be used.

-r..&" ..r

Figure 3.11 The cross section of the MFE valve shown in Figure 3.7. The characteristic length,
(D-d)/2, is of the same order of magnitude as the gap height, h, so fully developed flow will never be
achieved. The thin film model, therefore, is not valid.
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Orifice Approximation

The thin film model is dependent upon a fully developed flow. When the fully developed

flow criterion is not satisfied, however, a different model must be selected. In Figure 3.11,

the characteristic length is of the same order as the gap height. This is similar in principle

to an orifice, in which the characteristic length must be a quarter of the orifice diameter or

smaller for the equation,

Q= ConDh J, eqn. (3.8)

to be valid (Figure 3.12). This equation relates the flow rate to the pressure differential as

a function of the flow area. Co is the orifice constant and can be obtained experimentally

or computed from the factors accompanying equation 3.3. The valve plate diameter, D,

and the gap height, h, are design parameters.

To correlate the orifice model and the PCV concept valve (Figure 3.11), consider that the

characteristic length (D-d)/2 is analogous to the orifice dimension, d/4, and the gap height,

h, is related to the orifice diameter, d. If the valve parameters are written in the terms of

the orifice criterion, then,

(D - d) h2 h4. eqn. (3.9)

This is only a two dimensional representation and does not take into account the greater

amount of area due to the length around the circumference of the valve plate, but in the

valve, as well as the orifice, the circumference dimension (whether the circumference of

the plate, nrD, or the orifice, 7rd), is a three dimensional factor of the characteristic length

and the gap height and does not change the equation. The orifice equivalent criterion for

the valve would therefore be,

h Ž 2(D - d). eqn. (3.10)

This is the equivalent of the orifice criterion for this MFE valve geometry, however, Co

needs to be quantified and the validity of the orifice model proven.



96 FLOW CONTROL MODELS

3.2.6 Experimental determination of flow coefficient

An orifice is a flow opening that follows the geometrical form of Figure 3.12. It offers a

flow passage containing a sudden restriction that does not allow development of any char-

acterizable flow regime. It was this observation that prompted the analogy to the valve

plate, valve seat geometry, in that the gap height is large compared to its characteristic

length, (D-d)/2. Many of the real physical parameters required to compute Co are

d/4 or less
ý

Figure 3.12 An orifice model assumes t/d < 1/4 so that fully developed flow through the orifice
region is not possible.

Valve Plate -

Valve Seat /

h

Figure 3.13 Solid model of a set of test valve elements representing a valve seat having a valveplate positioned at a fixed height, h, above the seat. Three test elements were made, having an outerdiameter, D = 5mm, an inner diameter of 3mm and h = 400gm, 600pm and 900gm respectively.

unknown, but Co can easily be determined by experiment. The experiment consisted of a
vehicle equipped with sensors designed to record temperature, pressure and flow rate data.
This vehicle system, called the Onboard Real-Time Data (ORTD) system was developed
specifically for measuring the characteristics of an automotive PCV valve during the oper-

:;;;:I;:;;:;;;;: ;
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ation of the vehicle (Figure 3.14 and Figure 3.15). To determine Co, three test elements

were fabricated, each representative of the valve plate, valve seat interface for a diameter,

D, of 5.1mm and varying gap heights, h (see Figure 3.13). The gap heights tested were

400gm, 600gpm and 900gam respectively. Each value of h represents the state of the ele-

ment at a different state of the valve.

Figure 3.14 The Onboard Real-Time Data Collection system (ORTD) uses pressure transducers
and a mass flow rate meter to record the output of the valve or valve components throughout the
internal combustion engine's cycle. Data is recorded in real time and analyzed against data from city,
highway and cruise control driving conditions.

Figure 3.15 Data acquisition interface for the ORTD system. System provides real-time informa-
tion on valve performance as well as system response of the vehicle.
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Test Objective

It has been proposed that the orifice model is representative of the flow characteristics of

the PCV concept valve, but this needs to be verified. The ORTD has two objectives to this

end; to determine an empirical value for Co, and to verify the orifice model for this valve

plate - valve seat flow control geometry.

Test Measurement System

The ORTD records data during a vehicle road test. Pressure and flow rate data is recorded

in real time as the vehicle is operated under specified driving conditions. The vehicle used

in this test is a 1994 Ford Explorer having a 4.0 liter, six cylinder V-configuration, two-

valve engine. An Omegas digital mass flow rate meter is used to record the flow rate,

while the pressure is read by an Omegas pressure transducer. An air filter is used to keep

pollution from fouling the flow rate meter. Data is recorded using a laptop equipped with a

National Instruments Labview data acquisition card and the appropriate software

(Figure 3.16). Connected to the cam cover side of the PCV valve is a mass flow rate meter

(Figure 3.17a) which attaches to a filter (Figure 3.17b) that is open to fresh air. A pressure

transducer is mounted to the PCV valve to monitor the pressure drop across the valve plate

(Figure 3.17c). A procedure for locating a pressure transducer on a PCV valve can be

found in the Ford documentation entitled PCV Valve Oscillation Test [CETP: 03.08-L-

418]. The specimen is installed in a special aluminum manifold that also mounts the pres-

sure transducer. For the orifice model verification, the manifold replaces the PCV valve

and the specimen is left open to the atmosphere.

Test Specimen

A solid model of the test specimen is shown in Figure 3.13. Three prototypes were made,

each representing the internal valve components having a fixed gap height. Each of the

prototypes were fabricated from a Delrin tube, having an outer diameter D = 5.1mm and a

wall thickness of 1mm. The specimen were fabricated with gap heights of h, equaled to
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Open air
P=I atm

Data Acquisition

Figure 3.16 Schematic layout of ORTD vehicle setup for the test specimen.

(a.) (b.)

Figure 3.17 The testing and measurement components are shown above. The Omega model
FMA-1 611 (a.) was used to monitor the mass flow rate of the valve. A moisture trap/filter (b.) was
used to filter out impurities that might affect the flow rate meter's measurement. Two pressure
transducers were used (c.) to measure the pressure difference across the internal element of an
MFE valve.

400p.m, 600pm and 900ptm, respectively. Each prototype obeys the orifice criterion (eqn.

3.11), and represents a position of the valve plate at a different state of operation.

Test Procedure

To conduct this experiment, the manufacturer's PCV valve was removed from the engine

and the test element installed to measure the flow rate through the element with respect to
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the engine's intake manifold vacuum level (Figure 3.18). Once recorded for each gap

Figure 3.18 Flexure valve shown modified with pressure transducers and installed in 4.0L V6
engine (1994 Ford Explorer) for preliminary road test.

height, the data was used to determine an approximate orifice coefficient value for the

valve. The procedure is outlined in Table 3.1.

Test Results

The raw data and the refined orifice equation derived from the second order curve fit for

each of the three test elements are shown in Figures 3.19, 3.20 and 3.21. The data for the

test element having a 400pm gap shows a well behaved narrow band of data. The data

shows a curved trend, similar to the shape of the orifice of Figure 3.3. Using Microsoft



Quantifying the Mechanism of Flow Control

TABLE 3.1 ORTD Test Driving Test

Excel to create a curve fitting power trend line, the data yields an approximate orifice

coefficient of

Co = 0.782 . eqn. (3.11)

The test element having a 6001pm gap also shows a well behaved band of data, very simi-

lar to the curved trend produced by the 400ptm element. The value of the orifice coeffi-

cient is the same as equation 3.11. The test element having a 900pm gap, again shows the

same trend, however, an automatic curve trend reveals an orifice coefficient of

S= 0.737 . eqn. (3.12)
C = 0.737 1 - eqn. (3.12)

0kg

Orifice Verification Test Procedure

Remove existing PCV valve.

Install specimen into a small three-way manifold. Insert a vacuum hose and the
pressure transducer into the remaining fittings of the manifold. Connect the
vacuum hose to the flow rate meter, and the flow rate meter to the engine intake
via vacuum hose. Do not insert specimen into engine valve cover. It should
remain open to fresh air. Secure hose and manifold with cable ties or hose
clamps, if necessary.

Turn on computer and verify that it is receiving signal from each sensor. Road
test the vehicle following the three simulations as specified.
1.) 20 minute city simulation; stop and go traffic, vehicle speed under 30 mph.
2.) 5 minute total idle time (during city simulation)
3.) 20 minute highway driving simulation; speed 55-75mph. (Include uphill,
full-throttle simulation with cruise control).

Observe data. Plot mass flow rate vs. pressure. Using MS Excel, determine a
second order approximation for data. From approximation, Q = KAi .

Compute Co = K/Dh, where D is the outer diameter of the specimen and h is the
gap height.

Compare Co for each specimen. If each of the three specimen show a consis-
tency in Co, then the orifice model is verified.

101
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When considering the cause of this discrepancy, first consider that Co may vary nonlin-

early with flow area. From Goldstein, equation 3.3, and referencing Figure 3.12, the

expansion factor, Y, is dependent upon the ratio of d:D. This ratio may also influence the

super compressibility factor, Fp, the orifice thermal expansion factor, Fa, and the pressure

base factor, Fpg. This would be a cause of the orifice geometry. The cause could also be

within the power of the vacuum. If the size of the orifice area is much larger than the size

of the flow area of the PCV valve used in the vehicle, the engine may not be able to main-

tain a level of vacuum with the large flow opening. Under a constant vacuum power, P,

the flow rate, Q, decreases as the flow area, A, increases, as illustrated in

Pv = QA. eqn. (3.13)

If a vacuum hose is removed from the intake manifold of an engine, the vacuum level

diminishes. This will result in rough engine idle and loss of power due to an imbalance in

the engine's fuel-air mixture.

and 600pm gap heights both yield Co of va•s of 0.782 r . The prototype having the

900gm gap height yields a value of 0.7374 --. This is still within six percent, however,7 kg
but the flow area through this test element is larger than the production PCV valve for this

vehicle and so, the engine is not capable of producing maximum vacuum. This is equiva-

lent to having a large hole in the manifold that reduces the vacuum capacity of the engine.

It is likely, therefore, that the 4.0L V6 engine used is not capable of generating the vacuum

level required for the.hiher flow rate at this opening size. To conserve the data, an aver-

age value of 0.767 -Im is substituted into equation 3.8 to generate the design solution
V kg

(eqn. 3.14), but a further testing of test elements w3in the size of the engine requirements

may reveal that the correct value for Co is 0.737 7n

Q = 0.767 Dh
Q = 0.767 D Dh1KIA eqn. (3.14)

rkg
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Figure 3.19 Test results data showing flow rate versus vacuum level for test element of Figure 3.13
having a 400pm gap height. The corresponding Co for 400ptm gap height is 0.782(m3/kg)* 5.

a 2 3 4 5 6 7 9

Vacumo Leel On. H)

Figure 3.20 Test results data showing flow rate versus vacuum level for test element of Figure 3.13
featuring a 600 im gap height. The corresponding Co for 600ptm gap height is 0.782 (m3/kg) 0 5.

A model developed and evolved by Henning in the study of microvalves was used as a

basis of incremental refinement [Henning, 2000, Henning, 1998 and Henning et. al.,

1998].
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Figure 3.21 Test results data showing flow rate versus vacuum level for the test element of
Figure 3.13 featuring a 900pim gap height. The corresponding Co for 900pm gap height is 0.737
(mi3/kg)o

.5

TABLE 3.1 Experimental Flow Coefficient Values

Gap Height / Fabrication 3
Tolerance (ýlm) Measured Co / Systematic Error ( rk)

400 +50 0.782 +0.01
600 +50 0.782 +0.01
900 +50 0.737 +0.01

Average value 0.767 +0.01

3.3 Vacuum Pull-in and Nonlinearity

Section 3.2 derives the fundamental relationship of the flow area determined by the gap

height, h, and the flow rate, but it does not address the important issue that the gap height

is a function of the forces acting on the valve element. The gap height is a function of

gravity, the fluid shear of the flow, the force of the spring flexure and the fluid pressure

acting on the valve plate. In a monolithic valve element system, the mass of the plate is

negligible and so gravitational force is seldom significant. Fluid shear is random in vec-

tor, when not within a fully developed regime. For the first order approximation, it can be

ignored, however, it may contribute to high order frequencies, which may produce

unwanted effects such as sensible noise. This leaves the force of the spring flexure, which

Mass Flow Rate vs. Vacuum Pressure
4 5

4 3

S25
2

1.5

0.5
0

i...........i. rifice M odel
.--.- Mass Flow Rate

0 1 2 3 4 5 6 7

Vacuum Level (In. Hg)



Vacuum Pull-in and Nonlinearity 105

is linear with respect to h, to balance the pressure induced force, which is nonlinear with

respect to h, as seen in equation 3.14. As h decreases, the force caused by the pressure

increases faster than the force of the spring, and an imbalance of forces occurs. This cre-

ates instability where there is no equilibrium state, and the valve closes, and the flow

ceases.

This type of instability is common when a linear system is used to balance a nonlinear

force. This is often encountered in microelectromechanical systems, where the means of

actuation is by an electrostatic field [Yang, 2002]. One means of addressing the nonlinear-

ity is to focus on making the linear system behave nonlinearly. For an electrostatic force,

this may mean using a curved electrode actuator to modify the system's response to the

electrostatic force, thus, tuning it to behave nonlinearly, capable of maintaining a force

balance with the nonlinear electrostatic force [Legtenberg et. al., 1997]. Applying this

analogy to the flexure valve, a nonlinear spring will conceptually balance the nonlinear

pressure induced force. Ideally, the nonlinear spring and the pressure induced force

should have the same nonlinear relationship.

3.3.1 The Instability Mechanism

As the pressure increases, it deflects the valve plate, which reduces the gap height, h. The

spring flexure reacts to oppose this deflection. Instability is developed as the linear spring

and the nonlinear pressure induced force approach a point of equilibrium. As a result, the

flow rate increases with the pressure until the pressure overwhelms the spring and the

valve suddenly closes, stopping the flow. If one were to attempt to stabilize this imbal-

ance of forces with a linear spring, one might suggest increasing the spring stiffness. Since

the pressure increases with the deflection of the valve plate, which would be reduced if the

spring were stiffer, the result would be a higher flow rate and a reduction in the obtainable

pressure level. In fact, the pressure may not be sufficient to actuate the valve plate. As the

pressure induced force increases nonlinearly, the force of the spring must be of the same
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order of magnitude, allowing the valve plate to deflect with pressure, which, in turn,

allows the pressure to increase (Figures 3.22, 3.23 and 3.24).

Vacuum Level, Flexure Force vsy Dispacement

Pressure

Mass Flow Rate vs. Vacuum Level

Flow Specification

Test Valve Data

Vacuum Level (in. Hg)

Figure 3.22 If the stiffness of the linear spring is small in comparison to the nonlinear pressure
induced force (left), the pressure will overwhelm the spring, closing the valve, causing the pressure
to increase further and restrict the flow. This occurred with a test valve using an earlier double
spring design (Figure 3.23). The pressure prevented the valve from opening enough to achieve the
desired flow rate (right).

Figure 3.23 An earlier test valve used a symmetric double beam spring design. The 0.005 inch
thickness of the monolithic spring supporting the valve plate shown in the assembly above is not stiff
enough to regulate the flow. Achieving the desired stiffness meant increasing the thickness of the
material, which increased material cost, weight and the cost of manufacturing.

106



0t

Vacuum Pull-in and Nonlinearity 107

Vacuum Level Flexure ore ve Displacement

Mass Flow Rate vs. Vacuum Level

c Le 5e 20.
Vacuum Level (in Hg)

VoO

Figure 3.24 If the stiffness of the spring is large (left), the pressure will not achieve enough force to
actuate the valve plate. This means that the system is attempting to pull vacuum through a large
opening. This was the result when the stiffness of the spring used in test valve was increased in
order to gain flow rate. The test valve installed in the 1994 Explorer remained fully open and the
vacuum level could not exceed 4 in. Hg (right).

Increasing the Stiffness of the Spring Flexure Using a Contact Surface

In order for the spring to match the nonlinearity of the pressure induced force, a nonlinear

spring, or spring system must be designed. The tethers of the flexure valve make it well

suited to the contact surface theory discussed in Section 2.3.3. Not only does this make the

spring nonlinear, but it can also be tuned to match the desired stiffness. When designed

properly, the contact surface can modify a flexure's stiffness, resulting in a system that

maintains a balance of forces over the range of the valve's operating parameters. The

valve can, therefore, produce a flow rate according to the specifications determined by the

desired flow rate.

77
7,
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The Monolithic Flexure Element (MFE) PCV Valve

Chapter 4
A MONOLITHIC FLEXURE
ELEMENT (MFE) PCV VALVE

4.1 The Monolithic Flexure Element (MFE) PCV Valve

A monolithic flexure element PCV valve for high volume production would be comprised

of a two-piece injection molded housing and a spring steel flexural valve element

(Figure 4.1). This would result in a three piece design low in cost and easy to manufacture.

The valve seat and flow passage are incorporated within the housing, as well as a spring

stiffening contact surface, enabling the nonlinear spring to regulate flow. Furthermore,

there are no frictional contact surfaces within the valve and so hysteresis is greatly

reduced.

Figure 4.1 The first successful prototype of MFE PCV valve used in vehicle tests. Shown here are the
three components; the two housing components and the flexural valve element shown in the left half.
For the prototype, the stiffness platform was fabricated as an insert and press fit into the housing
(shown in left half behind valve element).
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To regulate flow, the new PCV valve uses a valve plate that is integral to the monolithic

flexural element. As air flows through its passage, the valve plate is deflected by pressure,

reducing the size of the passage, and limiting the flow (Figure 4.2). The deflection of the

valve plate is determined by the pressure of the air acting on the plate and by the stiffness

of its spring flexures. The pressure, however, is nonlinear with respect to this deflection. A

small deflection in the valve plate results in an increasingly larger pressure acting to

increase this deflection. To control the flow of this device, therefore, it is necessary for the

spring flexure to behave nonlinearly to maintain desired flow characteristics with the non-

linear pressure. The geometry of the spring flexure, however, is constrained by the size of

the valve and the criterion that the valve remains a low cost, easy to manufacture, passive

mechanism. Development of design principles for a linear spring having an external ele-

ment giving it nonlinear stiffness, enabled the invention of a new PCV valve that costs

90% less than its production counterpart and is robust to stiction, hysteresis and freezing.

The patent for this valve is included in Appendix E.

The MFE PCV valve is designed to prevent freezing by shedding ice using vibrations

generated within the valve as a response to high frequency vortex shedding. Vortex shed-

ding occurs in response to the high rate of flow through the narrow flow passage created in

the gap between the valve seat and the thin flexure element plate (Figure 4.3). Alterna-

tively, a resonator can be added to the flexure plate to harvest the lower frequency vibra-

tion of the engine (Figure 4.4). Where necessary, this energy can be used to counter

freezing and stiction in the valve. The flexure valve, therefore, can exist in the higher risk,

low-flow configuration without freezing. The benefit is reduced PCV system oil consump-

tion.

4.1.1 Flow Control

The method used to control the flow of a media is dependent upon the desired control

response as well as the physical properties of that media. A high precision flow control

system can be active, having a type of mechanical actuator and feed back system, or it can
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Figure 4.2 Air flows through the flow passage. The pressure difference across the plate causes the
plate to deflect, which changes the flow through the valve. The deflection of the plate is a function of
the spring flexures that support the plate.

be passive, where the response is primarily a function of input pressure. Active feedback

systems offer a high degree of precision, but are complex, costly and require expensive

sensors and controllers. As the level of complexity in the control system diminishes, so

does the level of precision. Passive systems respond to physical loads imposed on the sys-

tem, and the level of precision is dependent upon the system type and to what extent the

design is susceptible to hysteresis.

Passive Flow Control Systems

The MFE PCV valve is a passive flow control valve. Valves of this type can be found in

low cost toys, high-volume production automobile components, microscale and medical

devices and mechanical cooling systems. These flow control systems come in three funda-
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ct Surface

kHigh frequency vibration of plate

Vortex shedding I

Airflow Direction

Figure 4.3 High frequency vibration of the flexure element plate sheds ice that would otherwise build
up in the valve. Vibration is caused by vortex shedding as air flows through the narrow passage at high
velocity.

Figure 4.4 Tuned mass cantilevered beams can be used as energy harvesting resonators to harness the
engine's parasitic vibration and focus it to counter freezing and stiction.

mental varieties; orifice, spring-plunger and monolithic flexure. The orifice is a nonlinear

flow control system, but its profile is governed by a constant, which means its pressure-

flow profile is repeatable for a given orifice geometry. The orifice has the flow relation-

ship,

Deflected F
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Q = CoAP n,  eqn. (4.1)

where Q is the flow rate, Co is an orifice coefficient and AP is the pressure difference

across the orifice. The exponent n is a positive number less than 1.

The spring-plunger can have various profile shapes by changing parameters such as the

flow passage geometry, the plunger profile and/or the spring constant. This type of passive

flow control system has many components, is highly susceptible to hysteresis and is costly

to manufacture. The monolithic flexure uses a linear spring flexure in the presence of non-

linear pressure. A valve of this nature controls the flow in a manner similar to an orifice,

however, once the nonlinear pressure exceeds the force of the spring, the valve closes. As

a consequence, this valve is most effectively used for backflow prevention.

Spring and Plunger Valves

The spring and plunger valve also uses an orifice as the primary flow passage, but adds a

plunger, which can translate its position to vary the flow area. Current production PCV

valves are of this type. The plunger is held in its initial position by its mass and a compres-

sion spring which counteracts the pressure. Valves of this nature can be designed to pro-

duce a variety of flow responses. In addition to the stiffness of the spring and the geometry

of the plunger, valves mounted in plumb fashion also have the weight of the plunger as a

design parameter. Figure 4.5 shows a set of spring and plunger PCV valves. A typical

pressure flow profile for a PCV valve is shown in Figure 1.7.

Monolithic Flexure Element Valves

Monolithic flexure element valves use a flow passage similar to an orifice, but apply a

monolithic flexure element to control the flow through the valve. The spring and plunger

valve can have six components or more, however, a valve using a monolithic flexure ele-

ment has only the flexure and the housing components (Figures 4.6 and 4.7). This makes it

a very cost effective alternative. Valves of this type can be found in meso-scale applica-

tions such as medical devices and toys, and in microscale devices such as the micro gas
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Figure 4.5 Components of an aftermarket PCV valve compared to the OEM valve. Both have essen-
tially the same components.

turbine engine developed at MIT [Yang, et. al., 2004]. Valves of this type, however, are

most often check valves or for back flow prevention.

Figure 4.6 Solid model of monolithic flexure valve having stiffness platform surfaces.
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Figure 4.7 Prototypes of MFE PCV valves. The flexure valve elements are shown on the bottom
halves of the housing (left), while the stiffening elements are located in the top halves (right). For pro-
totyping, the stiffness platform is fabricated as an insert and press fit into the housing. In the final form,
it will be integrated in the injection molded part.

This thesis develops the theory for a monolithic flexure using a contact element to give it

nonlinear spring characteristics. The contact element is external to the spring and works in

conjunction with the flexure to modify its properties such that, as the nonlinear pressure

increases, the nonlinear spring balances the force. Therefore, the valve is able to regulate

the flow and yield various flow rate profiles.

4.1.2 System Geometry

There are several configurations which may be used for the MFE's flexural member. Sev-

eral of them are shown in the figures that follow (Figures 4.8, 4.9 and 4.10). Most config-

urations result in a flexure having a linear stiffness. Since the pressure is not linear, the

flexure must compensate as the pressure increases. To do this, an external element non-

linear spring system is used. The system incorporates a spiral beam valve element and a
stiffening contact element integrated in the valve housing. Without this variable stiffness

requirement, however, the geometry of the valve element can assume many other forms.
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Figure 4.8 Valve element plate having two sets of double beams as the flexural beam system.

Figure 4.9 Valve element plate having three sets of double beams as the flexural beam system.

The geometry of the flow passage of the MFE is such that its characteristic length is small

compared to its diameter. This does not meet the criteria for classical thin film fluid model

proposed in Section 3.2.5.

The difficulty in this problem is in the development of a nonlinear spring system for a low

cost, high precision monolithic flexure control valve. First, the flow must be modeled. For

this valve plate and flow passage geometry, the orifice model best represents the flow

characteristics. Other model examples are presented in Section 3.2.5. The orifice model

follows equation eqn. 4.1. In order to determine the orifice coefficient Co and the expo-
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Figure 4.10 Valve element plate having three spiral beams as the flexural tether elements.

nent, n, several simple models having an orifice and a fixed element representing a valve

plate were fabricated for testing (discussed later in Section 3.3). Using a mass flow meter,

a pressure transducer and a 4.OL V6 engine residing in a 1994 Ford Explorer to measure

the flow through the test models, the results were compared to the theoretical orifice equa-

tion having a of the same flow passage size. The results and the test procedures are discuss

later in Section 4.2.3. The flow rate relationship has been found to be

Q = C 0 .d hJAKP , eqn. (4.2)

where the flow rate, Q, is in scfm, d and h are in millimeters and AP is in inches of mer-

cury. The orifice coefficient is then,

-3 m
C = 3.736 x 10 eqn. (4.3)

Equation eqn. 4.2 provides the nonlinear relationship between the gap height and the pres-

sure. The relationship between the spring force and the gap height, however, is linear as

in,

F = k-x,
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where,

F = AP- , and x = h. eqn. (4.5)
4

This relationship must be modified such that the gap remains stable under the varying

pressure load.

Solving for AP and substituting equation eqn. 4.4 for F, yields

k
AP= 4 h. eqn. (4.6)

A contact surface is added to the perimeter of the orifice, such that, as the spring deflects,

it makes contact with this surface, changing the effective length of the beam, thereby

increasing its stiffness. The geometry of the contact surface determined by the needed

spring stiffness can be continuous or discrete. Solving equation eqn. 4.2 for AP yields

AP = (C -d j 2 . eqn. (4.7)

If the desired flow rate is given and in the form of a pressure-flow profile function, for

example, equation eqn., it can be substituted into equation eqn. 4.7 to yield an equation of

the form,

AP 005(AP)3- 0.0107(AP)2- 0.0301(AP)+ 2.19L21J eqn. (4.8)
Co.d.h

In Chapter 3, this equation was solved for h and plotted in a form representing the force-

displacement relationship (eqn. 4.13). The gap height, h, correlates to the spring deflec-

tion, which corresponds to the required spring stiffness of the flexure AP(h). Since this

pressure profile is nonlinear, the required stiffness is nonlinear. From the required stiff-

ness, the geometry of the contact element is developed.
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A discrete element will change the stiffness instantaneously when the beam makes con-

tact. Several contact elements may be used, resulting in spring constants that change as the

end of the beam deflects, engaging a different element. When a continuous element or sur-

face is used, the point at which the beam makes contact changes as the end of the beam

deflects. This yields a continuously varying stiffness and may be used in high precision

systems that are very sensitive to the balance of forces.

4.1.3 Freezing

Freezing is a big issue for PCV valves. It usually occurs in cold climates at very low tem-

peratures, but it has also been known to occur in vehicles cruising at highway speed for an

extended time in 600 F ambient air. The rapid expansion of gases flowing through the nar-

row passage of the valve at high velocity can create freezing conditions. The combustion

process produces gases having high moisture content. When the temperature of the engine

is below freezing, this moisture can accumulate in the intake manifold as ice. As an exam-

ple of a harsh condition, consider the case when the temperature is well below freezing,

and one car needs to be moved so that another may leave the driveway. The car is started,

which begins the circulation of moist gases, but before the engine warms, the ignition is

shut off. There is no longer air circulation in the PCV system, and these moist gases form

ice on the small, yet critical components such as the PCV and throttle valves. A frozen

throttle interferes with the controllability of the vehicle. Heavy duty fire and rescue vehi-

cles in cold climates are especially susceptible to this type of failure as they are often

forced to function under severe conditions at very low temperatures.

When The PCV Valve Freezes

A functioning PCV system keeps the crankcase pressure atmospheric. When the PCV

valve freezes, the crankcase pressure increases. This pressure increase can force a reversal

of flow, resulting in the flow of moist crankcase gases over the cold throttle valve. Ice

nucleates on the throttle valve, which can freeze in its position. This results in the loss of

throttle position control, which can translate to a loss of driver control. Ice can also clog
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the throttle valve passage. When this occurs, there is no ventilation for the build up of

pressure in the crankcase. This could result in damage to the engine in the form of ruined

engine seals and/or gaskets.

Countermeasures

Freezing of the PCV system is not only a function of the PCV valve, but also of the flow

rate requirements of the particular engine and the under-hood ventilation layout of the

vehicle itself. Ford has developed a series of Corporate Experimental Test Procedures to

define thermal robustness in the PCV system. Vehicles are put through a series of tests in

a -40 oF cold chamber wind tunnel to ensure that they function properly in the harshest cli-

mates. As a countermeasure, production valves not able to resist freezing in the wind tun-

nel test are equipped with an integrated electrical heating coil (Figure 4.11). In valves

equipped as such, the heating coil greatly reduces the probability of freezing, however it

adds a premium to the cost of the valve.

Figure 4.11 Cutaway of an electrically heated production PCV valve. The heating element is inte-
grated into the housing, but an electric harness is required to provide energy. This adds $5.00 to the
cost of a $1.00 valve. This is a different configuration from the MFE PCV valve.

The MFE PCV valve uses the concept of energy harvesting to prevent the accumulation of

ice. The internal combustion engine is subjected to many vibrations as high inertia compo-

nents move with regular frequency. Energy harvesting is a means of capturing those vibra-

tions and using the energy to shake off the ice as nucleation occurs. The MFE valve offers

several energy harvesting options, means of varying the selection of the energy frequency.
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The valve element plate itself vibrates at a high frequency in response to the high flow rate

and vortex shedding that occurs (Figure 4.12). In the Ford wind tunnel test of an MFE

valve comparable to the electrically heated EV-261 production valve, this vibration was

sufficient to prevent the freezing, allowing the PCV system to perform its function at -40o

F. Alternatively, the MFE valve offers the possible use of a cantilevered beam having a

natural frequency equivalent to a specific frequency found in the engine. The resonator is

tuned, such that, when the valve plate is frozen, its natural frequency matches one of the

engine's dominant frequencies. When the valve plate breaks free of the ice, the natural fre-

quency of the resonator is below the engine's resonance (Figure 4.12-Figure 4.15).

Figure 4.12 The monolithic flexural valve element shown above has an outer support structure and
three flexural beams spiraling towards the center plate. The center plate is the element which controls
the flow through the valve. During flow, vortex shedding occurs, causing the center plate to resonate.
The resonating plate counters the tendency towards ice build up.

4.1.4 Audible Resonance

The geometry of the valve element plate used in the MFE valve is similar in characteristic

to the reed in a woodwind instrument. The MFE can, therefore, be prone to an audible res-

onance or whistling. This whistling is caused by pressure waves created by vortex shed-

ding as air flows over the plate (Figure 4.3). These are the same pressure waves that allow

the MFE to shake off ice and prevent freezing. When tuning the natural frequency of the

121



A MONOLITHIC FLEXURE ELEMENT (MFE) PCV VALVE

Figure 4.13 A cantilevered beam added to the centerplate allows the valve element to capture the
energy of a lower frequency. The beam can be tuned to different frequencies by modifying the geome-
try of the beam or the mass at the end. Valve element and cantilevered beam are monolithic. The beam
is folded into position and the end is folded to create the mass.

Figure 4.14 The cantilevered beams are part of the monolithic valve element. These beams are folded
to make the beam and the mass shown in the right-hand image (left). The internal combustion engine
has several sufficient energy frequencies. Multiple beams can be used to harvest this energy. Each
beam can be tuned to a different frequency (right).

valve element, care must be taken such that the element does not reach an audible reso-

nance during normal operation.

In the event that audible resonance is an issue, the frequency of the vortex shedding can be

altered by adding a pattern of flow channels through the element plate (Figures 4.16-4.18).
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Figure 4.15 The valve element will allow a multitude of harvest beam configurations. Beams can be
tuned to respond to a range of frequencies.

Figure 4.16 MFE valve element plate having a pattern of holes around its perimeter to interfere with
vortex shedding (left). MFE element plate having a pattern of holes around the perimeter and through
the body of the plate. Since this is a passive, pressure driving valve, flow through the holes must be
added when considering the overall flow of the valve (right).

These flow channels allow air to pass through the plate interacting with the vortex shed-

ding on the other side. This creates a turbulent layer that prevents the development of

audible pressure waves.

Another solution is to use asymmetry in the length of the tether arms (spring flexures) that

support the valve plate. Asymmetry in the tethers introduce irregularity in the pattern of

air flow around the plate. Similar to the asymmetric channels, the irregular flow acts to

interrupt regular patterns of vortex shedding that may generate audible noise. Asymmetric
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Figure 4.17 During a series of test cycles, the flexure valve shows little evidence of hysteresis. In
spite of the fact that the valve flutters, the upper and lower limits of the flow specification are never
violated. (Automated sample rate: 20 Hz).

Figure 4.18 An asymmetric pattern of holes works well to interrupt vortex shedding and damping out
audible frequencies of the valve element plate.

tethers are preferred when operating conditions are conducive to freezing, debris or other

conditions that may clog small flow channels.
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In the final design of the MFE PCV valve prepared for Ford, however, another sensible

parameter was exploited. Valves were tested at facilities and in vehicles at MIT to verify

the specified flow rate and assure that there were no unwanted effects. After the valves

were packaged and sent to the Ford Scientific Laboratory for further testing, it was found

that the valves whistled. The valves were, then, returned to MIT, where it was found once

again, that there was no whistle. It was found that the audible frequencies within the PCV

valve are impacted by the geometry of the hose that connects to the manifold vacuum side

of the valve (Figure 4.19). In the event that the valve experiences an undesirable audible

frequency, the frequency can be attenuated by adjusting the length and/or inner diameter

of the PCV hose (Figure 4.20).

Figure 4.19 PCV valve and hose interconnect used in the Ford Explorer PCV valve test.

To test this, each valve was tuned to whistle loudly when air was manually blown through

the valve cover side of the valve. Next, the PCV hose was attached and the test repeated.

There was no whistle when the hose was connected. Finally, the valves were installed in a
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Figure 4.20 PCV valve hose and adapter fitting shown with PCV valve.

1994 Ford Explorer (4.OL V6 2 valve engine) using an adapter to accommodate the larger

valve. Start up, idle, brake wide-open-throttle and road tests were performed. Again, the

valves performed well in the absence of audible frequencies. It was, therefore, recom-

mended that Ford reinstall the valves, modifying the length of hose for the powertrain con-

figuration being used before proceeding with the standard evaluation.

In addition to the length and inner diameter, there may be variation in the inner diameter

of the hose. The Ford Explorer tested normally used a smaller valve than the one used in

the test, so an adapter was employed. The adapter was of a larger inner diameter, such that

the vehicle's smaller PCV hose could be inserted into the adapter. As the flow is drawn

through the hose, there would be a change in inner diameter where the flow goes from the

adapter to the PCV hose (Figure 4.21). Varying the inner diameter may also impact the
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whistling in that it may provide a surface to reflect attenuating pressure waves back

towards the valve. When the same valves were installed in a 2005 Lincoln Town Car

(4.6L V8 2 valve engine), again, no audible frequencies were detected. It may be neces-

sary to tune the geometry of the PCV hose to suit the engine configuration which will use

the valve. For example, a Ford 150 (5.4L V8 2 valve engine) may require a 10 inch hose,

while the Lincoln Town Car mentioned above requires 15 inches (Figure 4.22).

Figure 4.21 PCV valve adapter showing change in inner diameter where the PCV hose is inserted.

4.1.5 Fabrication

The valve housing for the prototype components used for testing were machined from alu-

minum, however, the final version of the valve will be injection molded plastic, compara-

ble to the current production valve. The prototype valve consists of the two housing

halves, an aluminum valve seat and flow passage insert, incorporating stiffness contact
surfaces, and a spring flexure element. Locating features were added for assembly and
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Figure 4.22 A thesis PCV valve and hose as installed in the 2005 Lincoln Town Car. 4.6L V8 2 valve
engine.

repeatability testing (Figure 4.23). In the final version, the flow passage insert, stiffness

contact elements and locating features will be incorporated into the injection molded

housing halves. The final product will have only the components; the spring flexure ele-

ment and the two halves of the housing.

Each automotive manufacturer uses several PCV valve vendors, who supply millions of

original equipment manufacturers' (OEM) valves world wide, annually. In addition, there
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Figure 4.23 Solid model of a prototype having locating features. Dowel pins were used to orient
components with respect to one another. These features also aided in the adjustment of the flow rate.
Internal component could be reoriented by rotating one half of the outer housing.

may be several after market manufacturers supplying valves for each vehicle type

(Table 4.1).

Table 4.1 PCV Valve Suppliers

Manufacturer Country Brand Name Type
MPC USA Motorcraft OEM Ford
Filko USA Filko Generic
Hella USA Hella Generic
Deutsch GER Deutsch Generic
Bosch USA/GER Motorcraft OEM Ford
FRAM USA FRAM Generic
AC USA AC GM

4.2 Testing and Results

In order to evaluate the performance of the MFE, several valves were fabricated and sub-

jected to established test standards used at the Ford Motor Company. Preliminary tests
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Table 4.2 Functional Requirements and Design Parameters of the PCV Valve

Functional Requirements
Regulate flow with respect
to pressure at
Q = Codhj-&-P
Perform function under
severe environmental con-
ditions, defined as 60 mph
wind flow through vehicle
in -40 degrees Celsius
environment

Design Parameters

Spring displacement x =J(AP, k(x))

Passive
a.) Eliminate moisture - By pass frozen valve
b.) Minimize contact between surfaces that
accommodate ice buildup

Active
c.) Thermal energy - Melt ice with engine heat
d.) Electrical energy - Resistance heaters built
into valve
e.) Mechanical energy - Harness engine's para-
sitic vibration and focus it to break free from ice

Table 4.3 PCV Valve Design Concepts

Design Parameters
Eliminate moisture

Minimize surface contact

Thermal energy

Electrical energy

Mechanical energy

Concepts

Condense moisture upstream of valve using cold
ambient air or heat exchanger

Allow gravity to pull moisture out of air upstream
of valve

Use a line contact instead of a surface contact

Use a heat exchanger in the valve

Add an electric blanket around valve

Make valve to resonate at engine frequency when
frozen

were conducted on test stands at MIT during the development phase, but final prototypes

were tested at Ford testing facilities by technical specialists in Ford's Scientific Research

Laboratory and Advanced Engine Group in Dearborn, MI. To further study the MFE's

flow response in situ, a new, first-of-its-kind vehicle test configuration setup was devel-

oped at MIT to record the flow rate and vacuum level in the PCV system in real time as a

vehicle is driven (Section 3.2.6). Tests and data are presented in Section 4.2.3. This test, in
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Table 4.4 PCV Valve Concepts and Risks

Concepts

Condense moisture
upstream of valve using
cold ambient air or heat
exchanger

Allow gravity to pull mois-
ture out of air upstream of
valve

Instead of a surface con-
tact, use a line contact

Heat Exchanger Valve

Electric blanket in or
around valve

Tune valve to vibrate at
engine frequency when fro-
zen

Risks
Condenser can freeze

Relocates ice, but moisture is still in system

Requires reservoir, which is costly and may not fit
in system

None

Intimate contact needed between valve and hot
engine interface. Coefficient of thermal expansion
matching and thermal conductivity required limit
material choices for valve and engine interface.
Water heated PCV valve very costly, requires
additional plumbing.

Electrical heating element adds cost and requires
a power source. Costly!

Parasitic energy source. Good!

conjunction with the Ford standard tests, provided valuable insight into the development

and optimization of the MFE PCV valve.

4.2.1 Errors and Measurement

To validate the data presented in this work, specific information is needed about the

sources of error in the testing and measurement. Results are presented here from tests con-

ducted at MIT, used in the development of the valve, and tests conducted at the facilities

of the Ford Motor Company in Dearborn, Michigan, used to evaluate the valve's design

and performance in the real world. Test developed at MIT benefited from knowledge and

observation of the industry standard tests conducted at Ford. Where possible, modifica-

tions were made to the MIT test procedures to minimize the impact of the sources of error

observed in the standardized tests. Though no information has been provided with the
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results of the tests conducted at Ford, a sense of the magnitude of the errors can be inferred

from observations made during the tests. Where possible, care has been taken to ensure

that errors in the MIT test setup are quantified.

Sensor Errors

All tests involved in this study measure mass flow to compensate for changes in the flow

density as temperature and pressure change. Test conducted at the Ford facilities use an

Omega FVL-1611A flow meter, which measures volumetric flow. To convert this mea-

surement to mass flow, Ford uses a modified company standard formula, which essen-

tially calculates the density of gas, assuming a certain temperature and pressure. All of the

flow data provided by Ford has been converted to mass flow using this method.

The FVL-1600A flow meter used in all of the Ford tests, specifies an accuracy of ±(0.8%

+ 0.2% FS). The density conversion, however, assumes a constant temperature and pres-

sure at the point where the flow passes through the valve. Since the valve varies the size of

the flow passage in response to the PCV system pressure, the assumption that the flow

remains at constant temperature and pressure may not be valid. The test conducted at MIT

used the Omega FMA-1611A flow meter. The FMA is physically similar to the FVL, but

measures the instantaneous temperature and pressure and compensates to give readout of

the mass flow rate. This gives a real-time mass flow rate and eliminates the need for fur-

ther data manipulation. Like the FVL, the FMA also specifies an accuracy of ±(0.8% +

0.2% FS).

The industry standard of categorization for PCV valves is to plot the flow rate against the

vacuum level. Test conducted at Ford require a technician to manually read and record the

vacuum level from the dial of an analog pressure gauge and then manually read and record

the data from the digital readout of the FVL flow meter. This introduces two sources of

potentially large systematic errors. First, there is great uncertainty in reading the dial

gauge as it measures fluctuating pressure. Even under steady flow, the dial indicator can

fluctuate by as much as 20% of full scale at around 5 Hz. In these instances, a note is
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recorded and the average dial reading is given. Fluctuating pressure is more suited to a

pressure transducer and automatic high speed data acquisition.

Another source of uncertainty with the Ford setup stems from the difficulty inherent in

synchronizing the data from the two manually read gauges. Flow through the PCV system

is highly influenced by vibrations and vacuum pulsations of the engine and intake mani-

fold. The true PCV valve's flow response should be measured simultaneously with the

pressure causing that response. For these reasons, the MIT test setup uses the Omega PX-

305 pressure transducer and National Instruments hardware and software for high speed

data acquisition. Manufacturer's specifications on the PX-305 quote an accuracy of

±0.25%.

The manual approach to data acquisition limits the investigation to slow changes over

time. There is a well known phenomenon, however, called aflutter instability. It manifests

itself during the manual test as a violent fluttering of the pressure gauge's needle. This

fluttering can be as much. as 80% of full scale at tens of Hz. Actual flutter may occur at

higher frequencies, but the response of the pressure gauge is limited. Though this event is

known to occur in some valves during the operation of a vehicle, very little is known about

the phenomenon. The Ford test setup is not suited for data acquisition under this circum-

stance. The automatic high speed data acquisition system developed for testing at MIT is

able to capture data during flutter instabilities and has recorded data on both Ford produc-

tion valves and the MFE valve as presented in section 4.2.6.

Errors Inherent in Test Setup

An early test setup at MIT using the high speed data acquisition system revealed that

compliance in the walls of the fluid flow hose increased uncertainty in the measurement.

The greater the length of hose, the greater this uncertainty. An effort has been made to

improve accuracy by replacing or reducing the length of flexible hose where possible. On

this MIT flow bench, flexible tubing has been eliminated, having all hardware rigidly con-

nected and as short as possible. The Ford test setup, by comparison, uses three to four feet
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of flexible tubing between sensors. The uncertainty of the Ford test procedure has not

been reported (Figure 4.24).
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Figure 4.24 Error bars shown on an MIT vehicle data acquisition plot. The uncertainty range of the
industry standard is indicative of large uncertainties in the test procedures and allows for acceptance of a
large range of valves for characterization. Systematic errors in the MIT test are known and of a smaller
order of magnitude than the industry standard.

4.2.2 Bench Tests

PCV valves are categorized by an industry standard flow bench test procedure as followed

by the Ford Motor Company. The flow bench consists of a compressed air driven vacuum

generator, a digital flow rate meter and a pressure gauge (Figure 4.25). The system is ori-

ented such that the PCV valve is mounted in plumb fashion to maintain the proper orienta-

tion with respect to gravity. Orientation is important in the spring and plunger valves, in

which the mass of the plunger is taken into account in the balance of forces within the

valve. This flow bench however, lacks the pressure pulsations and other noise signals the

valve experiences in the engine environment. Though the bench test allows valve charac-

terization, it does not address the true nature of the valve's response.

In the flow bench developed for this thesis, a compressed air system is used to power a

venturi vacuum generator. A flow rate meter is mounted close to the vacuum generator. In

theory, the flow rate meter can be mounted anywhere in the system, but care must be taken
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Figure 4.25 The Digital PCV Valve Flow Bench used at MIT. The bench uses a vacuum generator
driven by compressed air and a digital flow rate meter. The MIT flow bench uses pressure transducers
instead of analog gauges, allowing data acquisition at more than 500 Hz. The previous version, requir-
ing readings to be taken manually, would yield no more than 1 data point every 2 or 3 seconds.

to insure that the pressure drop read by the pressure gauge is not greatly influenced by the

other sensors in the system. The pressure gauge is mounted before the flow rate meter and

is best integrated into the PCV valve. Tests conducted and analyzed by the Ford PCV

Valve Group have suggested that pressure pulsations experienced by the PCV valve can

be damped out by the vacuum hose in as little as three inches from the valve. Whenever

possible, rigid tubing and fittings are recommended for the flow bench and the path from

vacuum source to valve should be as short as possible.

Ford's Scientific Research Laboratory uses a test stand previously developed by Daniel

Kabat, a Ford technical specialist and technical advisor to this research (Figure 4.26). In

the Ford standard procedure, data is recorded manually and must be manually recorded

from a volumetric flow rate meter and analog pressure gauge. This volumetric flow must

later be corrected for temperature and density of the flow. The vacuum level is varied by
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adjusting the flow of compressed air to the vacuum generator. Once the vacuum level is

set, the data is recorded manually from the pressure gauge and flow rate meter and the

vacuum level is incremented for the next reading. The test begins with a vacuum level of

two inches of mercury (2 "Hg) and increments to the vacuum generator's maximum, usu-

ally between 14 and 23 "Hg. The test is concluded at the maximum, however, this does

not take into account hysteresis, which was determined to be an important contribution to

oil entrainment within the PCV system. A more accurate bench test would take hysteresis

into account, either in whole, or through some mean flow rate measurement. .

Figure 4.26 Flow bench stand developed by Daniel Kabat for the Ford Scientific Research Labora-
tory. This bench has an oil mixture filled crankcase and electric cam driven overhead valves, giving it
the capability to run first order oil pullover tests. (PCV valve installation hidden from view)

In addition to the standard components listed above, Kabat's stand incorporates a crank-

case filled with an oil-water mixture and valves operated by an electrically actuated cam

shaft (Figure 4.27). This allows investigation of the rate of oil entrainment through the

PCV system as affected by the PCV valve. The crankcase and cam shaft add the proper

oil splash and frequency of vacuum pulsation to the test measurement. It is noted, how-
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Figure 4.27 Kabat's PCV flow bench uses an electrically driven camshaft to simulate overhead valve
function in the engine. Kabat's flow bench is designed to measure oil pullover.

ever, that there are a multitude of frequency pulsations contributing to the PCV flow by

the many engine components, and most can not be identified or isolated.

The MIT bench test adopted Kabat's primary concept and developed it further. Prelimi-

nary testing for new prototypes would be done on the MIT test bench and once verified,

sent to Ford for official testing on Kabat's test stand (Figure 4.28). Additional require-

ments placed on the MIT test stand led to improvements on Kabat's initial stand

(Figure 4.25). The MIT stand needed to be able to record high frequency vibration and
temperature in addition to flow rate and vacuum level. This required a computer based

data acquisition system to record data at 500-2000 Hz (Figures 4.29 and 4.30). The volu-
metric flow rate meter was replaced by a digital mass flow rate meter and pressure trans-
ducer was used to record the vacuum level. This allowed collection of data on valve
hysteresis, which was missing in the initial Ford test standard. There were limitations on
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Figure 4.28 A flow verification of a thesis PCV valve with respect to two current production valves
(EV-261). Test conducted using flow bench at the Ford Scientific Research Laboratory by Ford techni-
cal specialist.

the MIT set up, however. The vacuum generators used in Kabat's test stand were more

powerful than the less expensive generators used at MIT. This created a limitation on the

maximum vacuum level that could be measured by the test and a minor discrepancy when

comparing with data from the same valve tested on Kabat's stand. These discrepancies

resulted in the development of a new MIT on-board, real-time vehicle data acquisition test

(Section 4.2.3). A data acquisition system and sensors were mounted in a vehicle allow-

ing the capture of PCV system data as the vehicle was driven. This provided a tremendous

amount of insight into the effects that the many high frequency pressure pulsations have

on the valve's flow characteristics during operation.

4.2.3 MIT On-board, Real-time Data Acquisition System

To capture the true nature of the PCV valve, the MIT On-board, Real-time Data (ORTD)

Acquisition System was developed (Figure 4.31). The ORTD system consists of comput-

erized acquisition system and sensors installed in a vehicle to record PCV system data in
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Figure 4.29 Results from an earlier prototype tested on the MIT Digital PCV Valve Flow Bench.
MFE valve exhibits very little hysteresis in comparison to the production valves. The MIT Flow
Bench allows data to be collected at 500 Hz. The industry standard is to record the data as the vacuum
increases, thus hysteresis data is not collected.

Figure 4.30 Flow curves for the most recent prototype. The valve flows are well within the flow
specification and exhibit little hysteresis. This valve is currently undergoing test at the Ford scientific
research laboratory and is scheduled for high mileage testing at various Ford test sites.
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real time as the vehicle is driven. The system allows data acquisition at frequencies as

high as 2000 Hz. Initial use and testing of the ORTD system revealed that hysteresis is a

huge issue in current production valves and flow specification was violated during 50% of

the valve's cycle (Figure 4.32). It later showed that there were no instabilities present

within the MFE valve which would cause it to violate the flow specifications

(Figure 4.33).

Figure 4.31 The ORTD vehicle valve flow test uses pressure transducers and a mass flow rate meter
to record the output of the valve or valve components throughout the engine's cycle. Data is recorded
in real time and analyzed against data from city, highway and cruise control driving conditions. A
moisture trap/filter was used to filter out impurities that might affect the flow rate meter's measure-
ment.

The ORTD was developed as a means of studying the real-time flow-rate response of a

PCV valve during various driving conditions. It was developed, not only to study the

MFE, but also to bench mark the current production valves. Comparing this data to the

laboratory test stand data showed that the laboratory test stand was limited in its represen-

tation of the valve's performance in-situ.
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Figure 4.32 The Motorcraft EV-118 production valve's on-board real-time data is compared to the
manufacturer's bench test specification (maximum, mean and minimum shown in red). The bench test
is performed under a steady-state vacuum source and in a single pass and is measured as the vacuum
level increases. In this procedure, hysteresis is inherently neglected. Data collection is easier using
steady state bench flow, but it is a less accurate indication of what occurs in the engine. Many of the
vehicle's noise signals are also absent in the bench test, which may impact its validity when investigat-
ing such phenomena as valve flutter or freezing. Tests conducted at MIT

The ORTD used a mass flow rate meter connected to the cam cover side of the PCV valve.

The mass flow rate meter corrects the flow rate reading using instantaneous temperature

and pressure. The volumetric flow meter, in contrast, requires a correction for the temper-

ature and/or density of the fluid flow. A filter is attached to the flow rate meter and left

open to fresh air. The end is left open in support of the assumption that the pressure inside

the crankcase is atmospheric, and to prevent the dirty gases from fouling the flow rate

meter. Initially, two pressure transducers were mounted into the body of the PCV valve to

measure the pressure drop across the valve plate. It was later determined that a single

transducer mounted on the low pressure side of the valve would be sufficient. When test-

ing current production valves, the pressure transducer is mounted in a rigid manifold adja-

cent to the PCV valve. Ford standard procedures for locating pressure transducers with

respect to PCV valves can be found in the Ford documentation entitled PCV Valve Oscil-
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Figure 4.33 On-board real-time test data for the thesis valve shows a wide band flow rate curve con-
forming to the shape form of the desired flow rate. In the absence of pressure pulsations and other phe-
nomena experienced in the vehicle, the thesis valve's bench test flow rate follows a single curve over
repeated cycles. This shows the limitations of the current bench test standard. An overlay of the thesis
valve data and EV-118 data emphasizes the difference in hysteresis for the two valves. Tests conducted
at MIT

lation Test. CETP: 03.08-L-418. The manifold side of the PCV valve is connected to the
engine's intake manifold, which generates the vacuum to drive the system.

4.2.4 Oil Pullover Vehicle Mileage Test

The oil pullover test was conducted by technical specialists at the Ford Scientific Research

Laboratory. The test was developed by Kabat to study the amount of oil entrained in the

PCV flow through the intake manifold and consumed in the combustion chamber. This
consumption adds pollutants to the environment, has a negative effect on the service life

of the catalytic converter and increases the amount of catalyst precious metal loading. Oil
pullover also contributes to turbo charger coking and hydrocarbon emissions.

The oil pullover test is a vehicle test involving the installation of a special coalescent filter

designed by Kabat to extract the oil entrained in the PCV system flow. The test procedure

involves driving the vehicle 250 miles in typical highway and city driving conditions and
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measuring the oil collected from the PCV system flow. The Ford production valve col-

lected an average of 138.6 grams of oil per 10,000 miles while the MFE valve collected an

average of 76.3 grams (Figure 4.34). This accounts for a savings of 62.3 grams of oil per

10,000 miles, in every vehicle that uses the new valve. In 2006, Ford produced more than

three million vehicles in its North American plants. Assuming that the average person in

the U.S. drives 10,000 miles per year,

0.0623kg 10000miles2 .2 04 6 lbs 3 00 00 0 0 vehicles = 4120401bs, eqn. (4.9)
10000miles year 1kg

this amounts to a savings of more than 400,000 pounds of oil per year in the U.S., for Ford

models alone.

It was also observed that during the engine's normal operation, there are two regimes dif-

ferentiating the rate of oil pullover; pullover at high vacuum, which occurs at idle (low

engine rpm) and pullover at low vacuum which occurs when the throttle valve is wide

open (high engine rpm). At high vacuum, the ventilation rate is small, thus oil entrain-

ment is expected to be minimal. Maximum oil entrainment is expected at the high ventila-

tion rate, which occurs at low vacuum level. Comparing the ventilation curve of the EV-

261 production valve to that of the slightly lower ventilation rate of the MFE at high vac-

uum shows an apparent correspondence to the lower oil pullover [(MFE Min. Flow)/(EV-

261 Min. Flow)xl00%= 57%, whereas (Avg. Oil Carryover of MFE valve)/(Avg. Oil Car-

ryover ofEV-261) xl00%= 55%] (Figure 4.34). When this same comparison is applied to

the low vacuum, high ventilation rate regime, the corresponding ratio changes [(MFE

Max. Flow)/(EV-261 Max. Flow) x100%= 76%]. It is more likely that the hysteresis

effect in the production valve leads to higher ventilation rates than specified. The EV-261

spends half of its cycle well above the specified flow regime.

As an environmental impact, reduced oil pullover contributes to the extended service life

of catalysts and reducing the amount of catalyst precious metal loading. This reduction in
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oil pullover also reduces turbo charger coking (oil forced through the turbo housing seal)

and improves hydrocarbon emissions.

PCV Valve vs. Oil Consumption

, 1601 -- ,- , ,

S140

Q120

E 100

so

60

40
S20

00

0 Prod, EV261 C Test #1
0 Prod, EV261 C Test #2
0 Prod EV261 C Test #3
u Prod4 EV261 C Test #4
M MIT Valve Test #1
m MIT Valve Test #2
M MIT Valve Test #3
* MIT Valve Test #4

Figure 4.34 Four oil pullover tests were performed by the Ford Scientific Research Laboratory on a
production valve (EV-261) and again on the MFE valve. Pullover refers to the rate at which oil is
entrained in the ventilation of gases from the crankcase to the intake manifold through the PCV sys-
tem. (Data provided by the Ford Scientific Research Laboratory).

4.2.5 Wind Tunnel Low Temperature Test

The low temperature test was conducted in the wind tunnel at the Dearborn Proving

Ground by Jacobs Sverdrup technicians, using Ford's CETP standard test procedure. The

test procedure requires the PCV valve to function without freezing in a vehicle road test

simulation at -400 F. For this test, an MFE valve was fabricated having a flow rate compa-

rable to the EV-261, a production valve incorporating an electrical heating element to pre-

vent it from freezing at its low flow rate. The MFE valve was installed in a 2001 Lincoln

Town Car 4.6L 2V, equipped with Vision software and sensors. The vehicle was then

placed in the wind tunnel to start the test procedure. Due to time and resource limitations,

two of the four tests were conducted; a three hour segment at 60 miles an hour, and a 20

minute idle test. The Visions software monitors thermal and pressure sensors in the
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engine and records video from cameras monitoring the throttle valve and the manifold

inlet. The response of the thermal and pressure sensors are known for a normally func-

tioning PCV system in an engine operating in the -40' F environment. In the event that a

component of the PCV system freezes, the sensors deviate from the known response and

icing can be seen in the camera monitors. During the test, the valve functioned without

interruption, reaching a steady state temperature of 141 degrees Fahrenheit in the -40

degree wind tunnel (Figure 4.35).

Wd Tunnei F me
Ford Pl0ng GroMuds

to

40

0

40SA

Te 1Sis00t)

Figure 4.35 Test data for an MFE PCV valve functioning normally in the wind tunnel freeze test.
Temperature data is shown for the PCV valve input and output air (PCVIn, PCVOut) and ambient air
(Airtemp). Vehicle and wind speeds are also given (Dyno Speed, Windspeed). Initially, all compo-
nents are at -40 oF, but gradually warm up to a steady state temperature. The PCV valve is frozen at the
start of the test, but quickly breaks free and allows the system to reach steady state. (Dearborn Proving
Grounds).

4.2.6 The MIT PCV Valve Flow Bench

To increase the rate of development and concept testing, a laboratory PCV valve flow

bench was developed in parallel to the ORTD system with the support of technical staff at

the Ford Scientific Research Laboratory. The MIT flow bench was developed as a first
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verification of PCV valve components. Components verified at MIT would be sent to the

Ford Motor Company for further testing and verification.

The MIT flow bench consists of a vacuum generator, mass flow rate meter and two pres-

sure transducers. The valve (Figure 4.36) consists of a two-piece aluminum housing, an

aluminum interchangable insert and a steel spring flexure. The insert (Figure 4.37) incor-

porates the stiffness platform, which is a continuous contact surface derived from a theo-

retical equation specified by the nonlinear stiffness requirements of the valve system. For

this test, however, a simplified insert has been developed, having a single point of contact,

thus approximating the nonlinear stiffness with two linear curves (Figure 4.38). Test

results show this to be a reasonable approximation. Results show that the flexure valve

repeatedly reproduces a flow rate within the specified range as predicted in theory

(Figure 4.39).

Figure 4.36 The two piece aluminum housing has been modified to accept an interchangeable
insert, which incorporates the stiffness platform. In the final version, the stiffness platform will
be integrated into the two-piece injection molded housing, reducing part count to three easy to
assemble components. At right, the upper half of the housing is again pictured with insert and
spring flexure.

Test Measurement System

The PCV valve flow bench is designed to verify the pressure-flow rate profile for produc-

tion valves as well as the MFE valve. Data is sampled at a rate between 2Hz and 50Hz to

study flutter and flow instabilities that are not characterized during manual observation.

The Omega* digital mass flow rate meter is used to record the flow rate, as well as the
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Figure 4.37 The contact surface gives the valve element system its nonlinear stiffness character-
istics. The continuous contact surface provides a means of tuning the stiffness of the flexure sys-
tem throughout the desired range. The insert at right has been simplified for easy fabrication,
providing one point of contact along the length of the flexure.

Figure 4.38 A stiffness platform in continuous contact with the deflected beam produces a non-
linear stiffness curve. A stiffener having discrete point(s) of contact (left) can approximate non-
linear stiffness (right) using linear curves. The test insert, having a single point of contact,
proved to be a reasonable approximation (see results: Figure 4.39)
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Figure 4.39 Valve tested using modified housing to pressure transducers to be used across the
valve plate. Test results plotted against V6 engine valve specifications from Ford Engine Design
Manual show consistency [Ford, 2002]. The thesis valve was cycled through the vacuum range
several times, and showed little evidence of hysteresis. The faster data acquisition rate captured a
flutter instability not recorded in the Ford procedure. This flutter is caused by a resonance
excited by high frequency eddy currents in the flow.

147

EV-8 Vav (Fiut ist

f

-I: -i
i

: :::~ :i: ::;; :::::i-i

Is 2
Instabty)

n I

i i
¸¸

i i ii 
¸¸

iii i

:·--i



A MONOLITHIC FLEXURE ELEMENT (MFE) PCV VALVE

Omega® pressure transducer. Data is recorded, again, using a laptop equipped with a

National InstrumentsTM LabviewTM data acquisition card. The PCV valve is connected to

a mass flow rate meter that is open to fresh air. A pressure transducer is mounted before

the PCV valve to monitor the pressure (Figures 4.40 and 4.41).

Open air
P=1 atm

Computer
Data Acquisition

Figure 4.40 Schematic layout of the e PCV valve flow bench. Test was modeled after the flow
bench used at the Ford Motor Company, which uses the same configuration. The Ford flow bench is
a manual test, requiring the user to read values from a flow meter and pressure gage. Data was sam-
pled at high frequency on the MIT bench, and previously unknown trends proved beneficial in the
development of the MFE valve. Guidance and expertise was provided by technical specialists at the
Ford Scientific Research Laboratory.

Test Procedure

To conduct this experiment, the PCV valve is installed in the flow bench to measure the
flow rate with respect to the vacuum level. Data for PCV valves is then compared to the-
ory or to data collected manually at the Ford Scientific Research Laboratory. Testing fol-
lowed the procedure outlined in Table 4.5.
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Figure 4.41 Laboratory PCV valve flow bench used to test valves and flow specimen at MIT. The
PCV valve is inserted into the valve cover to evaluate the effect baffling has on the flow rate or valve
flutter.

TABLE 4.5 PCV valve flow bench procedure developed at MIT

PCV Valve Flow Bench Test Procedure

Install PCV valve or test specimen into a three-way vacuum manifold.
Insert vacuum hose and the pressure transducer into the remaining fit-
tings of the manifold.
Connect the vacuum hose to the flow rate meter, and the flow rate meter
to the vacuum generator.

Turn on computer and verify that it is receiving signal from each sensor.
Begin test at low vacuum, increasing to maximum vacuum at a rate of
-1/2 "Hg/sec, hold at maximum for 10 sec, decrease to 0" Hg at the same
rate and hold at zero flow for 10 seconds. Repeat 10 times.

Observe data. Plot mass flow rate vs. pressure. Using MS Excel, deter-
mine a second order approximation for data. Compare with theoretical
pressure-flow profile.
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4.3 Design Method for A Monolithic Flexure Element (MFE)
Valve

The fact that the Monolithic Flexure Element valve does not have frictional contact sur-

faces makes it capable of high precision, hysteresis-free flow control. From the approxi-

mation shown in Figure 4.28, the following pressure-flow profile represents the desired

flow response;

Q = 0.0005(AP) - 0.0107(AP)2 - 0.0301(AP) + 2.1972, eqn. (4.10)

where, AP is expressed in N/m2, and Q in m3/s. To reproduce this response, first deter-

mine the relationship between the flow rate and the pressure for the given valve geometry.

Two models are presented here, but should be verified by experiment for the specific

valve type. Equation 4.1 is for a valve flow governed by thin film, fully developed flow

and equation 4.1 is the orifice, for which Co must be empirically determined.

Both equations can be rewritten in terms of the flow passage gap height, h. Equation 4.1

can be rewritten as;

6Q ý ln()
h = 3 (eqn. (4.11)

and equation 4.1, as;

h= eqn. (4.12)
CoD(AP)

n

The equation to use will be dependent upon the valve flow characteristics of the specific

valve geometry. It may be necessary to design an experiment to determine which works

best. For the remainder of this section, assume that the best fit is an orifice eqn. 4.12.

Substitute equation 4.10 for Q in equation 4.12 to get;
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h= 0.0005(AP)3- 0.0107(AP) - 0.0301(AP) + 2.1972

CODJZA-P
eqn. (4.13)

where h is calculated in inches.

From this, an expression for AP in terms of h can be found. Let ho be the undeflected gap

height, such that (ho - h) represents the displacement of the flexure. For a given D, plot

the force-displacement relationship (Figure 4.42). This is the stiffness curve required of

the nonlinear spring designed using the method discussed in Chapter 2. The valve design

is discussed in detail in chapter 5 and a MathCAD worksheet used to compute the valve's

geometric parameters, given the required flow rate, is given in appendix A.

Forc vs, Displacement Curve
' I , i .... : ' i i I -i -- " I I

///
/

/-

"At

I I ! ! ! ! -

0.1 0,2 0.3 0.4 0.5 0.6
Beam Displacement (mm)

0.7 0.8 0.9 1

Figure 4.42 Required force-displacement relationship for the valve element used to regulate flow to
specification. It is the required stiffness of the spring.
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4.4 Conclusion

The orifice model is a good representative of the valve flow characteristics for a valve

having characteristic dimensions of the prototype components tested, however the thin

film model should not be overlooked. When designing a valve, it may be necessary to

determine experimentally which form characterizes the flow.

It has been suggested, however, that varying the inner diameter of the prototypes tested

will greatly affect the empirical orifice coefficient, such that another model should be

used. Henning developed equations for Microfluidic MEMS valves which included fac-

tors for the circumferential opening of the valve seat.

The MFE PCV valve has many advantages over those currently used in production. It is

40% lower in cost than the non-heated valve and 90% less than the electrically heated

valve that requires a wiring harness. The MFE valve has no flutter-flow instabilities that

would cause it to violate flow specifications and shows a great improvement in hysteresis.

Initial wind tunnel tests indicate that it does not require a heating element and electrical

harness to prevent freezing in low flow configuration (Table 4.6). Furthermore, since it is

not dependent upon gravity, it can be mounted in any orientation. Mounting it in the prox-

imity of the exhaust manifold would allow it to extract additional heat energy to help pre-

vent freezing. The MFE Valve represents a fundamental advancement in the control of

combustion by-products and thus is a critical part of an internal combustion engine's envi-

ronment, performance and cost. It enables low-flow PCV systems to be economically

sound as well as environmentally responsible. Initial tests conducted at Ford Dearborn

Proving Grounds show that an MFE Valve in low flow configuration is robust to freezing.

At this same flow rate, the conventional valve requires electrical heating to prevent freez-

ing. An environmentally notable benefit of the MFE Valve is its improvement in the rate

of oil pullover. Vehicle tests at the Ford Motor Company have shown that oil pullover,

when using the MFE Valve, is 55% of that experienced in vehicles using the current pro-

duction valves. For the Ford Motor Company, which produces more than four million
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vehicles worldwide, the environmental impact of using the MFE Valve could save more

than 400,000 pounds of oil in PCV system consumption in the first year of production

alone. Furthermore, the oil savings would double in the second year, triple in the next and

so on, as the number of vehicles on the road using the MFE Valve increases.

With regard to environmental impact, reduced oil pullover contributes to the extended ser-

vice life of catalysts and reduced catalyst precious metal loading. This reduction in oil

pullover also reduces turbo charger coking and improves hydrocarbon emissions. The

MFE PCV valve project is a successful collaboration of Ford Motor Company and MIT

through the Ford/MIT Alliance. It represents a large investment on behalf of Ford in a

technology that will be a cost savings and a competitive advantage. It is therefore recom-

mended that Ford proceed with the development of the valve for commercialization.

Table 4.6 Comparison Data for PCV Valves

Feature MFE PCV M otorcraft M otorcraft Generic Competitive
Valve (Ford OEM) (Ford OEM) PCV Valve Advantage

Heated Standard (Filko,
Valve & Valve FRAM,
Harness H ella,

Deutsch)
Cost to $0.30 - $6.00 $1.00 $5.00 4 million vehicles x
Manufacturer $0.60 $5.40 = $22M/year
Number of 3 9 6 6 Advantage in Cost
Com ponents and reliability
Installation Yes No No No Can be installed
Orientation near exhaust
independent of manifold to harness
gravity additional heat

energy to help
prevent freezing

Hysteresis free Yes No No No Flow output can be
determined from the
pressure difference
and is within
specified range at
all tim es

Freeze Yes Yes No No Resists freezing
resistant? without the huge

cost penalty of the
heated valve

Resistant to Yes No No No Deterministic
Flow results can be
Instability obtained because

the flow rate is
known; resists valve
flutter
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4.5 Implementation Strategy

4.5.1 Design for Mass Production

The MFE is designed to be an easy to assemble, three piece high precision control valve.

Prototypes have been made in aluminum, but the production versions will be injection

molded plastic. Ford technical specialists and current PCV valve suppliers need to be con-

sulted on the mold layout and material selection.

4.5.2 Joint Patent Application

The MFE PCV valve has been filed with Alleman Hall McCoy Russell & Tuttle LLPI,

Case/Patent Application number MITF 05301 as a joint application between MIT and

Ford Motor Company (See Appendix E).

1. Alleman Hall McCoy Russell & Tuttle LLP, 806 SW Broadway, Ste. 600, Portland, OR 97205; Tel: (503) 459-4141; Fax: (503)
459-4142; Web Address: www.ahmrt.com
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Chapter 5
DESIGN AND MANUFACTURE OF
THE MFE PCV VALVE

Chapter 4 discusses the development of the thesis valve which has been put through a bat-

tery of tests at the Scientific Research Laboratory and Dearborn Proving Ground of the

Ford Motor Company. In the same tests Ford uses to validate its production valves, pre-

liminary tests of this new technology have shown that these valves can prevent failure due

to freezing without the added cost and complexity found in the currently produced, electri-

cally heated valve (see figure 4.11). In long term road test, it was shown that the use of this

valve can save more than 400,000 pounds of oil and $21.6 million dollars per year in the

lower cost of these valves (see figure 4.34)1. Though additional testing remains, this valve

has shown proven advantages over the technology of PCV valves currently in production.

There are three objectives for this chapter. First is to illustrate the procedure used to design

an MFE PCV valve. This chapter will walk the read through the design principles used to

design a PCV valve. Secondly, this chapter will show how this valve might be manufac-

tured for mass production. Finally, in addition to the prototypes used for testing of the

concepts presented in this work, plans for a high volume production valve will be pre-

sented as proposed for use in automotive manufacturing, where there is a potential for pro-

duction in millions annually for vehicles worldwide. Fabrication drawings of all valves

used discussed throughout this thesis are presented in Appendix B.

1. Based on 4 million cars world wide per year and $.60 for the three piece MFE valve as compared to the
$6.00 electrically heated valve currently used in the industry.
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5.1 The Mass Production MFE Valve

The proof of application for the monolithic flexure element in this thesis is the design of
an automotive PCV valve. The valve is designed to meet the flow specifications of the

production PCV valve and to withstand the operating environment of the PCV system (-
40'C to 120 0C). Surviving in the high temperature is a matter of proper material selection,
but freezing has long been an issue with non-heated versions of the valve currently used in
vehicles. In addition to these requirements, the valve has to be low in cost and the fabrica-
tion process suitable to mass production techniques.

5.1.1 The Production MFE Valve

As described in chapter 1, the high production volume MFE valve designed to meet the
aforementioned criteria has three pieces. The spring and housing have keying features that
will only allow them to assemble in one orientation. Discrete contact elements are inte-
grated into the plastic housing. The interfaces of the valve correspond to the intake mani-
fold and PCV valve hose for the vehicle. The valve is designed largely with the cost of
manufacture in mind.

Contact I

Keying feature-

Housing Top -
Figure 5.1 The valve's top housing integrates the valve seat, contact elements and keying featuresinto the injection molded part.
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5.1.2 Concept Testing MFE Prototype Valves

Each of the concepts and features used in the production valve design has been tested

using prototype valve designs. Injection molded components, however, require expensive

molds and tooling and as such, are not suitable for small scale prototype design. Several

prototypes were fabricated using a rapid prototyping process called fused deposition

machining. In this process, a thin polymer ribbon is drawn over the surface of itself to

build up the three-dimensional part. Due to the low geometric tolerance and permeability

of parts fabricated by this process, the prototype valves required machine finishing and

painting. Integrated features, however, made the valve housing difficult to seal properly.

The housing for the prototypes used in tests discussed in this thesis has been machined

from 6061 aluminum. The valve seats and contact elements have been fabricated as inter-

changeable inserts, to afford maximum variability during testing. Several fabrication

methods have also been investigated for making the spring flexure prototype. Initial proto-

types, requiring a high degree of tolerance and very tight kerf widths, were chemically

etched. As a design evolved having looser tolerances, new springs were made using an

electrode discharge machining process. A waterjet machining process was also investi-

gated, but the thin spring element proved difficult to manage in the high pressure flow.

Using electrode discharge machining, springs were developed to test symmetric and

asymmetric flexures, the effectiveness of the cantilevered resonators and the sensitivity of

the position of the contact element to the flow response of the valve.

5.2 Functional Requirements

As mentioned in section 5.1, there are four general requirements that a PCV valve must

meet. The valve must meet ventilation needs of the engine, resist freezing and ice buildup

that could prevent the valve from maintaining its flow function (see section 4.1.3) and per-

form its function in a highly corrosive environment. The gases within the PCV system are

very corrosive to many polymers used in automotive components. This, however, is a mat-

ter of material selection and is well understood by automotive experts. All prototypes for
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this work have been developed in consultation with research and production specialists at

the Ford Motor Company. The final requirement, is that the valve be low in cost for large

scale production.

5.2.1 The Flow Requirement

To design this valve, it is necessary to obtain the PCV system flow requirements of the

vehicle. These requirements vary, depending on the engine configuration and powertrain.

An engine will have different needs, depending on its geometric configuration (i.e. 60

degree "V", rotary or horizontally opposed engine) and number of cylinders. Furthermore,

the remaining components of the powertrain, the transmission, differentials and transfer

case, also contribute to the flow requirements of the PCV system. OEM data for PCV

valves of most engines can be obtained from the PCV valve manufacturer. The next sec-

tion, however, will discuss the relationship of the flow requirement to the needs of the

engine.

PCV System Flow Upper Boundary

As discussed in section 1.3, the primary function of the PCV system is to ventilate the

crankcase of excess pressure and gases that can degrade the oil prematurely. Both, the

pressure and contaminant gases are the resultant blowby that normally occurs in the com-

bustion process. The rate of blowby increases with engine speed, however, vacuum level

in the intake manifold decreases. This is because the engine speed is increased by opening

the throttle valve to the intake manifold increasing the air available for combustion. As a

result, maximum crankcase ventilation is needed when the vacuum level that drives the

ventilation is at its lowest. This ventilation rate can be determined theoretically or by mea-

suring the PCV system flow during engine operation. This sets the upper boundary condi-

tion for the PCV system flow rate requirement.

158



Designing The MFE PCV Valve 159

PCV System Flow Lower Boundary

The PCV system also provides the primary source of air for the combustible mixture at

idle. At idle, the throttle to the intake manifold is closed. This closes off the large source of

fresh air the engine needs for the air-fuel mixture. At idle, the PCV system provides the

primary source of air for this mixture. Closing the throttle also results in an increase in the

vacuum level in the intake manifold. At high vacuum, the system requires a small amount

of flow, only enough to satisfy the needs of the engine at idle. If the amount of air flow is

too little, the engine will stall. If the flow rate is too high, the manifold will lose vacuum,

causing the engine to idle roughly. The PCV valve regulates airflow to the mixture by

choking the flow under high vacuum. This is the flat portion of the flow-profile curve in

the high vacuum regime. The remainder of the curve, the portion between the crankcase

ventilation requirement at wide open throttle and the fresh air requirement at engine idle,

is a linear interpolation.

5.3 Designing The MFE PCV Valve

Now that the function of the valve has been discussed, the design procedure will be pre-

sented in a step-by-step procedure. Though the objective is for the high volume production

automotive valve, this is the same process used in the design of the prototype valves tested

in section 4.2 (Figure 5.2). The PCV valve discussed here is designed to meet the require-

ments of a 4.6 liter, two-valve, V8, engine found in the 2001 Lincoln Town Car used for

testing. The new valve uses a three-beam flexure to regulate the flow of crankcase gases as

specified for the OEM production valve, and use a cantilevered resonator to harvest the

engine's vibration, and focus it to resist stiction caused by freezing and icing with the

valve in cold temperatures.

5.3.1 Quantify The Desired Flow Specification

Figure 5.8 identifies the graphical representation of the flow specification. It has been

approximated in equation form using MicroSoft Excel (Figure 5.3). The resulting equation
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Figure 5.2 Prototype valves fabricated for testing. These valves have two-piece, aluminum housings and
stiffening elements integrated into a valve seat insert. This valve also used location features that coincide
with tuning the flow. These prototypes will be discussed in detail later in this chapter.

represents the flow rate Q (scfm) as a function of the vacuum level, AP ("Hg)

(Figure 5.4),

Q = 0.0004(AP) 3 - 0.0076(AP) 2 - 0.0688(AP) + 2.3288. eqn. (5.1)

td~C.

10 12 14 16

Figure 5.3 To determine the expression for the required flow, plot the mean flow in Excel using the
Scattered x-y plot function. Right click on the mean flow curve and select Add Trendline (left). In the
dialog window, select Polynomial of order 3 (center). Select Options and check the box marked Dis-
play equation on chart to get the equation to appear on the graph (right).
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S0.0107 -0.0301x + 2.172

Figure 5.4 The trendline gives a third order approximation of the mean flow curve, where x is the
vacuum level, AP and y is the flow rate, Q.

5.3.2 Design the Spring Flexure

In designing the spring flexure for the valve, it is important to note the two regimes in

which the spring operates (Figure 5.5). In the first regime, the spring behaves as a curved

cantilevered beam having an angular constraint (0 = 0) at its free end. Once the initial

contact is made with a stiffening element, the spring enters the second regime. The stiffen-

ing element increases the effective stiffness of the beam. The valve flow rate is determined

by the deflection of the valve plate, which, in the first regime, is solely dependent upon the

stiffness of the cantilevered flexure.

Determine The Nonlinear Spring Stiffness Required

Now that an expression for the flow specification has been given in eqn. 5.1, the nonlinear

spring stiffness needed to produce this flow can be found. To do this, a flow model is

needed for the valve. A flow model for this valve configuration has been developed and

presented in Section 3.2.5. Using this model, the flow response is,
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? = CoDhK-I, eqn. (5.2)

where Co is a coefficient having an empirical value of 0.767.

Since the desired flow response is known, the required nonlinear stiffness can be deter-

mined. Equation 5.2 can be rewritten to solve for h. Substitute the specified flow rate for Q

(eqn. 5.1) to get,

h 0.0004 (AP) - 0.0076(AP) - 0.0688(AP) + 2.3288 eqn. (5.3)

It would be difficult to solve this expression for the pressure, however, this is not required

of many advanced math software programs. In the given form, Mathcad will plot AP as a

function of h. It must be noted, however, that the gap height, h, does not represent the

spring deflection, but the distance between the flexure plate and the valve seat. This dis-

tance decreases as the pressure increases. The spring displacement is therefore, the differ-

ence between the initial gap, ho, and the displaced gap, h,

SpringDisplacement = ho - h. eqn. (5.4)

Likewise, the spring force is the product of the pressure difference across the valve plate,

AP, and the area of the plate,

SpringForce = AP -Aplate = AP . D2. eqn. (5.5)

The resulting plot, spring force vs. spring displacement, represents the nonlinear spring

response required to meet the flow requirement specified for the valve. This is illustrated

in section (?).

Spring Flexure Geometry

The design of the spring flexure is based not only upon the stiffness required of the beam

before it makes contact with the stiffening element, but also the geometric constraints of
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the valve. The shape factor of the current production valve can be bounded by a one inch

diameter cylinder, 1.75 inches long (image) (the heated version adds a connector for the

wiring harness). The new valve is a fit and function replacement for the current valve and

should have a similar form. This puts limitations on the geometry of a straight cantilevered

spring. A curved cantilevered beam allows for a longer beam length and design alterna-

tives for contact elements within the valve envelope.

F

Regime A Regime B

force'Vae e

Figure 5.5 The spring flexure operates in two regimes; before contact with the stiffening element(s),
regime A, and after contact with the element(s), regime B. Here, the displacement of the beam is impacted
by the influence of two discrete stiffening elements; the first at point 1 and the second at point 2.

Figure 5.6 Model of the cantilevered spring flexure used in the valve. The valve plate is represented by
a moment on the beam, MB, where it constrains rotation. The characteristic dimensions of the contact
element are its position along the beam, a, and its distance below the undeflected beam shape, k.*
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The spring flexure has the design parameters, beam width, w, thickness, t, and length, L.

The beam is designed to spiral from the outer perimeter to the center valve plate. For max-

imum design flexibility, start with the assumption that L should be as long as allowable.

This assumption will allow a larger width and/or thickness, which is better for fatigue. The

beam length can be reduced, as the design is optimized.

5.3.3 Designing the Contact Element

The design of the spring determines that it has a linear stiffness, but for this application, a

nonlinear stiffness is required. To create this, the spring is stiffened using a contact ele-

ment. As the spring makes contact with the element, its boundary conditions change. The

beam acts as a shortened beam having a fixed angular constraint on the fixed end. The

result is an increase in its effective stiffness.

As discussed in section 3.x.y, a contact element can be continuous or discrete. With a con-

tinuous element, the theoretical surface derived in equation is placed below the beam. The

discrete element is an approximation of the continuous element. It has two design parame-

ters that affect beam stiffness. First, is its position along the length of the beam. A single

discrete element can be placed anywhere along the length of the beam and its height

adjusted to meet the desired stiffness. Placing the stiffening element closer to the point of

application of force produces a greater change in stiffness. Often, what is desired, how-

ever, is a gradual change in stiffness. For small corrections in fabrication, it is easier to

make adjustments to the height of the stiffening element and therefore, it is easier to locate

the element coarsely and then fine tune its height to meet the desired requirement. This

also allows the design to move forward in the case that the stiffening element is integral to

the structure, or in this case, the valve housing.

In locating this stiffening element along the length of the beam, it is recommended that it

be placed approximately one-third of the length from the deflecting end. In case more than

one discrete stiffening element is used, the change in stiffness is more gradual and tune-

ability is greater if the elements are approximately equidistant from one another, centered
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about the last one-third of the beam. For multiple elements, the distance from the end of

beam to the first element is given as an, where an is defined as,

2L
an (n+ 1 eqn. (5.6)3 (n + 1),

where n is the number of discrete elements and L is the length of the beam. For a value of

n less than 5, a continuous contact element is recommended.

Design Procedure

The second design parameter is the vertical distance, 68 , from the bottom of the unde-

flected beam to the point at which contact is made with the discrete element. Once the

spring has been designed, its stiffness can be used to plot a force-displacement curve

against that of the required stiffness. For the first contact element, the straight cantilevered

beam equation will give an approximate spring deflection at which, contact with the stiff-

ening element must be made. If there are additional contact elements, Joachim's beam

deflection equation must be used to determine the deflection for contact with the remain-

ing elements. It is assumed that once contact is made with a new element, any element

previously in contact with the spring give up any effect on the stiffness of the spring.

5.3.4 Designing The Ice Breaking Resonator

Parasitic Vibration Energy Available

The normal vibration of an automotive engine provides a sort of free energy that, if har-

nessed, can be properly focused for useful benefit. This vibration comes from the many

oscillating parts, such as the linear movement of the pistons, the rotation of cams and the

opening and closing of the two or more valves per cylinder, all functioning at a frequency

corresponding to some multiple of the engine's crankshaft speed (Figure 5.7). If designed

properly, multiple tuned mass resonators can be used to harvest multiple frequencies of

this energy and focus them to keep the PCV valve functioning free of ice and stiction.
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4.OL V6 Engine Resonance at Idle (600 rpm)

Frequency, Hz

Figure 5.7 To obtain information on the vibration energy in a 4.0L V6 engine in a 1994
Ford Explorer, an accelerometer was placed on the engine to measure its power spectral
density (PSD). The PSD characterizes the vibration ofthe engine. Peaks of energy are at
10, 20, 40, and 80 Hz support the logic that the sources of vibration are in multipes of
the engine speed (10Hz). Using this data, multiple resonators can be tuned to d lerent
frequencies to maximize the energy harvested to counteract freezing within the valve.

The next step is to gather data on the vibration characteristics of the engine. Given the

flow requirements of the OEM valve, the following process can be used to design a valve

for any engine. The specified engine idles at 600 rpm and cruises at 60 mph in top gear at

2400 rpm. The engine currently uses a 31011EV-261 production PCV valve as shown in

Figure 5.8. This is considered a low flow rate valve and without its integrated resistance

heater, is susceptible to freezing in cold temperatures. The manufacturer's flow specifica-

tion is also presented in graphical form in Figure 5.8. Appendix A gives the MathCAD

worksheet used to design the MFE valve to meet the requirements of the EV-261.

Cantilevered Energy Harvesters

The cantilevered resonator harvests the engine's vibration and focusing this energy to

break ice that may form and impair the valve's function. To design the resonator, it is nec-

essary to understand the engine's vibration characteristics. Whether an engine is at idle,

wide open throttle (WOT) or cruising speed, an engine exhibits several resonance frequen-

cies in multiples of the engine speed. This is important to know because it is not always

166

i i
iii j

i 1

ib

I

j!
r j
g Is



Designing The MFE PCV Valve 167

Figure 5.8 EV-261 PCV valve used in the 4.6L V8 engine found in the 2001 Lincoln Town Car (left).
The manufacturer's flow specifications are shown on the right.

feasible to design such that the resonator is excited by the highest energy state. Collecting

real-time data at idle can easily be accommodated with stationary acquisitioning equip-

ment, but becomes more challenging for cruise and WOT states. Because these frequen-

cies correlate to the engine speed, data can be extrapolated. The data used in this study

was recorded using an accelerometer place on the engine block of a 1994 Ford Explorer

V6 at idle.

The Two States of Importance

There are two states of interest for the energy harvesting resonator; the free state, in which

the valve (and resonator) is free of ice and attached to the very compliant valve element

structure; and the frozen state in which ice is present, causing the resonator to act as a can-

tilevered beam, fixed firmly by the ice encapsulated, no longer compliant, structure. The

resonator should be designed, such that, in its frozen state, it is excited by a frequency

characteristic of the engine at a certain speed. A resonator can be designed to resonate at

any frequency, but since its function is to focus energy to break ice, it is most effective

when the frequency is chosen in consideration of what engine speeds might be most char-

acteristic at the time that ice might be present.

Manufacturer's Flow Specification for EV-261 Valve

------ ----

0 2 4 6 8 10 12 14 16 18 20

Vacuum Level (in. Hg)
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When Does Icing Occur

Icing has been known to occur in two conditions. The first condition is while a cold

engine is at idle and the second, which will be discussed later, occurs while a vehicle is

cruising at a consistent highway speed. A PCV valve icing at idle is a special case, an

actually occurs before the engine is started. High moisture content is normally present in

the blowby gases of the crankcase, but the heated engine aids in evaporation. This is usu-

ally enough to prevent freezing of the valve and other components. When an engine is

started in very cold weather, however, but not allowed to run long enough to heat up, this

special case is presented. Once the engine is shut off, moisture then nucleates as ice onto

cold surfaces. The PCV valve freezes before the next start of the engine. This short

engine cycle is not hard to image. On a cold evening, after the cars have been sitting for a

long period of time, a person may move a car that may be blocking another car in a drive-

way. The car may run for only a few minutes; not long enough to warm the engine; but

long enough to generate moist gases in the crankcase.

Once the PCV valve freezes, it prevents the airflow from the crankcase to the intake man-

ifold. At idle, the throttle valve is in its closed position, so the flow of fresh air to the

intake is choked. This causes the engine to idle roughly and may stall. Upon sensing

these symptoms, the vehicle operator may depress the accelerator, opening the throttle

valve. This will improve airflow to the intake, but it does not ventilate the moist blowby

gases as they build up in the crankcase. The increase in crankcase pressure causes a rever-

sal of flow and the moist gases exhaust upstream of the cold throttle valve. Ice will then,

nucleate on the throttle until it freezes into position, affecting the controllability of the

vehicle.

In the second case, an engine is cruising along at highway speed, freezing has been known

to occur at ambient temperatures above freezing. As air flows through the PCV system, it

passes through the small orifice of the PCV valve and then, rapidly expands to fill the con-

necting hose. This rapid expansion lowers the temperature of the valve components to sub

freezing levels. This is only a part of the icing mechanism.
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As a vehicle cruises at speed, the throttle valve is in the open position reducing the intake

vacuum level experienced by the PCV valve. Moist gases from the crankcase flow

through the cold PCV valve. Ice nucleates within the valve, impeding the flow and pro-

moting further ice crystal growth. The reversal of flow process occurs and again, leads to

the frozen throttle. If the throttle is frozen in its open state, the vehicle may continue at

speed after the operator has released the accelerator pedal.

5.3.5 Unwanted Audible Vibration Countermeasures

In addition to the vibration produced by external sources, such as the engine, a flexure

valve having a thin element in the flow path will also experience vibration created by high

frequency currents of air oscillating above and below the valve plate. This frequency is

often audible and is the same mechanism that gives woodwind musical instruments the

ability to produce sound. Sound, however, can be undesirable in non-musical systems.

What is needed is a means of interrupting the pattern of these high frequency currents

without impeding the functionality of the valve.

These high frequency currents, called eddy currents, oscillate above and below the valve

plate. This oscillation causes the valve plate to vibrate at an audible frequency. For most

non musical mechanical systems, this constitutes noise. To eliminate this noise, the repet-

itive pattern of these eddy currents must be interrupted. To this end, three approaches

have been investigated as a means of eliminating unwanted noise from the MFE valve sys-

tem.

Micro Pores

The first approach is to add pores of various sizes along the perimeter of the valve plate.

This adds additional air pathways to the low pressure side of the valve plate. Air flowing

around the outer edge of the plate meets air flowing through the pores of the plate. As the

two currents of air meet, the eddy response is interrupted and vibration is, at the most,
irregular. Laboratory test show that the effectiveness of this approach is increased by
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placing the holes asymmetrically around the plate. This further disrupts vibration normal

to the plate by adding forces that attempt to twist the plate.

These pores, limited by the size of the valve plate and the desired flow rate, are very small

in diameter. This approach, therefore, is more suitable for clean, dry, non-corrosive flow

medium applications. Oil and moisture rich gases, such as those found in the PCV system,

can clog the small pores, rendering them ineffective. For this reason, it was eliminated as

an option for the PCV valve design.

Turbulence Inducing Baffling

Another approach is to use an elaborate baffling system upstream of the plate, such that a

form of turbulence is created in a way that prevents the air from organizing to cause cur-

rents across the plate. Though laboratory test have shown that this can reduce and often

eliminate noise, the approach requires complex compressive flow analysis and does not

lend itself well to the practices of high-volume, low-cost production of parts like the injec-

tion molded PCV valve.

Asymmetry

A third approach, and one used successfully in the MFE prototype testing, is to use the

concept of asymmetry in a different way. In this case, the three arms of the spring are of

unequal lengths, inhibiting normal, first mode vibration of the valve plate. Unequal forces

on the asymmetric arms cause a twisting of the plate, which interrupts the natural fre-

quency patterns of the currents that generate noise.

The asymmetric valve element follows the same design principles discussed in Chapter 5

and the appendix A worksheet may be used. First, the required stiffness is computed.

Then design the first beam and stiffening element using the results of the worksheet.

Next, bracket the calculated stiffness, designing the second beam, having a lower stiffness

and the third having a larger stiffness. The mean stiffness of the three beams is the stiff-
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ness computed using the worksheet. With the proper selection of materials, this approach

is robust to harsh flow mediums and is simple to implement in high volume production.



172 DESIGN AND MANUFACTURE OF THE MFE PCV VALVE



173

Chapter 6
FUTURE WORK AND OTHER AREAS
OF APPLICATION

The fundamental contribution of this work is that it is a new application of non linear

springs for tuning high-precision, passive flow control mechanisms. Though nonlinear

springs exist in many configurations, most do not lend themselves to the geometric con-

straints of a small, valve suitable package or to the two dimensional micro fabrication pro-

cesses of MEMS devices. This work develops design principles for nonlinear springs that

can be used to make high-precision, passive control valves that can be used to eliminate

the need for expensive and complex, closed-loop flow control systems.

Also new in this work is the development and implementation of testing procedures that

has revealed new information about the function of the current PCV valve in its operating

environment. The automated high-speed, data acquisition system installed in the 1994

Ford Explorer has been developed for this thesis and is the first of its kind in use in PCV

system development. This system has revealed new information about the PCV system

flow and the impact of pressure pulsations caused by the combustion cycle on the function

of the PCV valve and its response during flutter instabilities. Unlike the state of the art

test procedures, the new test provides high-speed, realtime data on the valve while in an

operating vehicle. When this new test method was presented at the Ford Motor Company,

it was regarded as a new and useful test procedure and at their request, the schematic

shown in figure 3.16 was provided to the Ford Scientific Research Laboratory for further

development. Information gained from current production valves tested using this proce-

dure aided in the development and refinement of the MFE thesis valve.

In addition to the new concepts of application, the design principles developed in this the-

sis lend themselves to application in areas not successfully addressed by the current
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approach to spring design. These design principles may open the door to new and better

solutions to old problems, and in some cases, open the door to new technologies. This

chapter investigates the potential for the use of this monolithic flexure element spring for

future application in the areas of medicine, toys and other amusement devices, fixtures

and micro-electromechanical systems.

6.1 Nonlinear Spring Control Valves for Medical Devices

Many medical devices are of the single application type and must be discarded to prevent

the spread of biohazardous agents. Valves used in these devices are either complex and

costly or simple and limited in their function. Valves of the latter type are used in many

medical applications to prevent back flow, but these valves lack the ability to regulate

flow. A medical valve, using a monolithic flexure with stiffening elements, can be used to

control flow as the pressure varies. A valve of this type would make it possible to design

inexpensive, disposable versions of some of today's costly, non-expendable medical

devices.

One potential medical application can be found in urodynamic testing, where the use of a

precision control valve in the disposable catheter would increase the sensitivity of the sen-

sor. Urodynamic testing includes a procedure to measure the Urethral Pressure Profile

(UPP). This provides a profile of the intravesical pressure as a function of the position of

the catheter within the urethra, P(x). The measurement is taken by inserting a catheter into

the urethra and infusing the catheter with fluid at a constant rate (Figure 6.1). A pressure

transducer at the outer end of the catheter measures the intravesical pressure at the end of

the catheter as it is withdrawn. The sensitivity of the transducer, L, is a function of the

compliance of the catheter tube, C, which is related to the pressure and volume of the cath-

eter by,

C Av eqn. (6.1)AP'

The rate of infusion, Qinf, into the tube is given by,
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Qinf- ,', eqn. (6.2)

and the velocity of the catheter withdrawal rate, Vcat, is,

Ax
Vcat - . eqn. (6.3)

From these, the sensitivity of the transducer is derived as,

AC Vca "  eqn. (6.4)

As equation 6.1 suggests, sudden pressure increases will not be sensed by the transducer

until after the pressure has first equalized throughout the length of the compliant catheter.

Equation 6.4, therefore, represents the maximum sensitivity of the infusion pressure trans-

ducer. Increasing the infusion rate increases the error. To improve sensitivity, the compli-

ance of the catheter must be reduced as well as the catheter withdrawal rate. The current

withdrawal rates are between I and 2 centimeters per second.

v.
a- etLeLr;I

Pressure, P

X

Figure 6.1 A urethra catheter is used in Urethral Pressure Profile (UPP) measurement. The catheter is
inserted into the urethra and measures the urethral pressure at its end as the catheter is withdrawn. This
provides a profile along the length of the urethra.
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.,Valve Element

atheter

Figure 6.2 In the UPP test, the infusion flow rate must remain constant and is regulated by the orifice
at the end of the catheter. Above is a valve structure having an orifice, a valve seat and stiffening con-
tact surfaces (upper left). A structure of this type can'be made in the form of a cap and inserted into the
orifice end of the catheter to form part of a regulating valve having the same diameter as the catheter
(upper right). The flexure element added to the valve structure cap completes the flow regulating valve
for the catheter (bottom). Using this valve, the UPP test can be performed at a higher initial pressure,
using the valve to maintain a constant infusion flow rate.

Using a flow regulating flexure valve, however, a constant infusion rate can be estab-

lished, independently of intravesical pressure. Therefore, a higher initial pressure can be

used to reduce the radial compliance of the catheter tube, increasing the sensitivity of the

transducer (Figure 6.2).
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6.2 Valves for Amusement Devices

Many low-cost toys use pressurized air or water to store energy. Currently, these toys use

a fixed orifice to regulate the flow, but there are few low cost alternatives capable of main-

taining a constant momentum as the water or air pressure decreases. With an orifice, the

vehicle's initial burst of power diminishes quickly. Using a flexure valve, however, a toy

vehicle may operate under a constant flow rate, even as the pressure drops within the stor-

age tank. The flexure valve can produce the specified flow, as demonstrated in the PCV

valve, and is low in cost. Air/water powered toy rockets range from simple children's

models to adult build-it-yourself models for competition (Figure 6.3). There is a substan-

tial interest in performance improvements in the air/water rocket hobby.

Figure 6.3 An adult amateur air/water powered rocket kit [courtesy of http://www.h2orocket.com/].
Replacing the orifice with a flow regulating valve may change the shape of the thrust profile, such that
the boost remains constant during the boost phase.
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6.3 Flow Regulating Microvalves

Flexure valves also lend themselves to many additive and subtractive fabrication tech-

niques used to make micro mechanisms. They are a familiar component in micro electro-

mechanical systems. Current microvalves are similar to the MFE valve in their monolithic

flexure design, but do not use a stiffening element. As a result, they can function only to

allow single directional flow, preventing flow reversal (Figure 6.4) [Yang, et. al., 2004].

The contact element used in the MFE valve, however, also lends itself to micro-fabrica-

tion techniques and can create a new class of micro-valves capable of passive flow regula-

tion. To do this, bulk machining and etching techniques are used to make a single

component for the flow passage, valve seat and contact surfaces on within a substrate. The

flexure is made by etching a second substrate. The flexure substrate is mated to the valve

substrate just as the valve element and structure are mated in the macroscaled valve. Once

the valve structure and the valve element substrates are fabricated, the two substrates are

bonded. This yields a flow regulating microvalve created by bonded substrate materials

and processes typical of micro electromechanical systems fabrication (Figure 6.5). This

bridges an important gap in micro-systems design and opens the development path to new

micro-devices.

6.4 Nonlinear Springs for Couplings and Fixtures

The stiffening element is useful in devices requiring an increasing stiffness in the spring

mechanism. There are a class of problems, however, requiring that the nonlinear spring

soften, or decrease in stiffness. An example of this application would be one in which the

insertion of a coupling requires a large force to over come an initial resistance to engage a

locking mechanism (Figure 6.6). Beyond the point of engagement, the force should be

reduced to prevent possible damage as the coupling reaches its fixture position

(Figure 6.7).

178



Nonlinear Springs for Couplings and Fixtures

Flow

I

Figure 6.4 Microvalve developed by X. Yang to meter fuel for engine control of the MIT gas turbine
engine.

Figure 6.5 A flow regulation valve can be made using micro fabrication techniques. The spring flex-
ure and the valve seat, with stiffening contact elements can be fabricated in separate substrates (left)
and bonded (right).

Preloaded Beam

In order to create a softening flexure spring, a prestress is needed. The spring is pre-

stressed in a way that some of its energy storage goes into the preloading mechanism as a

loss. The resulting spring will have a high initial stiffness that reduces as the spring

deflects. Consider a simple cantilevered beam of length, L, having a load, F, applied at its

free end. The deflection, y, is given by the equation,
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Ball and Spring
Locking Mechanism

I
aard Stlop

KLocking N7otches

Figure 6.6 Coupling mechanism. As the coupling is inserted, a large force is required to overcome the
force of the spring balls. Once the spring retracts, however, the force required to close the coupling is
minimal. In a system having a high repetition of cycles, damage will be caused by the excessive use of
force. A softening spring would be ideal in this application.

Figure 6.7 The lower curve is the measured force required to close a certain type of mechanical coupling. The
force increases initially, but reaches a critical displacement of 5mm and decreases. To insert a coupling, the force
of the spring must remain above this curve. A linear spring has a large residual force beyond the critical displace-
ment and could cause damage to the coupling. The spring would act as a mechanical fuse, minimizing damage, by
maintaining a constant force, or reducing the force, beyond the critical point of displacement.
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FL
Y - 3 eqn. (6.5)3EI'

If a vertical displacement of C, however, is imposed at some distance, x = xc, from the

fixed end in such a way that the beam is preloaded (Figure 6.8), the deflection, y, as a

function of the force, E must take into account this displacement. Solving for the force

required to create this pre-displacement, then superimposing with equation 6.5 gives,

FL 3  F 3EIC Xc
Y -Y + (3L -xc) - 3 (3L -xc) . eqn. (6.6)3El 2x 3 6El

This holds true for as long as the preloaded beam remains in contact with the displacement

element at xc. When the displacement at xc exceeds C and the beam is no longer pre-

loaded, it becomes a simple cantilevered beam in which, the stiffness is less. A beam spec-

imen, shown in (Figure 6.9), was tested on a bench, measuring force and displacement.

Measurements were taken using an Instron TM Universal Testing Machine. To begin, the

beam is clamped into place. The Instron applies a constant rate of displacement, while

measuring the force using a load cell. As pre-displacement is exceeded, the stiffness of the

beam decreases. Empirical results are compared to the theoretical equation in Figure 6.10.

Tester

Roller
Point of
Pre-displacement

Bed

Figure 6.8 The pre-displaced beam configuration using the InstronTM Universal Testing Machine. The beam fea-
tures an imposed initial vertical displacement of distance C at location x = x c. As force F is applied, the prestress
imposed at the point of pre-displacement is overcome, changing the effective length of the beam, thereby reducing
the effective stiffness. Test results are shown in Figure 6.10.
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Figure 6.9 Two components of the softening test beam. The specimen includes a thin test beam supported at its
cantilevered end and a large stiff beam with a displacing point. When the two parts are clamped together, the thin
beam is pre-displaced at the point of contact. For this specimen, having a beam length of 130mm and a pre-dis-
placement of C = 5 mm at x = 100 mm, the pre-displacement stiffness is 0.90 kg/mm. When the pre-displacement
is overcome, the stiffness is reduced to 0.05 kg/mm. Test results are shown in Figure 6.10.

Figure 6.10 A force-displacement curve for the nonlinear cantilevered beam was very repeatable over a series
of five tests. Empirical data matched analytical very well, although a slight hysteresis loop is formed during
unloading.

A Single Element Bi-stable Spring

A softening spring can also be made in a very simple, single element. A v-shaped spring

can be prestressed to become bistable by moving each of the two free ends towards one

Force Displacement Curves for Non-linear Stiffness Spring
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another and fixing them in place for all degrees of freedom. This causes an out of plane

warping, resulting in one of two stable positions for the beam (Figure 6.11). The bi-stable

nature of the spring causes it to soften as it deflects, becoming more unstable as it moves

away from its lowest energy state. At its highest energy state, it snaps to its alternate (sym-

metric) low energy state (Figure 6.12). Test results of a spring specimen tested using an

InstronTM testing machine, used to measure the stiffness of the spring are shown in

Figure 6.13. Bench test results are shown in Figures 6.13 and 6.14.

X / Undeformed
Shape

F!
Preloaded
Spring

ROMFree
End

Figure 6.11 This double spring was prestressed by bringing the legs together by some distance, xp, and then fix-
ing their degrees of freedom. This causes the free end of the spring to warp out of plane. This is one of its two sym-
metric lowest energy states. The beam is therefore, symmetrically bi-stable. Bench test results are shown in
Figure 6.14.

Figure 6.12 The commonly used hair clip is an example of this type of bi-stable spring. Shown above
are its two lowest energy states. In one state, the clip is closed (left) and in the other, it is open (right).

Xp
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instron
/Tester

Roller

Bed

Figure 6.13 The bistable spring was tested on the Instron testing machine. The spring starts in its ini-
tial lowest energy state at A. As the spring deflection nears its highest energy state at B, it becomes
unstable and quickly snaps into its second low energy state C.

Figure 6.14 Bench test results of the prestressed bi-stable spring approaching the bi-stable snap
through. Two models were fabricated for preliminary investigation. The difference in the path between
the two tests may be explained by early buckling of one of the two beams that make up the spring. Care
should be taken to ensure precise geometric symmetry in each beam and in the preload force vectors
for repeatable results.
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Cantilevered Spring and Plank Assembly

The spring board flexure changes its stiffness by changing its relation to the flexure. As

the angle between the board and flexure increases, the rate of force that the flexure applies

to the beam decreases, thus, the force required to continue the deflection is decreased

(Figure 6.15). This design is affected by friction and must be carefully designed to mini-

mize stiction and hysteresis. Table 6.1 outlines the risk and countermeasures for each of

I

Figure 6.15 The spring board causes the flexure to deflect as it rotates about its pivot. The initial change in
deflection caused by the spring board is large, but decreases and the angle of the board increases.

the softening spring systems outlined in this section.

6.5 The Forward Path Of The MFE PCV Valve

The nonlinear spring principles discussed here have been investigated through the design

of the MFE PCV valve. Several aluminum prototypes of the MFE PCV valve have been

developed and tested at MIT and the Scientific Research Laboratory of the Ford Motor

Company in Dearborn, Michigan. The prototypes have been developed in two forms; a

standard valve that has been designed to press into the rubber grommet of valve covers

used a before 2002 and one designed to twist into the locking mechanism of the recent

model valve cover. The rubber grommet type valve has been designed and tested on the

1994 Ford Explorer, while the locking base valve has been designed and tested on recent

model vehicles. Several recent model vehicles have been used for verification testing of

the prototypes. A final form has been proposed for the PCV valve having an injection
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TABLE 6.1 Concept and Risk Analysis for Softening Springs

molded, two piece housing and integrated contact elements. A third component, which is a

flexure spring valve element, regulates the flow. These valves have been verified for flow

performance and sent to Ford for final testing.

6.5.1 Verification And Prove Out

Verification and prove out of the MFE valve has followed a number of the standard indus-

try procedures called the Ford Corporate Experimental Test Procedures (CETP). Each

valve has been first tested at MIT to characterize its pressure-flow profiles, and then sent

to Ford's Powertrain Operations Engine Engineering group for official verification. Ford

CETP verification has included several rigorous tests. The procedure has followed that

each valve has been first proven on the Ford PCV Valve Flow Bench described in

Section 3.1.1. A similar flow bench has been used at MIT, however, it differs from the

Ford bench in two fundamental ways. First, the Ford flow bench is powered by a set of

Concept Risk Countermeasure
Initial stiffness too low Decrease (L-x)

F ary
S. Secondary stiffness too high Increase preload deflection

Plastic defonnatlon/creep None

Initial stiffness too low Modify beam geometry

Secondary stiffness too high Decreases with deflection

Plastic deformation/creep Max preload experienced only
when loaded

Initial stiffness too low Increase flexure stiffness

Secondary stiffness too high Reduce friction between flexure
and beam

Plastic deformnation/creep Max stresses occur only when
beam is deflected

used to create viable alterna-Spring softening concepts, risks and countermeasures
tives.
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four powerful vacuum generators integrated in series. The system at MIT generated less

vacuum power, which prevented the flexure element from being fully actuated at the

lower vacuum levels. Though the pressure-flow profile had the same geometric shape, the

less powerful vacuum created a higher flow rate in the valve. Secondly, the Ford flow

bench is a completely manual setup, which requires an operator to read data from digital

and analog gauges. The MIT flow bench uses a data acquisition system and can record

data at higher frequency. The automated data system records data through transient events

like the flutter phenomenon. High frequency acquisition has revealed that the current pro-

duction valves produce flow rates much higher than specification allows during flutter

instabilities. With minor modification, the Ford flow bench can be modified with elec-

tronic sensors and an automated data acquisition system. This would yield more accurate

information about high frequency transient states and hysteresis and be an improvement in

the standards in which PCV valves are categorized. High frequency data acquisition

shows that the MFE valve remains within flow specification through all flow conditions

and transient flutter states.

Once a valve has been properly characterized on the Ford PCV valve flow bench, it

advances to the oil pullover test. The oil pullover test uses a coalescence filter to collect oil

entrained in the PCV flow. This filter is removed and weighed at regular intervals to deter-

mine the rate at which oil is normally consumed by the PCV system. The oil pullover tests

were conducted using a Ford F150 having a 5.4 liter V-configuration eight cylinder engine

and Lincoln Town Car having a 4.6 liter V-configuration eight cylinder engine

(Figure 6.16). This stage of testing has been conducted by the Ford Scientific Research

Laboratory at the Ford Motor Company. Oil pullover measurement requires a high mile-

age vehicle test and there is no comparable test at MIT. Oil pullover test results have

shown that the MFE valve has 44% less oil pullover than the comparable production

valve.

The final PCV valve prove out in Ford's standard of tests is the wind tunnel low tempera-

ture test described in Section 4.2.5. This is a test of the robustness of the valve in harsh
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Figure 6.16 The Lincoln Town Car 4.6L V8 used in testing of the Final MFE PCV valve at MIT. The
Ford Scientific Research Laboratory used a similar vehicle in a high mileage oil pullover test and
windtunnel freeze test of an earlier version of the valve. Concurrent Ford tests on the final version of
the MFE valve were run on a Ford F 150 5.4L V8.

environments and is particularly important in emergency vehicles that may be subjected to

extraordinary circumstances often in their lifetime. The test requires that the valve be

installed in a vehicle and allow to soak in a cold chamber at -40'F. It also requires a bat-

tery of dynamometers and other sensors not currently available at use in PCV valve devel-

opment at MIT. For this reason, all system level testing has been carried out at Ford,
however, component level testing has been performed at MIT on the spring element using

a shaker table and sensors in a cold chamber. These tests have shown that a cantilevered

tuned-mass resonator can break the element from its frozen state when excited at its natu-

ral frequency. In component level testing, spring elements frozen to surrogate valve seats

have remained frozen while vibrating for 24 hours at just 10's of rpm's above resonant

frequency. At the end of each 24 hour test period, the excitation frequency is tuned to res-

onate the cantilevered mass. The resonators have repeatedly prompted the release of the

elements from their frozen bond in under 1 second. This has led to the development of an

element having several resonators, each having the ability to harvest energy from different

excitation frequencies. The current valve element design does not use a cantilevered reso-
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nator, but harvests its energy from the flow in response to high frequency eddy currents

that cause the valve plate to resonate. A valve using this type of element has been tested in

the wind tunnel test at the Ford Dearborn Proving Grounds. Test results have shown that

the resonating valve plate is able to break free from ice in the first five minutes and remain

free for the duration of the three hour test (Figure 6.17).

Figure 6.17 The Lincoln Town Car 4.6L V8 is equipped with an electrically heated PCV valve to
allow it to pass the Ford standard wind tunnel freeze test (left). This requires a wiring harness in addi-
tion to the integrated heating element, which increases the cost of using the valve from $1 to $6. When
multiplied by the four million vehicles produced by Ford world wide, this alone costs an additional
$20M. Final version of the MFE PCV valve installed in the Lincoln Town Car 4.6L V8 for acoustic
vibration testing (right). The wiring harness is not needed for the MFE and the cost of the injection
molded MFE is estimated to be $0.60. This is a savings of 90% over the heated PCV valve and a sav-
ings of $21.6M per year for the Ford Motor Company.

6.5.2 Further Development

A joint patent has been filed by MIT and the Ford Motor Company, however, further

development remains for the final valve form (Appendix E). With certain geometric

parameters, the resonating valve plate can sometimes create an audible frequency. Tests at

MIT have shown that this can be attenuated by interrupting the pattern of the eddy cur-

rents exciting the plate. This can be done by introducing asymmetry in the vibration mode

of the valve plate, either by varying the length of the tethers supporting the valve plate, or

by introducing holes, 30 to 40 micrometers in diameter, asymmetrically around the perim-

eter of the valve plate, thereby impacting the flow of eddy currents. Inherent in the micro-
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holes approach is the risk that they will become clogged by ice or debris and loose their

effectiveness, but the varied length tethers have repeatably produced valves that are free of

the audible noise on the MIT and Ford flow bench and vehicle tests (Table 6.2). Only

twenty five to forty percent of the valves that have tested successfully on the MIT bench,

however, have yielded the same results on the comparable Ford test setup. The reason for

this is that the Ford PCV valve flow bench uses higher powered vacuum generators than

those used on the MIT flow bench. This difference in the power of the vacuum system

translates to a difference in the behavior of the valve during testing. This has resulted in a

fifteen to twenty percent downward shift in the measured flow response for valves tested

at MIT and then tested at Ford. To address this, valves have been qualified with twenty

percent higher flow on the MIT flow bench, before sending to Ford for final characteriza-

tion. In the case of the audible noise, however, the problem is very subjective and difficult

to quantify given the limited availability to Ford's resources. Forty percent of the valves

that test quietly at MIT still have a sixty percent chance of being audible when tested by

Ford's research staff on the Ford PCV valve flow bench and results could take as long as

six weeks.

TABLE 6.2 aFlexures tested for audible vibration

Same housing/same valve seat/same orientation

Equal arms Tune baseline to generate noise

Asymmetric Noise damping acceptable Repeatability?
holes

Asymmetric Noise damping acceptable Repeatability
arms
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a. All valves sent for the Ford testing facilities were comprised of springs of the equal
arm variety.The asymmetric solutions was not used on the MIT test because the audi-
ble response was not present in the MIT test, or was solved by adjusting the length of
hose to suit the engine. The audible response often occurred once the valve was sent to
Ford, however, Ford often changed the vehicle used in testing without prior notice.
For this reason, the asymmetric solutions were investigated.

The difference in test results has been similar in the vehicle tests. A Ford production PCV

valve is designed to have flow characteristics to meet the air/fuel mixture requirements for

a particular vehicle. Vehicles of a similar chassis may share the same powertrain and may

use the same PCV valve. All final valve tests conducted at MIT have been carried out in a

four liter engine of a 1994 Ford Explorer. The Explorer has been used to fine tune the

valves before they are sent to Ford for validation, however, this only ensures that the

valves are properly characterized for the Explorer's engine needs. No information is pro-

vided, prior to testing at Ford, on which vehicle, or vehicle class, will be used for the com-

parable tests. Often, vehicle information is not provided until after testing and the vehicle

may be of a different category, having completely different PCV valve flow requirements.

In the past, valves tested at MIT on the Ford Explorer have gone to Ford to be tested on a

Lincoln Town Car, a Ford F-150 pickup and an Econoline valve of model years ranging

from 2001-2003. These vehicles are not at all similar and each engine has a different PCV

valve flow requirement. Changing the test vehicle in this manner makes it extremely diffi-

cult to study the sensitivity of valve's design parameters and distorts comparative valve

data. As with the current production valves, it should not be expected that one valve

should meet the needs of all vehicle systems (Figure 6.18).

Clearly, the range of vehicles used for testing is not consistent with the narrow band of the

flow specifications for each valve. A small number of minor issues remain, but a quick

resolution will require closer collaboration between MIT and Ford. If the time it takes to

characterize a PCV valve on a flow bench and have it verified at Ford were on the order of

days instead of months, it would be easier to determine the correlation between flow phe-

nomenon and the contributing parameters. The ideal solution is to have an MIT flow

bench that yields the same outcome as the Ford flow bench. This is relatively inexpensive
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in the scope of the technology transfer of a new PCV valve. In addition, there should be

one or two vehicles dedicated to the final verification of the valve. Once the design is ver-

ified, the design parameters have been finalized and several successful prototypes have

been produced, then the design principles can be applied to size the valve for other vehi-

cles. Implementation of this PCV valve technology has many benefits for Ford in cost,

vehicle maintenance scheduling and impact on the environment. It is, therefore, recom-

mended that Ford proceed with the development of the valve for commercialization.

Figure 6.18 The two earlier versions of the MFE valves (shown on left) have been designed to be
press fit into the 1994 Explorer's engine valve cover. A later version (the four on the right) has been
modified to twist and lock into the valve cover and use the updated quick release mechanism used in
late model Ford vehicles.
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Appendix A
MATHCAD DESIGN WORKSHEET

This MathCAD worksheet is used to design the MFE PCV valve. It computes the param-

eters for the flexure geometry (beam width, b and thickness, t) and the coordinates of the

stiffening contact element (an and 8 k) given the desired PCV system flow requirement.

Figure 6.19 PCV valve housing with monolithic flexure element and integrated valve seat.

Figure 6.20 Reference dimensions for the MathCAD MFE PCV valve design worksheet.
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Manufacturer's Design Curve and Approximation
Gather data. Determine the flow requirement needed for the valve. For the PCV
valve, obtain the manufacturer's empirical data. This information is included in the
valve specifications and is used to obtain the desired flow rate as a function of the
vacuum level.

AP~:=(1,5 2 4 6 8 10 12 14 16 20)
f13

QS:= (2.8 2.8 2.58 234 2.1 1.86 1.62 1.38 13 1.3).
mim

f3
Qm:=(2.1 2.A 1.98 1.74 1.5 126 1.02 .9 .9 .9),--

Qs:*,(1.4 1.4 1.38 1.14 .9 .66 .5 .5 .5 .5),- -
min

Determine a curve of best fit, Q(AP). This can be easily done by adding a trendline to the
data in MicroSoft Excel. Doing so yields;

Q(AP): :0.I0oP-. - 0,010P 0.030(A ) + 2197

Vacuum level in inches of Mercury
AP:(f0,5, 1.20) "tHg

EV-261 Deip Spetclcadon
(V6 EngSle k Ford Englie Deser M=ona

2$

I

ftl

C

Graph of plotted data and trendline from Excel spreadsheet

C S 30 15 33

VsealaeIoCtflb

· · · I
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Apply the valve model

Valve model equation 4Ar)ec. 4V wherc o06767 Eqn 5.2

Valve model geometry

Valve plate diameter -0 12rn PMAX :* 30000a

Flow passage diameter 4- 1mr" AP:= 33W.8.so0a..PMax

Spring flexure Length L I tmn

Flow rate equation converted to ft'lmin

AP):a .000S -) - 0.0107 - 0.030O f ) + 2.197 j

Substituting desired valve output Q(AP) into valve model equation

h(AP)= a) Eqn 5.3

You can plot gap height as a function of AP, but it is more relevant to plot the
spring displacement as a function of the force of the vacuum (AP * valve plate
area). This will determine the needed spring displacement as a function of the
pressure force.

Max gap height occurs at minimum vacuum level. Minimum gap height occurs
at PMAX

Determine the spring displacement, which is the difference between the height of
the valve plate at minimum vacuum (h. at AIP -1 "Hg (3386Pa)) and the height
of the valve plate under the vacuum load.

h:= Wh(33Wfa)

AoJ,:-- ho, :z= h(PtMAx) hmab 6.237x 10-in
4

gAP).-= h,,, - h(,AP) Eqn 5,4
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Force vs, Displacement Curve

0.015

Plot of "vacuum lever x "-suface area"

Beanm Displaccment (in)

vs. spring (beam) displacement (hmb, - h(AP))

0.025
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Define the geometry of the spring flexure

Vt~

Use the fatigue criterion and required pre-contact stiffness of the beam to
determine the location of the stiffening element, a, and geometry (b and 1) of the
spring flexure

Determine the length of the beam where stress is at its maximum (at the contacting stiffening
element)

Input: Number of discrete elements: n : I

2 ,Le
•3, I I)

,where maximum stress is limited by fatigue

Soderberg fatigue equation Material: 416 Stainless Steel

W:= 14tksi C= 2900000si S,:= I tsi

ti

S:~ - 5:33 -~

bCh·r
[2

.5 :~ -- ·

bY~t

201

Eqn 5.6

MJ
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From this.

2 alSjgn,

From initial stiffness criterion (beam stiffness before contact with stiffening clement)

k'nd P=r FF Pu RwArF (Ft442a, Ibf

3Lt:,, O t 0.977t0N13

4- Lxe
3 

St,

3"A' F

b:=

Determine the vertical position of the first contact element, 4.

4,44flN]O!in

Rewriting equation 2.27, to solve for 4 gives,
P3. La 2  3 12E L2 - a 2a3 L4 a2

"" + iEl 2 , b t "

4e2 2 L -a) 9(Le )+ 21 a 4Le 3 2
21E1
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Appendix B
PCV VALVE DESIGN DRAWINGS

B.1 A High Volume Production MFE Valve
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B.2 Prototype Valves Used For Concept Testing

The Original Test Prototype MFE Test Valve

Locating
features
(4)

alve
mntact
ert

re

Figure B.4 Concept test valve with locating features
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Appendix C
CONCEPT DEVELOPMENT
TIMELINE

Requirements
Flow Requirement
Oil Pull-over Criterion
-40C Operating Specification

ConceDt Develooment

I ~~fl

'45

LN2 Freeze Test
Re: Minimize Surface Contact

Concept Analysis

Acceleromet

4
First Spring I

E
0- Eccentric Load Test
(D
er Test

I 3iJIAJljJ, .,vFI,,

Re: Concept Verification

Re: Engine Harmonics Measured

Figure C.1 Timeline. 2001-2002.
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2nd Sorina Protvoe Develooed
-200 C Harmonic Energy

Harvester Testing Begins
iq Developed

ew Test Procedure

T
Development Begins

Harmonic Harvester Test Concludes
Resonator Concept Validated

Valv Tested at Ford
Linear Spring Insufficient
Procedural Anomalies Identified

Package too large
Resonator Removed*

Figure C.2 Timeline. Year 2002-2003.
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Nh1W Vai~VF? Deliveredc to Ford
After Passing New Procedure
Tests at MIT

New Valve Passes
Ford PCV Valve Flow Bench &
Oil Pull-over Tests

New Valve Fails
Windtunnel Test Due to improper Test Setup
Test Rescheduled New Valve Passes

I Ford Windtunnel Test

Figure C.3 Timeline. Year 2004-2005.

Flutter Instability Mapped
On Ford Valves using New
Procedure
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Future Development

Prototype Packaging

Test Procedure Development

Figure C.4 Timeline. Recommended areas for future work.

J
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Appendix D
ENERGY HARVESTING RESONATOR

Early in the effort to develop a PCV valve that could passively resist the tendency to

freeze, the investigation focused on the use of a resonator that could harvest the parasitic

harmonic energy of the engine and possibly focus it strategically to prevent freezing. Two

preliminary tests were conducted to study the feasibility of the resonator. First, a test to

measure engine harmonics and second, a test to measure the effects of simulated harmon-

ics on a frozen resonator system. Both test, although not validated, proved useful in the

development of the resonator.

Packaging the resonator proved to be challenging. Using the current production valve as

an indicator of the desired size envelope, the initial resonator package proved to be too

large (2.25 inches in diameter compared to the production valve's 0.75 inches). In the

interest of moving forward, the first prototype valve was delivered to the Ford Scientific

Research Laboratory without the resonator while the packaging effort continued. This first

flow bench test revealed an additional source of energy. Eddy currents flowing over the

valve plate caused vibration at an audible frequency. Although this sound was undesire-

able, it initiated the consideration that this high frequency energy may be sufficient to pre-

vent freezing. Although it was the spring flexure that prevented this prototype from

passing the initial flow bench test at Ford, development of the valve moved forward with-

out the resonator. It was the valve without the resonator that later passed the Ford's flow

bench test, oil pullover test and the wind tunnel freeze test. A smaller resonator package

has been developed and is shown in the final figure. Plans to test this package are beyond

the scope of this thesis. The evolution of the development of the energy harvesting reso-

nator is given in the figures D. 1 through D. 12
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D.1 The Forward Path

In moving forward in the development of the energy harvesting resonator, there are sev-

eral recommendations. First would be the development of a validated set of tests. Both

test used in the development of the resonator in this work provided useful information,

however, it remains to be verified that the tests represent the PCV system environment,

the simulated engine harmonics and the condition in which freezing causes the current

production PCV valve to fail in its function. It true that the thesis valve tested in the Ford

wind tunnel was able to break free from its frozen state and it is hypothesized that this was

inabled by the high frequency energy of the eddy currents, however, this hypothesis, too,

need to be verified. To develop a set of validated tests, it is recommended that each proce-

dure is held before a peer review of those specializing in the engine and PCV system.

When the procedure has a concensus, it is validated.

It is also recommended that the bond of ice is modeled. The test specification calls for the

development of test at -400 C, which is beyond the resources available for this work. An

analytical model of the ice bond would be very useful in the development of a system to

focus an energy harvesting resonator and/or high frequency resonator to break the ice. The

composition of the ice in the PCV system under the given specification is unlike any

found through a literature search. It is recommended that a proper model is developed that

includes the properties of special characteristic ice.
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Measured Response: 4.OL V6, 1994 Ford Explorer at Idle
U.u

-10.0
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Figure D.1 Harmonic response of a 1994 Explorer V6 engine at idle. An accelerometer was installed in
a vehicle to study the engine harmonics. In the interest of safety and the preliminary nature of the test
setup, measurement was only taken as the engine idled. As expected, the 600 rpm produced evidence of
peak resonance at 10Hz, 20Hz, 40Hz, and 80Hz, decreasing in energy (Figure D.1). This data served as
the baseline for the simulated harmonics in the resonator concept tests.
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Figure D.2 Resonator Concepts. Resonators concepts were developed and analyzed (FEA) in search of
a geometry that would most effectively harvest the parasitic harmonics of the engine.

* Idle (600rpm)
- 10 Hz, 20Hz, 40 Hz

I 60 Mph Cruise (1900 rpm)
- 32 Hz, 64Hz, 128Hz

a High Acceleration (4600 rpm)
- 77 Hz, 154Hz, 308Hz

Figure D.3 Images from FEA Modal Analysis. Data recorded from the engine was extrapolated to
approximate the harmonics of the engine during cruising speed and wide open throttle.

Concept Metric Mode 1 Mode 2 Mode 3 Mode 4

Natural 101 178 182 576
Frequency

Natural 244 251 305 439
Frequency

Natural 103 358 629 1240
Frequency

Natural 120 177 181 542
Frequency
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Figure D.4 Cantilevered Resonator Concept. Resonators kept within the circular package have natural
frequencies far above the engine harmonics. Opening the circular package allows for the development of
a cantilevered beam and mass system. The beam is shaped, such that the member is folded upon itself at
the end to increase the mass of the system.
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Figure D.5 Preliminary Cantilevered Resonator Concepts.
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E - Clip Natural 27 40 83 156
bi- Frequency
directional
fold

Figure D.6 Preliminary Cantilevered Resonator Concept. The "bi-directional" fold is a means of
increasing the mass at the end of the cantilevered beam.

IM -L I

T=O.127mmtO=. 0Q5"

Figure D.7 Resonator Concepts Suitable for Stamping and Folding.

.• . ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~~ .. . . .. ................... - -........-.. ..--......

Concept Metric Mode 1 Mode 2 Mode 3 Mode 4

E - Clip Natural 70 115; A370 R97T

single fold Frequency
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Figure D.8 First Resonator Prototypes.

Figure D.9 Preliminary PCV Valve Concept with resonator.
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Figure D.10 Preliminary Resonator Concept Validation Test. Test used an accelerometer, an oscillo-
scope and a vibration table to control the induced excitation of the resonator in a cold chamber. To mea-
sure the effects of simulated harmonics on a resonator specimen, a resonator prototype was placed in the
cold chamber, at -180 C, such that it would freeze in contact with a surrogate valve seat. To verify a suf-
ficient ice bond between the resonator's valve plate and the surrogate seat, the vibration table has been
allowed to vibrate at non resonant frequencies for 24 hours. This is to ensure that random shaking does
not shake the valve plate free. This is to verify that the ice bond is broken by the energy harvested by the
resonator. After the random shake period, the vibration table is slowly tuned to the natural frequency of
the resonator. The ice bond to the frozen valve plate is immediately broken. This is considered a valida-
tion of the concept.



226 APPENDIX D

Vibration
ducing Motor

Figure D.11 Preliminary Resonator Concept Validation Test. Valve element with integrated resonator is
frozen to a surrogate valve seat. Shaker table to vibrated at frequencies to replicate engine harmonics.
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Figure D.12 Final Resonator Valve Package (second from left). The final resonator package, although
smaller than the initial package, is larger than the current production valve. Shown above from left to
right is a rapid prototype of the injection molded concept valve, the resonator package, a current produc-
tion valve and a prototype similar to the one used to validate the design concept in the Ford wind tunnel.
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Appendix E
VARIABLE STIFFNESS FLOW
CONTROL VALVE PATENT

FORD/MIT JOINT PATENT

Filed With Alleman Hall McCoy Russell & Tuttle LLP,

Case/Patent Application Serial Number 137218
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VARIABLE STIFFNESS FLOW CONTROL VALVE

CROSS REFERENCE TO RELATED APPLICATIONS

[0001] This application claims the benefit of U.S. Provisional Application Nos.

60/575,452, filed May 28, 2004, and 60/678,114, filed May 4, 2005. The entirety of each

of the above listed provisional applications is incorporated by reference for all purposes.

BACKGROUND AND SUMMARY

[0002] Flow control valves can be used in numerous applications. In some types

of flow control valves, performance is at least partially determined by the valve's ability to

reliably produce a desired flow-through volume when subjected to a particular pressure

difference or range of pressure differences.

[0003] One type of low-cost valve for flow control is described in U.S. Patent

Nos. 249,557, 3,990,471 and 5,117,871. Such valves, which may use linear force springs,

typically limit their function to check valves, or back-flow prevention valves. Specifi-

cally, the need to characterize a rate of flow with respect to a sensible quantity such as

pressure, temperature, humidity, displacement or chemical potential typically involves

valves having a more complex fabrication, higher cost, and/or feedback control systems.

[0004] Therefore, in one aspect of this disclosure, a flow control valve includes a

valve element and a support element, where the valve element is configured to deflect
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responsive to a change in pressure difference across the valve element. The support ele-

ment cooperates with the valve element to present an effective flow-through area that

changes as the valve element deflects. The amount of relative engagement between the

valve element and the support element changes as the valve element deflects.

[0005] In this way, it is possible to obtain variable spring response depending on

the amount of relative engagement. Thus, desired manufacturing costs and/or complexity

may be achieved while still providing the ability for improved flow control accuracy, if

desired. In one specific example, a non-linear spring system may be used to balance non-

linear pressure, allowing the system to regulate specified valve flow requirements.

[0006] In another specific example, a flow control valve may be used as a posi-

tive crankcase ventilation valve, which is an emissions control device that can route

burned and unburned crankcase blowby gasses from the crankcase to an engine's intake

manifold where the gasses can be burned. Besides reducing crankcase emissions, the

recirculation of air through the crankcase can help remove moisture, and dilute NOx

which otherwise could cause sludge to form. Thus a crankcase ventilation valve can

extend the life of the oil and engine, in addition to reducing undesirable emissions.

[0007] According to another aspect of this disclosure, a crankcase ventilation

flow control valve includes a valve element and a support element, where the valve ele-

ment is configured to deflect responsive to a change in pressure difference across the

valve element. The support element cooperates with the valve element to present an effec-

tive flow-through area that changes as the valve element deflects. The amount of relative
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engagement between the valve element and the support element changes as the valve ele-

ment deflects.

[0008] In this way, improved crankcase ventilation flow control may be achieved

during a variety of operating conditions, while reducing cost and/or manufacturing com-

plexity.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] Fig. I schematically shows an exemplary flow control valve operatively

interposed between a crankcase and an intake manifold in an engine.

[0010] Fig. 2 schematically shows an exemplary flow control valve.

[0011] Fig. 3 is an axonometric projection of an exemplary flow control valve.

[0012] Fig. 4 is a plan view of an exemplary valve element of the flow control

valve of Fig. 3.

[0013] Fig. 5 is an axonometric projection of the valve element of Fig. 4.

[0014] Fig. 6 is an axonometric projection of an exemplary support element of

the flow control valve of Fig. 3.

[0015] Fig. 7 is an exploded view of the valve element of Figs. 4 and 5 and the

support element of Fig. 6.
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[0016] Fig. 8 is an axonometric projection of the valve element of Figs. 4 and 5

and the support element of Fig. 6.

[0017] Fig. 9 is a somewhat schematic cross-section of a portion of the valve ele-

ment of Figs. 4 and 5 and a portion of the support element of Fig. 6, as the valve element

deflects and a contact surface of the support element engages a portion of the valve ele-

ment.

[0018] Fig. 10 is an axonometric projection of another exemplary support ele-

ment.

[0019] Fig. 11 is a cross-sectional view of the support element of Fig. 10.

[0020] Fig. 12 is a cross-sectional view of the support element of Fig. 10 and an

exemplary valve element.

[0021] Figs. 13a-13e show a somewhat schematic cross-section of a portion of

the support element of Fig. 10 providing varying levels of support to a portion of a valve

element as the valve element deflects.

[0022] Fig. 14 is a flow versus pressure plot corresponding to the valve element

components of Figs. 10-12.

[0023] Fig. 15 is an axonometric projection of another exemplary support ele-

ment.
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[0024] Fig. 16 is an exploded view of the support element of Fig. 15 and an

exemplary valve element.

[0025] Fig. 17 is an axonometric projection of the support element of Fig. 15 and

an exemplary valve element.

[0026] Fig. 18 is an axonometric projection of another exemplary valve element.

[0027] Fig. 19 is an axonometric projection of another exemplary valve element.

[0028] Fig. 20 is an axonometric projection of another exemplary valve element.

[0029] Fig. 21 is an exploded view of the valve element of Fig. 20 and an exem-

plary support element.

[0030] Fig. 22 is an axonometric projection of the valve element and support ele-

ment of Fig. 21.

[0031] Fig. 23 is an exploded cross-sectional view of an exemplary flow control

valve including a vibration suppressor.

[0032] Figs. 23A-F show various example embodiments of a valve element with

and without additional holes and cantilevered masses.

[0033] Fig. 24 is a graph showing force versus displacement for an example

embodiment spring element.
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[0034] Fig. 25 shows a schematic diagram of an example valve at various

amounts of deflection (e.g., at various pressure differentials).

[0035] Fig. 26 shows an example engine and valve location, and orientation con-

figuration.

[0036] Figs. 27, 28, and 29 show an example valve with insulation according to

one embodiment.

WRITTEN DESCRIPTION

[0037] Fig. 1, which is not necessarily to scale, schematically shows a portion of

an engine 10, which includes a flow control valve 12? operationally interposed between a

crankcase 14 and an intake manifold 16. In this case, flow control valve 12? directs flow

to the manifold downstream of a throttle valve 18, although in alternative examples no

throttle may be used, or the flow may be directed to other locations in an induction system

of the engine, such as the cylinder head or upstream of a throttle valve. Further, the valve

12? may be positioned downstream of a mass airflow meter, and/or an air induction filter.

Also, the valve 12? may be interposed between an intake valve side of the crankcase and

the intake manifold in one embodiment. In another embodiment, the valve may be may be

interposed between an exhaust valve side of the crankcase and the intake manifold. In still

another embodiment, the valve may be positioned relatively between an intake and

exhaust valve side of the crankcase and the intake manifold.
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[0038] In one embodiment, flow control valve 12? can function as a crankcase

ventilation valve, which allows burned and unburned crankcase blowby gasses to flow

back to the intake manifold so that the gasses may be burned. Fig. I uses a prime charac-

ter (?) to emphasize that flow control valve 12? is a nonlimiting example of the variety of

different flow control valves contemplated by this disclosure. This disclosure is not lim-

ited to crankcase ventilation valves, since, for example, the various valves disclosed

herein may be used as exhaust gas recirculation valves, purge flow control valves, or

valves in a variety of other products such as consumer products, HVAC systems, and oth-

ers.

[0039] Furthermore, flow control valve 12? is a nonlimiting example of a flow

control valve that can be used as a crankcase ventilation valve in an engine. Flow control

valves as described, illustrated, and claimed in this disclosure can be used in place of

most, if not all, typical crankcase ventilation valves, and the particular embodiment sche-

matically illustrated in Fig. 1 is in no way meant to limit the different possible implemen-

tations of a flow control valve in an engine.

[0040] Fig. 2 schematically shows a flow control valve 12, which includes a

housing 20 and a valve element 22. In general, housing 20 can serve as a means for con-

veying a fluid, including a gas or a mixture of different gasses. As a nonlimiting example,

housing 20 can be configured to convey unburned blowby gasses at least part of the way

between a crankcase and an intake manifold. Housing 20 can be a static housing that does

not include any moving parts, although this is not required in all embodiments. Likewise,
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in some embodiments, housing 20 can be made from only two different parts, while in

some embodiments, housing 20 can be made from one part or three or more parts.

[0041] In general, valve element 22 can serve as a means for restricting convey-

ance of fluid through the housing. In some embodiments, the valve element can influence

the effective flow-through volume of a fluid through the housing by serving as a physical

obstruction to the fluid flowing through the housing. Furthermore, the degree to which the

valve element obstructs, or otherwise restricts, fluid flowing through the housing can

change in response to changing pressures. For example, the valve element can serve as a

greater obstruction as a pressure differential increases across the valve element. As

described in more detail below, the precise degree to which the valve element restricts

fluid flowing through the housing can be tuned by controlling how the valve element

interacts with the housing throughout a range of pressure differences and/or by giving the

valve element and/or the housing a particular shape and/or composition. In some embodi-

ments, a flow control valve can be configured so that a valve element responds to high fre-

quency vortex shedding with high frequency vibrations that help reduce freezing of the

valve element.

[0042] In one embodiment, a single macro-sized valve is shown for controlling

flow. However, in an alternative embodiment, valves can be grouped in parallel or in

series, and also can be formed on a micro-scale.

[0043] Fig. 3 shows an exemplary three-piece flow control valve 30, which

includes an exemplary housing 32 and an exemplary valve element 34. In the illustrated
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embodiment, housing 32 is a two-piece housing consisting of a one-piece support element

36 and a one-piece top 38. Furthermore, housing 32 is a static housing, which includes no

moving springs, hinges, or other components. Such a housing configuration is a nonlimit-

ing example of the numerous differently configured housings that can cooperate with a

valve element to present a variable effective flow-through area. This disclosure is not lim-

ited to a two-piece housing and/or a static housing.

[0044] Fig. 4 is a plan view of an exemplary one-piece valve element 34. As

described herein, element 34 is a flexible valve element. Unlike valve element assemblies

in other flow control valves, one-piece valve element 34 is not connected to a coil spring.

To the contrary, valve element 34 serves as its own spring.

[0045] Valve element 34 includes a flow-blocking surface 40 located away from

a periphery 42 of the valve element. Flow-blocking surface 40 can be substantially solid,

and thus, virtually impermeable to fluids, including gasses. Even if not completely imper-

meable, the flow-blocking surface can present a significant obstacle to the flow of fluid,

thus effectively diverting fluid to a less obstructed route.

[0046] Valve element 34 includes openings 46 which provide a substantially

unobstructed path for a fluid to flow around flow-blocking surface 40. In the illustrated

embodiment, valve element 34 includes three generally slit-shaped, spiraling openings.

Some embodiments may include more or fewer openings and/or differently shaped open-

ings. The collective size of the openings can be selected to allow a desired flow-through

and/or to leave enough bridge material to provide a desired level of stiffness. Flow-
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through and/or valve element stiffness are parameters that can vary from one application

to another, and thus being able to control these parameters via valve element configuration

is desirable.

[0047] Valve element 34 also includes, near the periphery of the valve element, a

seating portion 44, which is configured to continually engage housing 32. By "continually

engage," it is meant that the seating portion contacts the housing when the valve element

is undeflected and when the valve element deflects towards a contact surface of the hous-

ing (a process described in detail below). "Continual engagement" is not meant to

describe a situation when the valve element is deflecting in the opposite direction. If the

valve element deflects or moves in the opposite direction, away from a contact surface, the

seating portion may lose contact with the housing in some embodiments, although contact

will be restored when the valve element again deflects towards the contact surface. This is

not a disruption in "continual engagement," as used herein.

[0048] A valve element can include one or more bridge portions that span the dis-

tance between the flow-blocking surface and the seating portion. In the illustrated embod-

iment, valve element 34 includes three bridge portions 48, although any particular number

of bridge portions is not required. As can be seen, bridge portions 48 at least partially

define openings 46. A bridge portion can flex, allowing a flow-blocking surface to move

in a direction generally perpendicular to the face of the flow-blocking surface. While the

flow-blocking-surface and/or the seating portion may also flex in some embodiments, the
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bridge portions usually will exhibit relatively more flexibility than either the seating por-

tion or the flow-blocking surface, although this is not required.

[0049] The size and shape of the bridge portions can contribute to the flexure

characteristics of the valve element. In some embodiments, the bridge portions can be

configured with a stiffness that results in a valve element that behaves as a substantially

linear spring. However, as described below, a housing can be configured to interact with

the valve element to produce a nonlinear stiffness, which can be beneficial, for example,

when a flow control valve is controlling flow resulting from pressure that is nonlinear with

respect to the displacement of the valve element.

[0050] As can be seen in Fig. 5, valve element 34 is generally disk-shaped. As

used herein, "disk-shaped" refers to the relative lack of thickness of an object compared to

its other dimensions (width, length, diameter, etc.). For example, valve element 34 has a

thickness T that is substantially less than its diameter D. Disk-shaped objects need not

have circular or otherwise rounded top profiles, such as the generally circular profile of

exemplary valve element 34. As used herein, a "disk" can have a rectangular, triangular,

polygonal, abstract, or other profile. Because of the generally disk-shape of the valve ele-

ment, and because the valve element serves as its own spring instead of relying on an

attached coil spring, or similar device, valve element 34 can be substantially smaller than

valve element assemblies used in other flow control valves, particularly in the dimension

that parallels the flow of fluid through the flow control valve.
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[0051] Figs. 6 and 7 show exemplary support element 36, which includes a sup-

port structure 60, a flow passage 62, and a contact surface 64. Support structure 60 can be

shaped to engage at least the seating portion of the valve element. In some embodiments,

the support structure can have substantially the same profile as the profile of the valve ele-

ment. In some embodiments, the support structure can have a similarly shaped, but

slightly larger profile than the profile of the valve element. In some embodiments, the pro-

file of the support structure can be shaped differently than the profile of the valve element.

As shown in Fig. 8, support structure 60 has a circular profile, as does corresponding valve

element 34.

[0052] The support structure can be sized to provide stable contact with the valve

element. In some embodiments, the support structure can be sized to contact a substantial

portion of the valve element, including the bridge portions of the valve element, thereby

effectively stiffening the valve element. However, because the support structure supports

the valve element, it generally does not variably affect the stiffness of the valve element in

the same manner as the contact surface; however, a variably stiffening support structure is

not outside the scope of this disclosure.

[0053] Flow passage 62 is a passage through which fluids can pass on the way in

or out of the flow control valve. The flow passage can be sized to achieve a desired flow-

through volume, although, as described below, the size of the flow passage generally is

not the limiting factor in determining flow-through. In some embodiments, the flow pas-

sage may be shaped to reduce noise and/or vibrations.
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[0054] A housing of a valve element can include one or more contact surfaces

that can engage portions of a valve element, such as the bridge of a valve element, and

thereby effectively stiffen the valve element. The relative amount of engagement between

the valve element and one or more contact surfaces, and/or the relative amount of engage-

ment between the valve element and the contact surface, can change as deflection of the

valve element changes. For example, in some embodiments, a contact surface can be

shaped so that no part of the contact surface touches the valve element when the valve ele-

ment is undeflected, but a portion of the contact surface touches the valve element when

the valve element is at least partially deflected. In some embodiments, a portion, but not

all, of a contact surface will touch the valve element when the valve element is unde-

flected. In either case, as the valve element increasingly deflects, engagement between the

valve element and the housing can increase, either progressively, or in discrete steps. A

housing and valve element can be collectively configured so that a particular amount of

deflection causes a desired amount of engagement between the valve element and the

housing.

[0055] Engagement between the housing and the valve element can effectively

stiffen the valve element, and a change in the amount of engagement can produce a corre-

sponding change in the stiffness. For example, increased deflection can produce increased

engagement, which in turn produces increased stiffness. The amount of effective stiffness

that a particular valve element exhibits when deflected a particular amount can be con-

trolled by controlling engagement between the valve element and the housing throughout

a range of deflection. As explained by way of example below, the amount of engagement
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can be controlled, at least in part, by shaping the housing to engage the valve element by

differing amounts as the level of valve element deflection changes.

[0056] As shown in Fig. 6, contact surface 64 includes three spiraling ramp por-

tions 64a, 64b, and 64c, which recess from just below support structure 60 downward to

flow passage 62. The spiraling ramps can be sloped so that increasing portions of the spi-

raling ramps engage the bridge portions of the valve element as the valve element deflects

downward towards flow passage 62. For example, Fig. 9 shows a two-dimensionally

straightened representation of a cross-section of spiraling ramp portion 64a. The cross-

section is not taken along a straight line, but rather along a spiral. Points 70a-70e in Fig. 6

correspond to points 70a 70e in Fig. 9, and the points can be used to show how the cross-

section of the spiraling ramp has been represented two-dimensionally.

[0057] As can be seen in Fig. 9, valve element 34 is deflected enough to engage a

portion of the spiraling ramp between point 70a and point 70d. The engagement between

the spiraling ramps and valve element 34 effectively stiffens the valve element. If the

valve element was less deflected, there would be less engagement between the valve ele-

ment and the spiraling ramps, and, therefore, less effective valve element stiffness. If the

valve element was more deflected, there could be more engagement between the valve

element and the spiraling ramps, and, therefore, more effective valve element stiffness.

Contact surface 64 is a nonlimiting example of a continuously sloping contact surface, and

of a contact surface that engages progressively more of the valve element as deflection of

the valve element increases. Some contact surfaces can have a substantially linear ramp, a
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slope that curves more or less than contact surface 64, or even a more complex shape. In

general, for a particular amount of valve element deflection, a steeper and/or more quickly

curving slope will provide less support than a less steep and/or more gradually curving

slope, because less of the contact surface will engage the valve element. Therefore, the

shape of the contact surface can be used to control the effective valve stiffness of the valve

element, which in turn influences flow-through. A shape of the contact surface can be

selected to result in linear valve element stiffness or a shape of the contact surface can be

selected to result in nonlinear valve element stiffness.

[0058] In some embodiments, a contact surface will not be continuously sloping,

but rather will be characterized by one or more discrete contact surfaces that engage dis-

crete segments of a valve element, while other segments are not engaged. Figs. 10-12

show a support element 90, which is configured to cooperate with a valve element to

present an effective flow-through area that changes as the valve element deflects, similar

to support element 36 of Figs. 6 9. Like support element 36, support element 90 includes

a support structure 94 and a flow passage 96. However, whereas support element 36 has a

continuously sloping contact surface, support element 90 has a contact surface 98 that is

characterized by a discrete step 100.

[00591 Figs. 13a-13e show a cross-section of a portion of support element 90 and

a somewhat schematic representation of a portion of valve element 92. Fig. 13a shows the

valve element in an undeflected, generally planar posture. In such a posture, the only por-

tion of the support element that engages the valve element is support structure 94. Contact
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surface 98 does not engage the valve element. An effective flow-through area between the

valve element and the contact surface of the support element is identified at Al. The flow-

through area is the area between the valve element and the support element, which is the

area through which a fluid may flow from the openings in the valve element to the flow

passage in the support element (or vice versa). In general, the greater the flow-through

area, the less resistance there is to flow-through of a fluid. Of course, other parameters,

such as pressure difference across the flow control valve, can also affect flow-through.

[0060] Fig. 13b shows valve element 92 in a slightly deflected posture, although

the valve element is not sufficiently deflected so that contact surface 98 engages the valve

element. Because the contact surface is not engaging the valve element, the contact sur-

face is not yet contributing to the effective stiffness of the valve element. The flow-

through area A2 of Fig. 13b is less than flow-through area Al of Fig. 13a, and therefore,

there is a greater resistance to flow-through.

[0061] Fig. 13c shows valve element 92 deflected enough that step 100 of the

contact surface engages the valve element, thus increasing the effective stiffness of the

valve element. The valve element can have a first effective stiffness before contacting

step 100, and a second, greater, effective stiffness after contacting step 100. As such, the

stiffness may be nonlinear, or even discontinuous, throughout the range of valve element

deflection. The flow-through area A3 of Fig. 13c is less than the flow-through area of Fig.

13b, and therefore, there is an even greater resistance to flow-through.
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[0062] Fig. 13d shows valve element 92 deflected past the point where step 100

engages the valve element. As can be seen, it is possible for the valve element to continue

flexing, even if the contact surface is engaging the valve element. Because the stiffness of

the valve element may be relatively greater than if the contact surface were not engaging

the valve element, it may take a greater change in the pressure difference across the valve

element to produce the same amount of valve element deflection than if the contact sur-

face were not engaging the valve element. Furthermore, because flow-through area A4 is

relatively small, there is a relatively high resistance to flow-through.

[0063] The amount of flow-through that results from the different valve element

postures illustrated in Figs. 13a-13d can depend on the pressure difference that produces

each of the different postures. In general, greater pressure differences can cause increased

valve element deflection, which results in less flow-through area. However, the greater

pressure differences can also encourage greater flow-through. In other words, if not for

the valve element, and the decreasing flow-through area, flow-through could increase

unchecked as the pressure difference increased. However, the valve element can be con-

figured to reduce the rate that the flow-through increases as the pressure difference

increases to hold the flow-through substantially constant, or even cause the flow-through

to decrease as the pressure difference increases. Furthermore, the contact surface can be

shaped to produce a flow function, such as a linear flow function or a nonlinear flow func-

tion.
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[0064] Fig. 14 plots flow (CFM) relative to pressure difference (Hg). A desired

upper flow limit for one particular crankcase valve application is represented by line 110.

Likewise, a desired lower flow limit is represented by line 112. Plot line 114 shows test

data in which flow-through remains within the desired criteria through the range of appli-

cable pressure differences. As can be seen, the flow function corresponding to Fig. 14 is a

nonlinear function including a segment in which flow increases from about 0 Hg to 2 Hg,

and then tapers off from about 2 Hg to 16 Hg. This is an example of a desired flow func-

tion, which can be achieved by support element 90 and valve element 92. Other flow

functions can be achieved by changing the shape of the support element.

[0065] Fig. 13e shows valve element 92 sufficiently deflected so that a flow-

blocking surface engages the opening of flow passage 96. It is not required that a valve

element be able to engage the flow passage. However, in an embodiment in which the

valve element can deflect sufficiently far so that the opening to the flow passage can

engage the valve element, flow-through can be substantially, if not totally, stopped.

[0066] While Figs. 10-13 show a support element that includes a single discrete

step, it should be understood that in some embodiments a support element can have two or

more discrete steps or contacting surfaces. In many applications, a single step is sufficient

to provide a desired level of flow-through control. However, in some embodiments, two

or more contact services can provide a greater degree of flow-through control. As men-

tioned above, a continuously sloping contact surface can be used in some embodiments,

typically where a high degree of precision is desired.
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[0067] Figs. 15-17 show yet another exemplary embodiment of a support element

110 and a valve element 112. As with the other support elements described herein, sup-

port element 110 includes a contacting surface 114 that is configured to variably engage

the valve element as the valve element deflects in response to changes in the pressure dif-

ference across the valve element. Unlike contact surfaces described above, contact sur-

face 114 includes steps that are radially orientated, extending from near a seat of the

support element to near the flow passage of the support element.

[0068] A contact surface can be selected to cooperate with a valve element to

produce a desired effective stiffness of the valve element, and thus a desired flow-through.

Concentric steps, radially extending steps, spiraling ramps, and the other examples pro-

vided herein are not intended to limit this disclosure, but rather to demonstrate design flex-

ibility. Virtually any contact surface is possible. In general, a contact surface should be

shaped so that it engages a valve element at the point of valve element deflection in which

increased effective stiffness is desired. In some embodiments, eccentric steps, unevenly-

spaced steps, continuously curving surfaces with different profiles, or other contact sur-

faces can produce such a result.

[0069] Fig. 18 shows a valve element 120 that includes a seating portion 122, a

flow-blocking portion 124, openings 126, and bridge portions 128. Fig. 19 shows a differ-

ent valve element 130 that includes a seating portion 132, a flow-blocking portion 134,

and bridge portions 136. Valve element 130 is characterized by a relatively large seating

area, and bridge portions that occupy substantially all of the space between the seating
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portion and the flow-blocking portion when the valve element has a generally planar,

undeflected posture. However, when deflected, small slits will open around the bridge

portions. Figs. 20-22 show yet another embodiment of a valve element 140 that includes a

seating portion 142, a flow blocking portion 144, openings 146, and bridge portions 148.

Figs. 21 and 22 show a support element configured to cooperate with valve element 142 to

produce a desired flow-through. Such cooperation may, but does not necessarily, include

variable engagement between the valve element and the support element. Support ele-

ment 142 includes a support structure 150 that is substantially larger than valve element

140. The valve element and the support element illustrated in Figs. 20-22, can be made by

micro fabrication or photo chemical machining processes. The embodiment illustrated in

Figs. 18-22 is not intended to be limiting, but rather to demonstrate possible variation.

[0070] Fig. 23 shows an exploded cross-sectional view of a flow control valve

160, which includes a housing 162 that is configured to reduce vibration and/or noise.

Housing 162 includes a support element 164 that includes an inlet portion 166, a first

expansion chamber 168, and a second expansion chamber 170. In the illustrated embodi-

ment, inlet portion 166 is shaped like a venturi and is configured to create a convergence

of flow that is directed into the expansion chambers. Such an arrangement can facilitate a

dampening of energy that can create vibrations. Housing 162 also includes a top 172. A

valve element 174 can cooperate with housing 162 to regulate the flow of a fluid through

the flow control valve.
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[0071] While Fig. 23 shows a spiraling spring design, non-spiraling support arm

designs may also be used, such as shown in Fig. 18, for example. Also, the above planar

springs may also include a cantilevered mass that may or may not be integrally formed

with a valve element. For example, Fig. 23A shows an alternative embodiment of a valve

element 2310 similar to that shown in Fig. 18, yet including a cantilever 2316 that is uni-

tarily formed with the element. Alternatively, the cantilever may be separately formed

and attached to the element in a variety of ways. In the particular example of Fig. 23A, the

cantilever is formed of a rectangular cross-sectional flexure beam 2314 having a mass

2312 formed at the end via repeated bends and/or folds in the beam. In an alternative

embodiment, a separate end mass may be formed of solid material having a different

width or size of the beam (see Fig. 23B). In one example, the cantilever is designed to

have a natural frequency that resonates with specified engine speeds to generate vibration

to reduce ice formation and reduce the likelihood of stiction, freezing, and/or other sludge

formation issues. Various parameters may be adjusted to vary the natural frequency, such

as beam length, damping, mass, and/or combinations thereof.

[0072] Referring now to Fig. 23B, an alternative cantilever beam configuration is

shown where the mass 2318 has a different cross-section than the beam 2314.

[0073] While Figs. 23A-B show a single cantilevered beam and mass, multiple

masses may be used, each with varying properties. In this way, a multitude of natural fre-

quencies may be provided so that vibration is increased at a plurality of engine speeds.

This can improve valve resistance to freezing and/or other clogging when the engine oper-
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ates for extended periods in specified speed ranges, which may be outside of one of the

beams' natural frequency range. In this way, improved performance may be achieved.

One specific example is shown in Figure 23C which shows size cantilevers each having a

common mass, but different lengths to thereby provide a variety of natural frequencies. In

this way, a broader engine speed range can be provided over which sustained vibration is

attained. Specifically, the valve element 2310 has a plurality of masses 2312a-f (which

may each be variable, if desired), attached to beams of varying length. In other words,

while this example varies beam length to vary natural frequency, mass may also be varied

(at fixed beam lengths) to achieve a similar result. Further any and/or each of beam

length, mass, and damping may be varied to provide a range of natural frequencies.

[0074] As noted above, various approaches may be used to form the beams and/

or masses for the cantilever(s). Figure 23D shows still another alternative embodiment of

a valve element 2310 having spiraling support arms and cantilevers 2316a-c. In this

example, these features may be fabricated during a 2-dimensional process (e.g., stamping)

which can then be folded to form the cantilevers beam and mass as shown. Fig. 23D-1

shows the original valve shape before the folding of the beams to create the cantilevered

masses. Specifically, Fig. 23D-1 shows unfolded beams 2370 after the initial 2-D forming

process.

[0075] In still another alternative embodiment, additional holes may be formed in

the valve element as shown by 2352 in element 2350 of Fig. 23E. In one embodiment, the

holes are of a significantly smaller size than the flow passage, e.g., a single hole has a flow
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area of at least half the flow area of the flow passage. Alternatively, the area can be at

least 1/10th the flow area of the passage, or smaller. While this example shows spiraling

support arms, non-spiraling support arms may also be used. Further, while this example

shows a plurality of holes in a center portion of the valve element, the holes may be placed

in other locations, and only a single hole may be used if desired. Further still, while Fig.

23E shows circular holes, other shapes may also be used. The number, placement, and

size of the hole(s) may be varied to adjust the amount of a stream of air (fluid) that can be

used to disrupt vortex shedding or other flow around the disk. In this way, audible vibra-

tions may be reduced, thereby improving engine noise. In this way, at least one hole

within a circumference of a one-piece disk may be used to improve performance.

[0076] In still another example embodiment, at least one embossment 2354

within the circumference of the valve element (such as the one-piece disk 2350 shown)

may be used. The embossment may be formed of a variety of shapes, such as a cylinder

(as shown), square, rectangle, pyramid, or others. Further, the size of the embossment is

generally substantially smaller than the geometry of the flow through passage. The

embossment(s) may be used to increase flow turbulence to disrupt vortex shedding or

other flow around the disk resulting in audible vibration. As shown in Fig. 23F, a plurality

of embossments 2354 may be at a variety of radii from the center of the element. While

this shows that all of the embossments have substantially the same size, embossments of

varying size may be used. Further, a combination of holes and embossments may also be

used, if desired, to reduce vortex shedding or other noise producing phenomena.
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[0077] Referring now to Fig. 24, the plot shows an example force versus deflec-

tion curve for an example embodiment via the line with dots, where linear relationship is

shown in the solid line. The plot illustrates how variation in the contact point, or points,

can interact with the variation in deflection that occurs to produce an effectively increas-

ing spring rate. Note that this is just one example, and that the variation in spring rate

could either increase, decrease, or combinations thereof.

[0078] Fig. 25 shows still another alternative example where a flow regulation

plate 2510 is used with a curved contact surface 2512, where the figure shows the plate at

three different amounts of deflection (and three levels of contact, or lack thereof). Specif-

ically, the top figure shows the flow regulation plate 2510 contacting the surface 2512 at

points 2520 and 2522. While this contact is shown as a point, it may be a line of contact or

an area of contact, depending on the geometry of the system. Specifically, the top plot

shows the system in an un-deflected (or low deflection) mode, where a relatively large

flow passage area is created between the plate and the valve seat 2514, as indicated by the

two arrows showing direction and approximate amount of flow A.

[0079] The middle figure of Fig. 25 shows the plate 2510 in a relatively large

deflection position, where the regulation plate 2510 contacts the surface 2512 at points

2530 and 2532. Specifically, the middle plot shows the system in a near maximum

deflected (or high deflection) mode, where a relatively small flow passage area is created

between the plate and the valve seat 2514, as indicated by the two arrows showing direc-

tion and approximate amount of flow B.



254 APPENDIX E

[0080] Finally, bottom figure of Fig. 25 shows the plate 2510 in a relatively mid-

range deflection position, where the regulation plate 2510 contacts the surface 2512 at

points 2540 and 2542. Specifically, the bottom plot shows the system in a mid-deflection

mode, where a flow passage area larger that the middle figure, but smaller than the top fig-

ure, is created between the plate and the valve seat 2514, as indicated by the two arrows

showing direction and approximate amount of flow C.

[0081] As noted above, the various valve embodiments described herein may be

applied to a variety of applications and products, in a variety of scales, and for a variety of

purposes. In one example, the valve characteristics can be used in a PCV valve of an

engine. Such an application can have several advantageous results, some of which are

described below.

[0082] In one example, the valve can be positioned at various orientations rela-

tive to gravity when coupled to the engine. This can enable positioning the valve in differ-

ent orientations for different engine designs, thereby providing for improved

manufacturability and advantageous location near exhaust ports or the manifold for fur-

ther freeze resistance. For example, for certain engine packages, the valve may be posi-

tioned at a first orientation, whereas for different engine packages (e.g., different engine

displacement, different vehicles, different transmissions, different exhaust configurations,

different intake configurations, etc.), the valve may be positioned at a second orientation

different from the first orientation. Such an approach can also provide improved installa-

tion and thereby reduce manufacturing time and cost. In one example, the valve may be
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positioned on a valve and/or rocker cover near an exhaust side, or in or near the cylinder

head.

[0083] One specific orientation is shown in Fig. 26, which shows an example half

of a V- engine, with a conventional PCV valve location at 2610, which is required to be

flush and/or plum mounted in a specific orientation, such as a vertical (or substantially

vertical) orientation on the cam cover 2620 as shown. However, according to one exam-

ple embodiment of the present application, the valve may be mounted in a different orien-

tation, such as shown by valve 2618, which is mounted in a substantially non-vertical

orientation. By this arrangement, the valve 2618 may be mounted closer to exhaust mani-

fold 2616 and/or exhaust port 2622 in the cam cover 2620 or in the cylinder head 2612.

Alternatively, the valve may be mounted near the intake port 2614.

[0084] In another embodiment, insulation may be placed around the PCV valve

to improve freeze resistance, as is shown by Figs. 27, 28, and 29. Specifically, in one

example, foam insulation may be used around (or to surround) the valve, which is then

enclosed in a plastic sheath, for example. Fig. 27 shows the valve surrounded by insula-

tion 2710, Fig. 28 shows an example valve 2810 and insulation 2812 separated, and Fig.

29 shows at 2910 an opposite view of the insulation of Fig. 27.

[0085] In another example, due to improved low and/or high temperature opera-

tion, the valve may be positioned in different locations in the crankcase. For example, the

valve may be positioned near the intake side, exhaust side, or combinations thereof.
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[0086] As shown above, various embodiments have been illustrated, some of

which provide for improved performance at lower flow rates, while still providing freeze

resistance without requiring an electric heater (although such a heater may be used, if

desired). Specifically, providing better low flow rate operation enables the reduction of

oil pullover to the intake system. Reducing such oil migration can increase catalyst useful

life and reduce intake valve fouling, turbo charger fouling (if equipped on the engine), and

evaporative emissions. Further, the above design(s) can operate, in some conditions, with

less hysteresis due to the flexure design, thereby improving repeatability.

[0087] It will be appreciated that the configurations and embodiments disclosed

herein are exemplary in nature, and that these specific embodiments are not to be consid-

ered in a limiting sense, because numerous variations are possible. For example, the

above valve can be applied in a variety of areas, including various types of engines, such

as V-6, 1-4, 1-6, V-12, opposed 4, and other engine types. Also, the valve can be formed of

a variety of materials, including metal, plastic, and/or combinations thereof. Further,

valve elements may be formed in a variety of ways, including injection molding. For

example, a two-piece injection molded housing and a spring steel flexural valve element

may be used. In this case, a three-piece design can be formed with high precision, if

desired. Further, a heating element may be eliminated in some engine configuration

examples, thereby further reducing system cost.
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[0088] The subject matter of the present disclosure includes all novel and nonob-

vious combinations and subcombinations of the various systems and configurations, and

other features, functions, and/or properties disclosed herein.

[0089] The following claims particularly point out certain combinations and sub-

combinations regarded as novel and nonobvious. These claims may refer to "an" element

or "a first" element or the equivalent thereof. Such claims should be understood to include

incorporation of one or more such elements, neither requiring nor excluding two or more

such elements. Other combinations and subcombinations of the disclosed features, func-

tions, elements, and/or properties may be claimed through amendment of the present

claims or through presentation of new claims in this or a related application. Such claims,

whether broader, narrower, equal, or different in scope to the original claims, also are

regarded as included within the subject matter of the present disclosure.
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CLAIMS

1. A flow control valve, comprising:

a flow controlling valve configured to deflect from a generally planar posture

to an increasingly nonplanar posture responsive to a relative increase in pressure differ-

ence and flow across the valve element; and

a support element including:

a support structure supporting the valve element in its undeflected state;

at least a first contact surface recessed from the support structure and

configured to engage the valve element only when the valve element is deflected; and

a flow passage;

wherein an effective flow-through volume through the at least one opening

and the flow passage decreases as deflection of the valve element increases.

2. The flow control valve of claim 1, wherein the first contact surface increases

the stiffness of the valve element when the first contact surface engages the valve element.

3. The flow control valve of claim 1, wherein engagement of the valve element

by the first contact surface affects deflection characteristics of the valve element.

4. The flow control valve of claim 3, wherein engagement of the valve element

by the first contact surface limits deflection of the valve element.
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5. The flow control valve of claim 4, wherein engagement of the valve element

by the first contact surface nonlinearly limits deflection of the valve element.

6. The flow control valve of claim 1, wherein the at least first contact surface

engages a discrete segment of the valve element.

7. The flow control valve of claim 1, wherein the at least first contact surface

engages progressively more of the valve element as deflection of the valve element

increases.

8. The flow control valve of claim 1, further including at least a second contact

surface recessed from the first contact surface and configured to engage the valve element

only when the valve element is deflected more than is necessary for the first contact sur-

face to engage the valve element.

9. The flow control valve of claim 1, wherein the valve element is a one-piece

disk.

10. The flow control valve of claim 9, wherein the one piece disk includes sup-

port arms of desired stiffness extending from the surface that covers the flow passage.

11. The flow control valve of claim 1, wherein the support element is a static

support element.

12. The flow control valve of claim 1, wherein the support element is a one-piece

support element.
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13. The flow control valve of claim 12, wherein the support element includes

support arms of desired stiffness extending from the support element.

14. The flow control valve of claim 1, wherein the valve element responds to

flow across the valve with flow induced vibrations that limit freezing of the valve element.

15. The flow control valve of claim 9, wherein the one piece disk contains at least

one hole, of size substantially smaller than the flow passage located around or within the

circumference of the disk to reduce audible vibration caused by the flow through the

valve.

16. The flow control valve of claim 9, wherein material is removed from the cir-

cumference of the one piece disk to reduce audible vibration caused by the flow through

the valve.

17. The flow control valve of claim 9, wherein material is removed from the cir-

cumference of the one piece disk in small cuts to reduce audible vibration caused by the

flow through the valve.

18. The flow control valve of claim 9, wherein the material at the outer circum-

ference of the one piece disk has been embossed or deformed to reduce audible vibration

caused by the flow through the valve.
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19. The flow control valve of claim 1, further comprising a top, wherein the sup-

port element and the top collectively house the valve element and are configured to be

operatively interposed between a crankcase and an intake manifold in an engine.

20. The flow control valve of claim 19, wherein the valve element is comprised

of a one piece disk having at least one mass attached to the end of a cantilevered beam

attached to the disk.

21. The flow control valve of claim 20, wherein the mass is formed by folding a

part of the flat monolithic material making up the valve element.

22. The flow control valve of claim 20, wherein the cantilevered beam oscillates

in response to external excitation.

23. The flow control valve of claim 21, wherein the cantilevered beam oscillates

in response to external excitation.

24. The flow control valve of claim 22, wherein the oscillation of the cantilevered

beam prevents stiction or ice buildup.

25. A flow control valve, comprising:

a valve element configured to deflect responsive to a change in pressure dif-

ference across the valve element; and

a support element that cooperates with the valve element to present an effec-

tive flow-through area that changes as the valve element deflects, wherein an amount of
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relative engagement between the valve element and the support element changes as the

valve element deflects.

26. The flow control valve of claim 25, wherein a stiffness of the valve element

changes as the amount of relative engagement between the valve element and the support

element changes.

27. The flow control valve of claim 25, wherein a stiffness of the valve element

increases as the amount of relative engagement between the valve element and the support

element increases.

28. The flow control valve of claim 25, wherein the support element includes at

least a first contact surface configured to variably engage, and thereby effectively stiffen,

the valve element.

29. The flow control valve of claim 28, wherein the at least first contact surface

engages progressively more of the valve element as deflection of the valve element

changes.

30. The flow control valve of claim 28, wherein the at least first contact surface

engages a discrete segment of the valve element.

31. The flow control valve of claim 28, further comprising a support structure

supporting the valve element, wherein the first contact surface is recessed from the sup-

port structure and only engages the valve element when the valve element is deflected.
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32. The flow control valve of claim 28, further including at least a second contact

surface configured to engage, and thereby effectively stiffen, the valve element only when

valve element deflection has changed more than is necessary for the first contact surface

to engage the valve element.

33. The flow control valve of claim 25, wherein changing relative engagement

between the support element and the valve element changes linearity of an effective stiff-

ness of the valve element.

34. The flow control valve of claim 25, wherein the valve element is configured

to deflect from a generally planar posture to an increasingly nonplanar posture responsive

to a relative increase in pressure difference across the valve element.

35. The flow control valve of claim 25, wherein the valve element is a one-piece

disk.

36. The flow control valve of claim 25, wherein the support element is a static support ele-

ment.

37. The flow control valve of claim 25, wherein the support element is a one-

piece support element.

38. The flow control valve of claim 25, wherein the valve element responds to

high frequency vortex shedding with high frequency vibrations that limit freezing of the

valve element.
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39. The flow control valve of claim 25, further comprising a top, wherein the

support element and the top collectively house the valve element and are configured to be

operatively interposed between a crankcase and an intake manifold in an engine.

40. A flow control valve, comprising:

means for conveying a fluid; and

means for restricting conveyance of the fluid through the means for conveying

a fluid, wherein the means for restricting conveyance of the fluid variably engages the

means for conveying a fluid, thereby causing the means for restricting conveyance of the

fluid to change restriction properties.

41. The flow control valve of claim 40, where said valve is coupled between a

crankcase and an intake manifold of an engine.

42. The flow control valve of claim 40, where said valve can be mounted inde-

pendently of gravity, allowing installation in any orientation.

43. The flow control valve of claim 42, where said valve is installed in close

proximity to the exhaust manifold of an engine, using its heat to prevent freezing.

44. An engine, comprising:

a crankcase;

an intake manifold; and
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a flow control valve operatively interposed between the crankcase and the

intake manifold, wherein the flow control valve includes:

a valve element configured to deflect responsive to a change in pressure

difference between the intake manifold and the crankcase; and

a support element that cooperates with the valve element to present an

effective flow-through area that changes as the valve element deflects, wherein an amount

of relative engagement between the valve element and the support element changes as the

valve element deflects.

45. An engine, comprising:

a crankcase;

an intake manifold; and

a flow control valve operatively interposed between the crankcase and the

intake manifold, wherein the flow control valve includes:

a valve element including at least one opening and configured to deflect

from a generally planar posture to an increasingly nonplanar posture responsive to a rela-

tive increase in pressure difference across the valve element; and

a support element including:

a support structure supporting the valve element;



266 APPENDIX E

at least a first contact surface recessed from the support structure

and configured to engage the valve element only when the valve element is deflected; and

a flow passage;

wherein an effective flow-through volume through the at least one opening

and the flow passage decreases as deflection of the valve element increases.

46. An engine, comprising:

a crankcase;

an intake manifold; and

a flow control valve operatively interposed between the crankcase and the

intake manifold, wherein the flow control valve includes:

a one-piece spring element having a flow-blocking surface that variably

restricts flow between the crankcase and the intake manifold as the one-piece spring ele-

ment deflects responsive to pressure differences between the crankcase and the intake

manifold.

47. An engine, comprising:

a crankcase;

an intake manifold; and
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a flow control valve operatively interposed between the crankcase and the

intake manifold, wherein the flow control valve includes:

a generally disk-shaped spring element having a flow-blocking surface

that variably restricts flow between the crankcase and the intake manifold.
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ABSTRACT

[00901 A flow control valve is provided. According to one aspect of this disclo-

sure, the flow control valve includes a valve element and a support element. The valve

element is configured to deflect responsive to a change in pressure difference across the

valve element. The support element cooperates with the valve element to present an effec-

tive flow-through area that changes as the valve element deflects. The amount of relative

engagement between the valve element and the support element changes as the valve ele-

ment deflects. External vibration causes the valve element to vibrate to reduce stiction or

ice buildup.
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Figure E.4 Patent Figures
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