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INTRODUCTION

For design and safety engineers, vibration in aviation vehicles
can cause severe headaches. Over time, vibration loosens the
fasteners that are maintaining critical joints. It also can lead to
fatigue and wear on the wings, mechanical flaps, and overall
hull structure. Today’s engineers have several options for
predicting and combatting excessive vibration. Simulation
and advanced stress-strain tools help them pinpoint the
aircraft’s weak points. In addition, lightweight fasteners and
energy alternatives can help mitigate the damage due to
excessive vibration. This e-book spotlights design points for
engineers to use when designing major aircraft.
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DONT OIKESS

HOW TO PICK THE BEST
TOOLFOR S

RAIN

MEASUREMENTS

MICHAEL HEFLIN, CEO of Sensuron, explains the differences between
modern strain-measurement tools and the applications for which they

are best suited.

train measurement is imperative during prototype

design and testing. Measuring strain ensures that

materials perform as they should and that equip-

ment is safe, functional, and durable. The resistive

strain gauge (RSG) has been the benchmark for

measuring structural deformation for over eight
decades, but today there are many technologies available to test
and monitor stress and strain. Below, we discuss the use cases of
strain measurement technologies in the aerospace and energy
fields. This comparison will highlight the unique capabilities of
each strain measurement device and determine the best technolo-
gies for strain measurement in each use case.

IS REGISTER: machinedesign.com | 2

Strain Measurement in the Aerospace Industry

Stress and strain are the variables that determine the structural
longevity and operational safety and efficiency of any aircraft. By
testing, monitoring, and analyzing the integrity of an aircrafts
components, engineers can prolong a vehicle’s lifecycle and
enhance in-flight efficiencies.

Wing-load testing

During a wing-load test, engineers depend on strain
measurements to determine the structure’s performance and
limitations under the lifting forces seen during flight. Two of the
most effective methods of wing-load testing are fiber-optic sensing
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(FOS) and the resistive strain
gauge (RSG). While both

CHAPTER 1: HOW TO PICK THE BEST TOOL FOR STRAIN MEASUREMENTS

FIBER OPTIC SENSING AND RESISTIVE STRAIN
GAUGE COMPARISON

then quickly pulled up for
several cycles. The real-time

technologies are comparably shape and strain data of the

accurate, each possesses its wings obtained by the FOS

own unique merits. Fiber | -25010700°C |+ 27,000+ Yes 8+ system was the first step
. opfic 20,000 Cycles .

NASA, to test the wing- | sensing e toward controlling the shape
load  distribution and 7510 200°C +- | 200Cycles No 1 of fixed wing aircraft. Strain
. . Strain .
wing deflection of the gauges 30,000 gauges could not provide
Global Observer aircraft in He the density of information

NASA Armstrong’s Flight Under high cycle, high amplitude monitoring

needed in order to monitor

Laboratory, hasused FOS. The
benefits of an FOS installation
for this type of application
are numerous. For instance, FOS technology provides strain
measurement using thousands of spatially continuous sensors.
This ensures maximum coverage from a single lightweight optical
fiber. As FOS is immune to electromagnetic interference (EMI),
radio frequency interference (RFI), or other electrical influences,
these systems are ideal for use in hazardous environments and
rugged applications, such as flight. FOS can be significantly less
cumbersome to install than other sensing technologies. However,
while the benefits of FOS are numerous, historically the initial
cost of installing a system and lack of awareness has slowed mass
market adoption. Moving forward, we anticipate reduction in
the cost of FOS systems by 20% to 30% over the next five years,
which will open up new opportunities in the automotive, medical,
aerospace, and energy markets.

Strain gauges are still used today to verify the accuracy of
analytical models that drive the design and manufacturing of
structures and structural components. For example, Boeing has
used strain gauges to test the durability of wings under load for
some time. Although well understood and relatively inexpensive,
strain gauges are difficult and time-consuming to install without
the help of an expert; they can be affected by EMI and RFI, and are
prone to hysteresis. A strain gauge only collects data from critical
points and as a result does not provide a holistic picture of the

gauges.

load distributions.

In 2009, NASA Armstrong (formerly known as NASA Dryden)
conducted flight validation testing for a fiber optic
shape and strain sensing system. Sensing fiber with

A comparison of fiber optic sensing technology and resistive strain

wing shape in real time, but
were useful to confirm the
validity of the strain data.

Fatigue testing

A material experiences fatigue after it is subjected to repeated
loading and unloading. An estimated 90% of structural failures
that occur in all industries are a result of fatigue. Many engineers
use a strain-controlled testing method that uses cyclic loading to
predict the life of an application under fluctuating loads.

The objective of a fatigue test is to determine the life and
breaking point of a structure or component, i.e., the location of
and number of cycles until failure when a material is subjected to
a sequence of stresses. A number of methods are used to obtain
stress and strain data, including strain gauges. The lifecycle of
strain gauges themselves decreases dramatically as strains reach
values of 2000-4000 p-strain. This means that strain gauges are
unable to accurately assess fatigue over certain parameters and

FIBER OPTIC SENSING AND RESISTIVE STRAIN
GAUGE COST COMPARISON

Fiber optic High Low Low
sensing

Strain Low High High
gauges

A high-level cost comparison of fiber-optic sensing technology
and resistive strain gauges.

: ) : i IKHANA UAV SENSOR LAYOUT
approximately 3,000 fiber Bragg gratings (sensing
. . . > Fiber optic — Optical fiber-top surface, forward (both wings)
points) was H.lStaHed On. the wings Of. Nli\SAS Ikhana sensing system | — Optical fibertop surface, outboard (both wings)
UAV along with 16 strain gauges as indicated in the Srai — Optical fibertop surface, aft (both wings)
+——ofrain gauge . . .
image above, right. The gauges were used to validate Sysgm g Strain gauge stations (top surface, both wings)
. . ¥ . I Thermocouples (top surface, both wings)
the strain data provided by the fiber Bragg gratings
(FBGs). During flight, the FOS system was used to ~—100in.—] o A1=2 f. oo
< in.— 1 7 .9 in.
sense the shape and monitor the stress of the wings © Mot | \Lm |
in real time. Strain data collected by the FOS was B [ — = ————— } 8 in.
in agreement with the data provided by the strain S
: : : l« — 189 in.
gauges. A total of 18 flight t(.asts adding up to 36 flight o] Right winisop view
hours were conducted. During these flights, the tests 30 fr.
consisted of the pilot pushed down on the stick quickly,
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This installation compares one resistive strain gauge to
approximately 50 FBG sensors. The fiber is the transparent line
adhered around the strain gauge.

over long periods of time.

FOS technology can provide engineers with accurate, real-
time data on strain fields, load distributions, and residual strains
resulting from overloading. Fiber optic sensors are resistant to
temperatures ranging from cryogenic (< -150°C) to upwards of
hundreds of degrees Celsius. This enables embedded fibers to be
monitored during the high temperature cure phase of composite
fabrication to determine the through-thickness residual stresses
and strains. Because optical fiber is a ceramic and not a ductile
material, its fatigue life far surpasses that of strain gauges and
it does not exhibit hysteresis. For these reasons, continuous
monitoring of composite structures can have far-reaching
advancements. For example, commercial airlines will always
know the state of fatigue damage on critical components, allowing
them to fine-tune maintenance schedules and minimize aircraft
downtime.

Strain Measurement in Energy

The wind industry is changing and renewable energy is gaining
market momentum. Wind turbines can be found throughout
the United States, positioned in locations where they can gather
and convert as much energy as possible. For this reason, wind
turbines must be durable. In addition, to improve efficiencies
wind turbines are now being built taller and with longer blades.
With bigger structures, loads become more significant, and
maintenance becomes even more complex. The design of stronger,
lightweight materials is imperative, but small inefficiencies during
manufacturing or damage during operation can cause catastrophic
operational failures.

More accurately detecting damage during runtime and at the
finest resolution level offers benefits that translate into lower
maintenance costs and the assurance of blade integrity. Blade
geometry is carefully designed to maximize turbine efficiency, but
the aerodynamic loads encountered during operation inevitably
cause them to deflect, twist, and vibrate, leading to an altered
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aerodynamic response and decreased efficiency.

Strain gauges can be used to monitor wind turbine blade load
during design validation. Some of the world’s largest turbine
blade manufacturers rely on strain gauges to ensure optimal
performance of rotor blades. Strain gauges can increase the
reliability and function of wind energy technologies and thus
reduce downtime. They provide critical measurements that help
to maintain the operational integrity of wind turbines. For
example, engineers use both strain gauges and FOS technology for
chordwise bending tests on a full scale blade.

In addition to bending tests, FOS technology can take real-time
measurements for operational data. By utilizing FOS technology
to obtain real-time knowledge of turbine blade shape and load
distributions, it is possible to compensate for performance changes.
Control schemes utilizing this information may be developed to
autonomously adjust the blades to decrease deflections, or to
dampen out individual vibrational frequencies. Therefore, the
blades would see less deviation from their nominal and most
efficient shape. Data taken over longer periods of time would aid
in the development of future designs, improving the future of
wind turbines in the mix of renewable energy products.

Tensile Testing and Strain Measurement

Tensile testing is a principal test, in which a material is
subjected to tension until it reaches failure. This material test is
used to select a material for an application, as well as predict the
material’s behavior under different forces and strain parameters.
This test measures properties for ultimate tensile strength,
maximum elongation and reduction in area and is often used
to ensure quality control of materials like metals and plastics.
The strain measurements of a tensile test are often taken with
an extensometer, but strain gauges can be used on a small test

A motorized extensometer is used during tensile testing.
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specimen or when Poisson’s ratio is being measured.

The extensometer and strain gauge both provide reliable data;
however, the extensometer offers several advantages over the
strain gauge for tensile testing. Strain gauges with their accuracy,
low cost, and ease of use are among the most common tools used
in strain measurement and tensile testing. However, they can
be difficult to apply and, as a result, can be misused and cause
uncertainty in measurement. When tensile testing, strain gauge
errors can be caused by temperature, misalignment, and the
transverse sensitivity of the strain gauge. Additionally, bonding
the strain gauge to the test piece can influence the outcome of the
test.

The extensometer can be used up to the material breaking
point without damage, even when testing specimens which are
conducive to whiplash. Additionally, extensometers can more
accurately determine strain when test samples undergo large
deformations. The long gauge length of the extensometer also
means that it can measure large applications. For example, the
energy industry uses extensometer to measure displacements
on high walls. Understanding displacement versus time helps
engineers to determine when a wall failure is imminent. However,
one large drawback of this technology is that it is dependent on
the material that it measures. Additionally, extensometers can be
more expensive to implement than strain gauges.

Smarter Products Mean Smarter Data

Ever-increasing competition challenges companies to innovate,
and do business faster and safer while keeping costs to a minimum.
Utilizing the most appropriate technologies for your application
can help improve prototype design and validation, helping
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businesses to create products more efficiently and safely. One way
companies are able to overcome these challenges is by developing
smart products. Global trends indicate that the demand for smart
products, both industrial and consumer, is rapidly increasing. As
the demand for these products increases, so does the necessity of
not only more data, but actionable data. Over time, this data will
help companies build safer solutions while pushing the limits of
technology. As such, strain sensing solutions that provide spatially
continuous strain information in real-time will be able to solve
problems engineers face today and into the future.
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BOOST AIRCRAFT EFFICIENCY

Many of the latest industry trends for fasteners and adhesives used to mount together planes

focus on shedding the weight.

— he Boeing Company’s 747 includes over 6 million
parts, half of which are fasteners. Aerospace fasteners
follow strict guidelines and regulations: They must be
secure to prevent pieces from disassembling, strong as
to not shear when forces act upon them, yet be light-
weight to help reduce aircraft weight and increase ef-

ficiency. As a result, many fasteners use lightweight materials like

titanium, or have extra security features to prevent them from be-
coming loose and keep them in place even after losing torque.
Aerospace nuts and bolts have been the industry standard,

The Aero-Lite Pin comes in a variety of sizes, depending on the stackup
requirements. The pins, which have a flush head for a smoother surface

finish, consist of titanium material.
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but adhesive alternatives are very popular among aerospace
manufacturers because they can provide the same strength and
security at virtually no weight impact. According to a recent
report from market-research firm Lucintel, aerospace-adhesive
usage should increase by 3.4% by 2020 (http://www.prnewswire.
com/news-releases/growth-opportunities-for-adhesive-in-global-
aerospace-industry-2014-2020-trend-forecast-and-opportunity-
analysis-300088935.html).
In attempts to create lighter and more fuel-efficient aircraft,
aviation companies have turned to materials and adhesives instead
of using metal components. Virgin Atlantic Airlines
estimates that a one-pound reduction on every
aircraft across their fleet would result in fuel savings
of 14,000 gallons per year.

Aerospace Fasteners

Titanium’s popularity stems from the fact that it’s
half the weight of medium alloy steel, but retains
the same strength. Titanjum is also more corrosion-
resistant than alloy steel, and in most cases, does not
require protective coating. Operating temperature
range for titanium is -350 to 800°F.

Alcoa Inc. takes advantage of the material in its
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On the right, a cotter pin goes through a bolt as a method of
retention. The image on the left demonstrates how a cotter pin
can be replaced by the Slic Pin to ease installation.

Aero-Lite threaded fasteners. Aero-Lite is a lightweight titanium
alloy, hex-drive recess pin rated at 95-ksi ultimate shear strength.
The fastener is a threaded pin designed for use in a variety of
applications from the nose to the tail of aircraft structures. The
Aero-Lite pin is typically used on carbon-fiber-intensive aircraft in
the wings section. The hex-drive recess in the tail of the pin enables
final installation of a nut or collar from one side of the structure, for
use on assembly of wing skins and fuselage skins.

The pin has an AL331 close-tolerance flush-head design.
Developed jointly with the Boeing Company for use on the 737-
700 wing, the pin helps improve the cosmetic of the wing, keeping
the surface flat and uniformed, and providing a smooth surface for
improved aerodynamics. AL331’s dome-head protrusion gaging
system incorporates a precision gage block that locates on the 100-
deg. head surface at a gage diameter located on the head angle. A
concentric through hole on the gage block is sized to fit the fastener
shank to prevent misalignments during gaging. The protrusion
is measured from the gage block surface to the top of the head to
ensure that top of the fastener is properly flushed.

Thread runout length is one pitch—
shorter than the two-pitch runout of
conventional threaded pins and even
the 1.5-pitch runout of other lightweight
threaded systems. The reduced runout
length enables an overall shorter pin
length, thereby saving weight. Weight
vary depending on pin
diameter, head style, grip length, and
other factors, but range from about 7%
to 20% compared to other fastening
systems. The diameter range of the pin
is 5/32 through 7/16 in.

Torque nuts typically secure bolts.
However, due to vibration and corrosion,
nuts may un-torque or crack and fall off.
Thus, secondary retention methods are
used to ensure the bolt stays engaged.
The most common method is to use a

savings
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The Cherry Pin 1900 Bulbing Blind Rivet is
manufactured to NAS1919 and NAS1921
industry standards, and its large blind-side
footprint is beneficial for composite structures.
The pin can be installed using a single tool.
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cotter pin, which gets inserted right behind the nut to help keep the
nut and bolt in place.

Slic Pin, designed by Pivot Point Inc., employs a spring-loaded
plunger to replace the nut and cotter pin. The plunger retracts when
inserted into the stack up and, once clear, springs up and locks into
place. The Slic Pin is ideal for holes with limited access for placing
cotter pins. The bolt reduces the need for tools and comes in eight
different basic shank diameters ranging from 0.181 to 0.746 in. A
removable plunger option is also available; it features a rounded top
when the pin needs to be removed.

Rivets are mainly used to fasten aerospace skins to the sub-
structure of the aircraft. On that front, Cherry Aerospace designed
the Cherry 1900 Bulbing Blind Rivet, its own version of the
NAS1900 rivet. Thanks to the rise of composite structures, the
NAS1900 rivet has become a popular option for rivet fasteners. The
Cherry 1900 forms a large blind-side footprint, suiting it for such
structures. The rivet also includes the Cherry Shift Washer, which
provides a more consistent installation in the stackup and extends
tool life. The Cherry rivet comes with a protruding head or a 100-
deg. flush head. Minimum shear strength is based on the material
chosen for the sleeve. The A-286 sleeve offers shear strength of 1090
to 2400 Ibs., while the Monel sleeve ranges from 1020 to 2260 Ibs.
The rivet itself is A-286 Cres.

Stripping of threads is a major problem on aircraft. Due to
engine-induced vibrations and the turbulence on the wings and
airframe, nuts start to lose their torque, threads start to grind away,
and nuts fall off.

Spiralock, from Stanley Engineered Fastening, is a thread
form that helps prevent loosening due to vibration and eases
load distribution. Unlike the standard 60-deg. angle of standard
threads, Spiralock uses a 30-deg. angle. Using a modified angle
enables uniform load distribution, reducing the load on the first
thread engagement and thus minimizing the likelihood of thread
stripping. The Spiralock also generates
a higher radial thread loading, lowering
the chances of shear failure.

A higher torque of 10% to 20% is
required compared to a standard thread.
Testing on 1/4-28 Spiralock fasteners,
when compared to a similar regular
fastener, revealed that fatigue life was
enhanced by 300%. Spiralock threads
can be found in Stanley’s hex flange
nuts, self-clinching nuts, threaded
inserts, wire thread inserts, and key-
locking threaded inserts. Made-to-order
fasteners featuring the Spiralock threads
also are available from Stanley.

Aerospace Adhesives
Adhesives distribute stress evenly
to help eliminate stress concentration
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Class 3A 60° max. thread
(6::3-;23)(' 60° min. thread

Clearance
Class 2A

(6G) min.
thread

Class 3A
(6H) max.
thread

Spiralock max. thread

Spiralock min. thread

Class 2A
(6G) min.
thread

The Spiralock offers a different angle of contact,

30 deg. versus the traditional 60 deg., against threads. The
percentage of the load on the first engaged thread, with a
minimum of five threads engaged, runs lower when using
Spiralock. The load percentage on the first thread is 24%
using Spiralock versus 64% using traditional threads.

areas caused by spot welds or rivet and bolt holes. Adhesives also
maintain surface integrity while bonding and sealing at the same
time. As a result, designers can consider lighter materials that may
otherwise deform when introducing holes or other mechanical
joints. On top of that, dissimilar materials can be bonded together
with adhesive bonded laminates. They provide a film barrier to
reduce or prevent corrosion between metals. Finally, adhesives
provide aesthetic improvements by eliminating uneven surfaces due
to bolt or rivet heads. This also creates better laminar flow around
the body of the aircraft.

A paste adhesive developed by Cytec, dubbed BR 680-3, is a radar-
transparent and viscous/thixotropic material. BR 680-3 is used to
bond metallic and non-metallic materials like composite laminates.
The adhesive also works on bonding dissimilar materials, such as
composite-to-metal sandwich structures.

BR 680-3’s cure cycle is two hours at 600°F and 100 psi with a post
cure cycle of 16 hours at 700°FE. The one-half lap shear strength at
75°F is 1675 psi. This value of shear strength is comparable to shear
strengths of the aforementioned common metal fasteners. However,
rising temperature will decrease shear strength. At 700°E, the one-
half lap shear strength decreases to 925 psi. These values are based
on the use of a titanium material substrate.

Cytec also offers BR 252 water-based bonding primer. Prior to
using adhesives, a primer can be applied to prepare the material
for bonding. The BR 252 is compatible with most curing adhesive
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This image shows the
application of aerospace
adhesive (from Henkel).
Aerospace adhesive can
be used on composite and
metal materials, as well as
on a combination of both
types.

systems that operate within
the 250° to 350°F range.
The primer can be used on
aluminum components for
corrosion protection
serve as an adhesion promoter
for other metals.
primer is water-based, it has
a minimal amount of volatile
organic content. It maintains
a short drying time and can be applied simply by spraying or hand
brushing. The primer is heat-resistant for up to 70 hours at 350°F.
At 75°F the half-inch lap shear strength is 5,706 psi.

Henkel developed an adhesive specifically for the aerospace
industry called LOCTITE Benzoxazine (BZ). It's an adhesive
alternative for other adhesives, such as epoxies, BMI, and Phenolic.
BZ maintains its interlaminate shear strength after 12 months with
minimal drop in flow characteristics of the resin. The material
retains 90% of its properties for up to six months, with little effect
on compression and minimal decrease of high toughness after 10
months.

BZ lowers cure shrinkage, cure exotherm, and improved hot/
wet performance when compared to epoxy. Moisture pick-up rate
runs 0.7 to 0.9%, and therefore it picks up less weight over time.
In comparison, a typical toughened epoxy system’s moisture pick-
up rate is up to 3%. Up against Phenolic, BZ provides improved
durability, reduces microcracking, and doesn’t generate water
during cure. BZ also improves against BMI by providing a lower
cure temperature, a lower cure cycle, lower cost, and a higher
toughness. The adhesive provides the same mechanical properties
as bolts and other fasteners.

LOCTITE BZ 9691 is an aero composite bonding adhesive. The
single lap shear strength at 73°F is 3,215 psi, and double lap shear
strength is 3,775 psi at the same temperature. Shear performance is
linear up to 400°F. The adhesive is flame-resistant and has minimal
shrinkage, which helps reduce shimming requirements. Of course,
the lightweight adhesive helps lower a plane’s fuel consumption. B

and

Since the
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Here’s a look at the structural adhesives engineers should know about before

making design decisions.

[ here are several reasons why struc-
tural adhesives are chosen for a
wide variety of assembly operations.
Unlike mechanical fasteners, they
don’t damage substrates by needing
drilled holes, and there’s no heat dis-

tortion (a risk with welding). They can also join

dissimilar materials without galvanic corrosion,
work with different geometries, and don’t concen-
trate stress at a few localized spots, thus increasing
fatigue resistance. And after the joining process-
es, structural adhesives don’t require refinishing
steps or leave protrusions, so they are aesthetically
more pleasing.

Compared to other types of adhesives,
structural adhesives have the highest load-bearing
capabilities;, boast excellent environmental and
chemical resistance, with no solvent emissions to
deal with;, and they comein with a range of cure
times and properties. They cure in an irreversible process which
helps provide excellent temperature and solvent resistance. They
also do not need access to air to dry or cure, nor moisture like one-
part silicone and polyurethane sealants,and so theycompletely with
anunlimited depth of cure.

In fact, structural adhesives have such a wide range of
characteristics that engineers may have difficulty selecting which
structural adhesive to use. Compared to other adhesives, however,
structural adhesives are less intuitive to use and their performance
is widely affected by processing decisions. Here are some tips

1S°REGISTER: machinedesign.com | 9

Structural adhesives can join parts without interfering or detracting detracting
from their finish or aesthetics like welding or mechanical fasteners.

on choosing structural adhesives and how tto handle processing
decisions.

Selecting a Structural Adhesive

Talking with suppliers’ technical engineers or outside consultants
can provide insights regarding structural adhesives. However,
in many cases, preliminary decisions are made before talking
with others, or else applications are too sensitive to discuss with
outsiders. In these cases, there are a few general principles for
choosing structural adhesives.
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Adhesive Technologies Continuum

\ Adhesive Load-Bearing capabilities
4 Type Strength (psi)
PSAs 11010 Structural
Hot melt 100 to 500 adhesives
Foam tape 200 to 500
Curing hot melt 400 to 1,000
o Structural tape 800 to 2,000 Structural fope
g Cyanoacrylates/PU 1,000 to 3,000
g | | Acrylics 2,000 to 4,000 Curing hot melt
2L Epoxies 2,000 to 6,000
&
Foam tape
Hot melt

Transfer tape adhesives

AN
>

Adhesive technology family

Adhesives vary significantly in their load-bearing capabilities
(strength), with epoxy adhesives generally being the strongest.
This chart deals only with load-bearing capabilities.

The first is that structural adhesives should be chosen based on
the application’s performance and processing requirements. Once
these are known, the next step is choosing the adhesive which most
economically meets those requirements.

Here are some of the application requirements that should be
considered:

Operational conditions:

o Temperature: how hot or cold?

o Humidity: Will the joint be exposed to rain or saltwater?

o UV exposure: Will the joint be exposed to the sun, and can UV
radiation penetrate the substrates and reach the adhesive?

Chemical resistance:

» What fluids—, such as motor oil, gasoline, diesel fluid, and jet
fuel—will come in contact with the joint?

o Will the joint be cleaned frequently with detergents, which are
weak acids and bases?

o Will any specialized chemicals come in contact with the joint? And
will contact be continual (such as in a filter) or only occasional?

Cleanliness and environmental issues

« Do any regulations come into play regarding toxicity or disposal?
Will the adhesive be used in food packaging or a medical device?

o Is the part being bonded sensitive to outgassing, ionics, or
corrosion like electronics and optics are?

Cleanliness and environmental issues:

o Is the part being bonded sensitive to outgassing, ionics, or
corrosion likeelectronics andopticsare?

o Do any regulations come into playregarding toxicity or disposal?
Will the adhesive be used in food packaging or a medical device?

Mechanical challenges

» Will the bonded part be subject to high impact or vibrational
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It takes a well-designed
adhesive such as 3M’s Scotch
WeldTM Acrylic Structural
Adhesive DP8010 Blue to
bond materials to low-surface-
energy plastics like HDPE.

The one-part epoxy comes in
different sized packages so
users can make the most of its
10-minute work life.

forces?

» How high are the stresses on
the bondline? And what types
are they?

The general answers to these
will help determine which type
of structural adhesive should
be considered. Specific answers
will help focus on which
specific products should be chosen based on manufacturers’ data
sheets and application test results.
Regardless of how structural adhesives are chosen, they should be
tested before any and no final decision is madewithout it.

Types of Structural Adhesives

Structural adhesives, which are categorized by their chemistries,
are routinely capable of overlap shear strengths over of more
than 1,000 psi when bonding metal in room-temperature testing.
Although there are hybrids, structural adhesives are most commonly
based on epoxy, acrylic, urethane, or cyanoacrylate chemistries.

Each adhesive type can be tailored to some extent. For example,
adding thickeners will increase viscosity, while adding diluents
decreases viscosity. Toughening agents can be added to increase
fatigue resistance. But adhesive types can be roughly compared
based on the general properties inherent in each one’s chemistry.
Still, engineers should closely review specific properties for
adhesives they are interested in.

Acrylics provide the highest bonding strength on plastics, and
may also provide good bonds to metals (including many oily metals).
However, they tend to have lower vibration/impact resistance than
epoxies, resulting both inthus, lower fatigue resistance, and lower
performance at temperature extremes.

Cyanoacrylates provide good shear strength on many plastics and
rubbers, although primers may be required, but are rigid and show
low resistance to peel and impact.

Urethanes are quite flexible but generally have lower strength,
especially at higher temperatures. They bond well to plastics,
woods, and metals, and are generally lower-priced than other types
of structural adhesives.

Epoxies come in the widest range of properties and have the
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best overall bond strength on metals. Standard five-minute rigid
epoxies tend to be brittle and are best suited to applications
with relatively low stress and no impacts. Flexible epoxies have
higher peel strengths and can better withstand impacts, and are
good choices for parts which may need to require some flex and
bend. Toughened epoxies incorporate elastomeric regions which
absorb impact, so they provide the highest shear, peel, impact,
vibration, and fatigue resistance. This, makesking them well suited
for demanding applications. In general, however, using epoxies
requires that oils be rigorously removed from metal joint surfaces.
There are some exceptions to this rule, such as one-part heat cure
epoxies.

Based on these generalities, engineers looking to bond ABS
to stainless steel for a part that will see moderate environmental
stress—such as operational temperatures from —-20°F to 150°F, but
little vibration or impact—, would likely choose an epoxy or acrylic.
Add vibration or impact to the criteria, and the choices would tip
towards flexible or toughened epoxies or toughened acrylics.

Engineers seeking to bond wood to plastic for outdoor use where
changes in the weather could cause significant movement of the
substrate would consider urethanes for their flexibility. If more
strength is needed, a flexible epoxy could serve the purpose.

Bonding low-surface-energy plastics, such as HDPE, to itself or
to another plastic would require a specialty acrylic to avoid costly
and time-consuming surface modification procedures.

In some cases, ultimate strength or performance in a property
category may not be required. This means engineers may be able
to trade off performance for handling and processing capabilities.

Handling and Processing Considerations

Once the adhesive choice has been narrowed down based on
performance criteria, handling and processing considerations come
into play. These run the gamut from storage conditions and shelf life
to the convenience of assembly processes.

Comparing Structural Adhesives

Property Epoxies | Acrylics | Urethanes | Cyanoacrylates
Overlap shear Fair to ) Fair to
(metals) Good good herl good
Over|g EELEE Fair Good Fair Good
(plastics)

Shear
(oily metdl Poor Good Poor Poor
Peel strength Good Poor Fair Poor
Impact resistance Poor Poor Fai P
and foughness to good | to fair 9 4
Flexibility fopggcr:d Poor Good Poor
Temperature ) Poor
resistance range Good hety e to fair
P
Solvent resistance | Good Poor Poor kj:girr
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Some two-part epoxies, such as
3M’s Scotch WeldT DP100 Plus,
can be applied using a two-
cartridge dispenser. It ensures
the two parts are mixed and
dispensed in the proper ratio.

When discussing handling and processing considerations, it is
necessary to distinguish between one-part and two-part epoxies,
as they are handled and processed differently. One-part epoxies
have the curative and base pre-mixed, thus eliminating the need
to measure and mix the parts. But one-part epoxies do have
more involved shelf life issues, such as premature aging and cold-
temperature storage requirements. They also require curing at
250° to 350°F. Thus, in contrast to two-part epoxies, one-part
epoxies require careful handling but are relatively easy to dispense.
In addition, one-part epoxies generally provide the highest shear
strengths on metal and the best resistance to high temperature and
solvents.

Cyanoacrylates are often chosen for production convenience, as
they do not require mixing and have a long pot lives (time they can
spend open prior to bonding). But once bonded parts are mated
using cyanoacrylates, they cannot be repositioned. These really
are “instant adhesives,” which increases the risk of accidental skin
bonding. And they have a strong odor. Cyanoacrylates also carry the
risk of “blooming,” a cosmetically unappealing rainbow or whitish
haze surrounding the bond line. Blooming is really the volatilized
monomer condensing on the part. There are some cyanoacrylates
that minimized blooming.

Two-part epoxies, acrylics, and urethanes are stable at room
temperature prior to mixing. Room-temperature storage is longest
for two-part epoxies and shortest for urethanes (which are moisture-
sensitive), and acrylates (which can be temperature-sensitive).

Two-part structural adhesives require some time for the cure
to start after the adhesive is mixed and the surfaces to be bonded
are mated. This allows for positioning, but also requires that
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parts be held in place until some level of cure has
been reached. This period of time is known by

CHAPTER 3: CHOOSING AND USING STRUCTURAL ADHESIVES

Handling and Processing Comparison of Structural Adhesives

several terms, including set time, fixture time,

green strength, and time to handling strength.
Adhesive manufacturers may define it differently

so engineers should carefully read the datasheet to

determine each adhesive’s characteristics.

Typically, two-part adhesives can be supplied
in bulk, such as five-gallon pails or 55-gallon

drums, and used with a meter/mixer. They may

also come packaged in hand-dispensable cartridges.
These cartridges feature side-by-side cylinders

appropriately sized to provide the right mix ratio

and are mated with disposable static-mix nozzles
that ensure proper mixing. A variety of hand-held

applicators are available, as well. Two-part adhesives

may also come in small cans or tubes which require
manual measuring and mixing.

Adhesives that cure by chemical reaction,

Property 2;2;2:? T;;gfi:? Acrylics | Urethanes | Cyanoacrylates
Storage requirements Poor Good Fair Fair Fair
Shelf life Poor Good Fair Poor Good
Measuring/mixing required | Good Poor Poor Poor Good
Room femperature curing Poor Good Good Good Good
Pot life Good Good Fair Fair Good
Repositioning before set Good Good Fair Fair Poor
Set time/Handling strength Fair Fair Good Good Good
Full cure time Good Poor Fair Fair Good
Viscosity range Fair Good Fair Good Fair
Odor Good Good Poor Good Fair
Potential health issues Fair Fair Poor Poor Fair

including all two-part adhesives, have curing times
that are temperature-dependent. They cure quicker
in warmer temperatures, but they will also have shorter pot
lives, open times, and times to handling strength. At cooler
temperatures, curing is slower and the times are extended. Thus,
when using adhesives in non-temperature controlled environments,
designers must consider the temperature difference between the use
environment and the standard “room temperature” of 70° to -75°F
generally used by manufacturers to report pot lives and times to
handling strength.

As a rough rule of thumb, if using the adhesive outside on a hot
summer day, the open time might be as little as half what is reported
on the datasheet and on a cool spring or fall day with temperatures
in the low 50°s, these times might be doubled. An approximate
estimate says that for a 10°C warmer cure environment, the
adhesive will have half the open time. Conversely, for a 10°C cooler
environment, the open time will be doubled. So extra care might be
needed to complete the bonding step quickly on hot days, or extra
fixture times may be needed in cool environments.

A corollary is that two-part structural adhesives can have cure
times deliberately accelerated by applying heat. Options typically
include ovens and radiant heat sources. Datasheets and other
information from manufacturers can help engineers determine
possible cure schedules.

In addition to varying cure times, adhesives also tend to thin in
warmer environments and will thicken in cooler environments.
In general, then, application temperatures of 60°to 80°F and a
minimum application temperature around 40°F are recommended
for two part adhesives.

Viscosity can also be chosen to match preferences. In general,
the viscosity range is widest for two-part epoxies and urethanes
where products can range from thin to heavy pastes. Non-sag
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adhesives may be formulated to be shear-thinning, which lets them
be dispensed relatively easily but not to run or sag after dispensing.

Although structural adhesives typically don't contain solvents,
they may contain volatile organic chemical components or other
components that can emit an odor or lead to skin or respiratory
irritation. Users are cautioned to review the Safety DatasSheets(SDS)
before using any adhesive.

When choosing which adhesives to screen, first consider end-
user requirements. Next,Then read up on the various types and
consult with adhesive suppliers. FinallyNext, consider the process
requirements to eliminate most of the choices. This will leave a
relatively small set of adhesives with favorable performance and
processing characteristics.

For a final selection, however, conduct testing and validation.
Typically, peel tests and overlap shear tests of some sort are done
to determine the strength of the adhesive on particular substrates
or under specific environmental conditions. The exact details of
the test should be based on the particular project. Don't rely solely
on the information in manufacturers’ technical data sheets. Good
adhesives suppliers are willing to work with users in defining and
assisting in these decisions, including some type of material testing.

However, the most carefully chosen adhesive may not work well
in the application if the bonding surfaces are not properly prepared
or the joint is poorly designed. This is another area where engineers
will benefit from early discussions with their adhesive suppliers. B

to view this article online, I35 click here
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DEALING WITH VIBRATION IN AVIATION APPLICATIONS

EUGENE I. RIVIN, Advanced Antivibration Components Div.,

Designatronics Inc., New Hyde Park, N.Y.

CHAPTER 4:

SHAKING UP

\ODE

SIRANON

Here’s a better way to look at vibration-isolation systems.

ere’s a better way to look at vibration-isolation
systems.
The idea is simple: Protect sensitive objects

from vibrating floors and foundations. So is
the basic vibration-isolation system model,
found in most every vibration textbook, and
shown in the accompanying graphic. An object, modeled as
a solid block, sits on a low-stiffness vibration isolator that, in
turn, mounts on the vibrating support surface.

This system with mass m and stiffness k, has natural

frequency:

o1k

f =% _ 1
" 2r 2x\'m

where w,, = the angular natural frequency.

Based on this model, the “Absolute transmissibility” graph
shows how vibrations transmitted from the floor to the object
dependonsupporting-surfacevibrationfrequency (expressedas
w/wn) and isolator damping (expressed as a fraction { of the
critical damping (. of the system). Thus, the object vibrates less
than the supporting surface if vibration frequency w> 1.41w,,.
Lower-stiffness  vibration

isolators decrease the natural External vibrations can
frequency w, and transmit cause unacceptable
less vibration to the object. motion between a cutting

The graph also shows that tool and workpiece. Good
increasing isolator damping { antivibration systems
reduces an object’s vibration minimize the harmful
amplitude at resonance effects.
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(which is not an important regime for

Basic vibration-isolator model

CHAPTER 4: SHAKING UP VIBRATION MODELS

The basic system implicitly assumes

isolating precision objects) and at w < the object is a solid block. But machine

1.41w,, butlessens isolation at frequencies tools, photolithography equipment,

® > . Object m and metrology devices like coordinate-
This theory is attractive because it is measuring machines (CMMs) are

straightforward, and engineers use it « c dynamic devices. And external vibrations

extensively for practical applications. A I generate internal vibrations in the

Two basic conclusions from the above o . working zone: for instance, between
. ) Vibration . . .

discussion are: isolator |_J . the cutting tool and workpiece, or the
1. Softer isolators transmit less . . CMM’s measuring stylus and part being

vibration from supporting surfaces o ~ =FF=E P measured.

objects, so any level of transmission Supporting We can depict such objects as shown

attenuation is possible. For example, a surface

system can have 98% attenuation if w >
7w, but this requires vibration isolators
with low damping (such as metal springs
or a lightly filled rubber).

2. Unfortunately, low-stiffness isolators
result in f,, = w,/2m < 2 to 3 Hz. They are not practical because
objects become sensitive to even a light touch or other minor

vibration isolator.

excitations, such as machine-tool tables reversing directions or
stages repositioning photolithography tools.

Isolation options
The basic system’s natural frequency can be accurately calculated
using:

"JA

where A = the static deflection of the spring in cm. Thus, for f;
=2to 3Hz, A = 6.25 to 2.8 cm - quite significant static deflections.

Generally, engineers want vibration isolators with the greatest
allowable stiffness for a given application. But choosing passive
isolators per the basic model results in unacceptably low stiffness in
cases that need significant vibration attenuation. So designers turn
to servocontrolled or “active” vibration isolators.

Active isolators are expensive and not as reliable as passive
isolators. Another approach, also costly, attaches the object to a
massive “inertia block” that, in turn, mounts on vibration isolators.
Because mass m increases, proportionally stiffer isolators produce
the same low w,. Besides being expensive to construct, inertia
blocks take a lot of valuable floor space and require considerable
time and effort to move.

Realistic modeling

The problem is that the basic vibration-isolation model is too
simplistic and does not properly represent typical vibration-sensitive
objects. Important issues to consider are real-life characteristics of
vibration isolation systems and dynamic coupling between vertical
and horizontal vibratory motions. Examining these two issues
lets us reformulate the design model and improve performance of
vibration-isolation systems.
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The basic vibration-isolation model consists
of a mass mounted on a low-stiffness

in the “Revised model” Here My
represents the upper member, such as the
production machines toolholder or the
CMM’s measuring head. My represents
the mass and k,,, the structural stiffness
of the bed or frame. Usually, Mg >> My.
External vibrations create an objectionable effect on the object,
noted as vibratory relative motion x, between the tool or measuring
head and the workpiece or part.

The “Relative transmissibility” graph shows how relative motion
X, depends on external vibration frequency and on the objects
structural parameters (structural natural frequency w,, and
damping (, expressed as a fraction of the critical damping).

The object is rather insensitive to low-frequency vibration —
masses My and Mg move pretty much together. Sensitivity further
decreases as structural-resonance frequency w;, = 2nf,, increases.
The greatest sensitivity is at f,; at higher frequencies relative motion
stabilizes and does not significantly depend on frequency. The

Absolute transmissibility

10 =0
7 0.05
5 0.1
’ 03
2
1.0
0.7
0.5
03
0.2
0.1
0.07
0.05
0.03
0.02

0.01
0.1

1.0

Absolute transmissibility, g

0.2 0.5 1.0 141 2 3 5 7

Frequency ratio, w/w_

Vibration transmitted from the floor to the object in the basic
model depends on vibration frequency and isolator damping.
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Re‘"sed mOdeI The revised vibration-

isolation model
depicts a machine bed
or frame, and an upper
mass that represents
a toolholder or
measuring head.

Floor

revised model can be constructed for vertical, horizontal transverse,
and horizontal-longitudinal directions. Well-designed precision
equipment usually has high f, and less vibration sensitivity at
frequencies f < f;,.

Real-world considerations

Extensive studies of floor vibrations and the structural dynamics
of typical machines show that maximum vibration amplitudes and
frequency ranges are quite consistent for similar types of facilities.

For instance, the worst case for manufacturing plant floors is,
conservatively, a spectrum with constant displacement amplitudes
of 3 um for vertical and 2 pum for horizontal vibrations in the 3 to
20-Hz range. Vertical vibration amplitudes < 0.15 pm and
horizontal < 0.05 pm in the 3 to 12-Hz frequency range
conservatively represent the worst vibration environment
in microelectronics fabricating facilities (“fabs”). In many
cases, there is no need to measure actual plant-floor
vibrations — these numbers and ranges are generally
appropriate.

At frequencies below these ranges, floor vibrations
produce negligible relative motion in the working zone.
At frequencies above the higher limits, floor-vibration
intensity declines fast.

The most important lowest
structural natural frequencies range from f, = 10 Hz
for ultraprecision photolithography tools to f;, = 20 to
50 Hz for reasonably designed precision machine tools,

(“fundamental”)

Relative transmissibility, g

microscopes, and similar equipment.

Such systems require isolation at these frequency
ranges and maximum floor displacement amplitudes.
Also, most precision devices are much more sensitive to
horizontal than vertical vibrations. For machine tools the
difference is 3 to 10x; for ultraprecision equipment the
difference is from ~1.5 to 2.0x for optical microscopes to
about 10x for microlithography steppers.
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Because commercial vibration isolators have one-third to one-
tenth the stiffness in the horizontal direction, compared to the
vertical, transmission of horizontal floor vibrations to the bed is
negligible.

On the other hand, vertical floor vibrations are usually more
intense and isolators have relatively high vertical stiffness, so vertical
floor vibrations transmitted to the object’s bed are important. Due
to dynamic coupling between vertical and horizontal vibrations in
the vibration-isolation system, vertical vibrations from the floor
induce dangerous horizontal vibrations in the bed.

New model

Based on all this, we can develop a criterion for isolating vibration-
sensitive objects. The four-part graphic “Vibration characteristics of
sensitive objects” illustrates how floor vibration propagates into the
work zone of sensitive objects.

The “Displacement” graph conservatively approximates peak
floor-vibration amplitudes at manufacturing plants or fabs, with
maximum peak amplitudes not exceeding a,,.

The second graph, “Floor to bed,” presents three cases:

1. A relatively stiff mount (a metal jack or a rigid rubber mount)
supports the object and resonant frequency is relatively high.

2. The mount is much softer, resulting in lower-frequency
resonance but with the same resonance amplitude (having the same
damping) as in case 1.

3. The mount had the same stiffness as in case 2, but with much
higher damping and, thus, significantly lower resonance amplitude.

The third graph, “Bed to work area,” plots absolute vibratory
motion transmitted from the bed to the work zone (as shown in

Relative transmissibility

0.2 0.5

1.0

Freauency ratio, w/w

Relative transmissibility shows how relative motion of the upper mass
in the revised model depends on external vibration and the machine’s
structural properties.
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Vibration characteristics of sensitive objects

Displacement

X

Q

- Floor
displacement, x,
o

Floor to bed

/2 1

Transmissibility
from floor to bed,
X /X,

f f

v2 vi

Bed to work area

area, x /xa

Transmissibility
from bed to work

Relative displacement

Relative
displacement in
work area, A
A

These graphs illustrate how floor vibrations become bed
vibrations, which are, in turn, transmitted into work-zone
vibrations.
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“Relative transmissibility.”)

In other words, floor vibration filtered by the absolute
transmissibility function becomes vibrations in the bed. And bed
vibrations, filtered by the relative transmissibility function, become
the relative vibrations in the working zone.

Relative vibration amplitude (determined by the object’s
specifications) cannot exceed the specified amplitude A, in the
“Relative displacement” graph. Case 1 (rigid mount) exceeds A,
at and near two resonance peaks, one at the isolation natural
frequency f;, and another at the structural frequency f;. The
second resonance is usually at low floor-vibration frequencies and,
therefore, less dangerous.

The “Relative displacement” plot shows there are two ways to
isolate an object with amplitude in the work zone a,, < A,. One
reduces mount stiffness and, thus, f,, seen in “Floor to bed”
The second increases mount damping, as in “Bed to work area”
In-depth analysis shows that satisfying the following equation leads
to adequate vibration isolation:

fy o [Af7
N e,y

where § = damping (log decrement) of the mount, and uf =
transmissibility from the bed into the object work zone at frequency
f

Thus, the resonance of the object and vibration isolator is
the vibration-isolation system’s working regime. And second,
increasing damping in vibration isolators improves isolation and
lets designers use stiffer isolators and/or higher natural frequency
isolation systems to produce the required isolation.

In the next issue of Machine Design, we'll explore some practical
applications of these findings. ®

to view this article online, I3 click here
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DR. THANH-SON DAO, Application Engineer

DEALING WITH VIBRATION IN AVIATION APPLICATIONS

Maplesoft of Waterloo Maple Inc., Waterloo, Ontario
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PREDICT TORSIONAL VIBRATION

Software can generate lumped-mass models with symbolic and numeric inputs to predict whether

machines will propagate or damp vibrations.

t’s no secret that minimizing machine vibrations improves reliabil-
ity, quiets operation, and boosts end-user satisfaction. But all rotat-
ing and reciprocating equipment vibrates. It's sometimes difficult
to predict these vibrations, partly because any given machine ex-
hibits unique vibration signatures during start-up, shutdown, and
normal continuous operation. In fact, nondescript machine noise

and coupling wear are often the only evidence that a machine has a
vibration problem. Left unaddressed, such issues can eventually al-
low high-amplitude vibrations that wear gears and even cause gear-
tooth failures and bent or broken shafts.

Now new software helps designers prevent such problems by
evaluating the torsional response on any machine with rotating
components. Such software makes lumped-mass models, which
are idealized one or two-dimensional representations of machines
composed of rigid masses jointed by massless springs and dampers.
Lumped-mass models generated in software are good for vibration
analysis because they can identify the sources of vibration, modes of
vibration, paths that vibrations take through a machine, and ways a
design’s vibrations might be effectively damped.

After analysis with lumped-mass models, the designer can finish
the vibration analysis with experimental measurements.

Lumped-mass models (also called lumped-parameter systems)
outperform distributed-parameter models and finite-element anal-
ysis (FEA) when a machine’s physical objects have dimensions that
are small relative to the direction of vibration. That’s because com-
pared to distributed-parameter systems, lumped models are simpler
and allow faster simulation. For example, a long shaft with torsional
vibration or bending is a good candidate for lumped-parameter
analysis.
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This is a 3D model of a four-cylinder engine in MapleSim
software from Maplesoft. The software lets designers use
symbolic and numeric techniques to diagnose vibration issues
on machines powered by unsteady inputs such as internal-
combustion engines.
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This template lets designers quickly model engines to see if they exhibit unacceptably
large vibrations. Then a simulation (bottom) generates plots of deflection (left) and

propeller torque (right) for all the engine orders.

A lumped model’s accuracy increases with its degrees of freedom,
defined by its number of mass-spring-damper submodels. Some
software can make lumped-mass models quite sophisticated, even
placing models in realistic vibration-analysis environments when
needed.

Using symbolic techniques for model simplification and order
reduction — as well as numeric techniques for solving the equations
with simulation software — designers can diagnose and solve myriad
vibration issues.

Root causes of failure

In industrial environments, the most common cause of machine
breakdowns is bearing failure. Mechanical problems that can dam-
age bearings but can't be seen directly include unbalance, misalign-
ment, mechanical looseness, bent shafts, resonance excitation, as
well as problems with belts, gears, aerodynamics, and electrical
connections.

Consider a passenger-vehicle powertrain. Most vibration on the
driveline comes from power-input fluctuations, particularly when
a combustion engine provides the mechanical power. Other vibra-
tions on automobile drivelines come from:

« Forced responses of periodic excitation from fluctuating engine

V4 IC engine

§

Propeller

Mass Transmission

SN

Pump

Flywheel

This diagram of a ship driveline shows how vibration-analysis
software simplifies models.
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torque
« Transient responses of the driveline
to impulses from gear shifting
o Clutch-judder phenomena during
clutch engagement
o Excitation of the driveline’s natural
frequencies to avoid coincidence of
engine-torque harmonics
Such a machine’s vibrations also cou-
ple with movements of the machine
structure. For example, a vehicle in
heavy urban traffic must frequently
stop and start. During acceleration,
rotary vibrations in the drivetrain tem-
porarily couple with the car’s vertical
and horizontal motions. The forces
associated with these motion inputs
complicate the vibration analysis of
the design’s mechanical structures.

Two techniques

In general, there are two approaches to analyze these vibrations.
The first technique is FEA, which models mechanical structures as
thousands of discretized and idealized elements. A designer then
analyzes the relationships between the elements to construct the
mass, stiffness, and damping matrices and determine the natural
mode shapes and frequencies of the structure during vibrations.
Before FEA-based analysis, though, a meshing technique discret-
izes the object into thousands of basic elements. This approach
has advantages for objects having complex geometries. However,
analysis of a machine’s vibrations using FEA-based elements means
the software must solve huge systems of thousands of linear equa-
tions. That makes vibration analysis with FEA time consuming and
expensive.

An alternative for analyzing machine vibrations, particularly on
relatively simple rotary shafts and drivetrains, is to use lumped-mass
models and experimental measurements. For example, to model a
long shaft with multiple diameters and properties, the designer uses
the software to divide the shaft into many segments defined by mass-
es and inertias, springs, and damper components. The nonlinearity
of the spring stiffness and damping incorporates easily using a math-
ematical representation or a lookup table based on experimental
data. Then the designer can add gears, clutches, and other compo-
nents (including backlash values) to complete the model.

The source of excitation is one of the most important parts of a
lumped model. Later in this article, we'll explore two application
examples: In one, the source is an internal-combustion engine that
induces vibrations via reciprocating piston and slider-crank mech-
anism movements. In another, it’s a turning ship propeller cutting
through ice and water.

The first step is to use the software to create a 1D physical model
of the design — focusing on the machine’s mechanical linkages.
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Shear stress between Cylinders 1 and 4
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The driveline vibrates during an engine run-up test from 100 to 3,000 rpm, and this graph identifies contributions of vibration
harmonic orders to maximum shear stress between cylinders one and four. Note the 24 orders in the plots for integers and
half orders of a four-stroke engine. These plots indicate which orders contribute the most to the overall vibration (the red

dotted curve).

The model consists of springs, dampers, masses, and rotational
inertias, as well as force and moment components for either the
torsional or translational domain. All other motions are ignored to
keep the model simple.

Next, use table-lookup components to incorporate exper-
imental data into model elements, which define behavior in
terms of nonlinear springs and dampers. Some software also
integrates custom-component data on spring forces, damping
forces, and moments from Excel spreadsheets. That lets design-
ers edit component equations to fit the application.

Once a lumped model with vibration excitation source is set up,
the software executes vibration analysis numerically in both time
and frequency domains (based on the simulation results) or ana-

Iytically (based on the mass and stiffness matrices extracted from
the model).

Engine excitation model

Consider the internal-combustion engine. Its predominant
vibration source is variations in gas-pressure torque, related to the
cylinder gas pressure by the slider-crank geometry:

T, =P * A*Resing(l1+Acos¢)

where Tg = engine gas-torque,
Nm; Pg = cylinder gas pressure,
MPa; A = lateral piston area, mm?;
R = radius of the crank shaft, mm;
and ¢ = rotation of the crank shaft,
degrees The engine produces gas

pressure for torque pulses that

This is another ship-driveline
model (in MapleSim). It shows
a pump at one end of the shaft
and a flywheel attached to
cylinder one that works as a
damper for the engine.
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repeat after every complete working cycle. A four-stroke, sin-
gle-acting engine has an interval of 41 or two crankshaft revolu-
tions. A two-stroke engine has an interval of 2rt. Due to this
harmonic nature, the gas torque is usually represented as a
Fourier series:

h, h,
T, (6)=T,+ Y c,cos(kot)+ Y5, sin(keot)
k k

k=025, 1, 1.5, ... for four stroke — cycle
k=1,2,3,....for four stroke — cycle

where h, = maximum number of required harmonic orders; and
T, = constant function of the cylinder firing angle, crankshaft
radius, nominal power, and other constants.

Notice how this gas-torque equation consists of a steady part, T,
that doesn’t excite vibration and a fluctuating part that does.

In engine-vibration theory, the harmonic order is the number
of excitations during one crankshaft revolution. The fourth order
repeats twice in a four-stroke engine, so the harmonic orders are
half multiples — %, 1, and 3/,. The fourth order repeats four times
each revolution in a two-stroke engine, so there are no half-orders
and the orders are integer multiples.
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In the above gas-torque equation, the sine and cosine terms rep-
resent the harmonic orders and half-orders. The parameter A, is the
maximum number of required harmonic orders, typically with a
value from 8 to 12.

In some software, designers can define the harmonic orders for
the engine (including half-orders for four-stroke engines) through
symbolic equations using Modelica or custom component code.
First determine the amplitudes of the sine and cosine terms for
each harmonic order in the series from simulation or experimental
data. Then enter these amplitudes into a model as 2D lookup tables
(to represent the strength of all the harmonic orders over a range of
the engine’s mean effective pressure).

For a four-cylinder engine, the designer must determine gas
pressure for different speeds and load conditions. The usual prac-
tice is to test several engine prototypes on a test bed with a pressure
transducer fixed inside the combustion chamber. The transducer
measures gas torque in the chamber and integrates that collected
data into the lumped model.

Excitation also varies with the rotational shaft speed, which direct-
ly influences the vibrational frequency, so the designer must analyze
the machine vibrations over a range of engine rpm.

Likewise, to model a multicylinder engine, assume that all the
cylinders have the same outputs, so the gas torque is the same for all
of them. The only caveat is that there’s a phase difference between
the fluctuating torques in the cylinders. (Any more detail about the
model is beyond the scope of this article.)

Some software has vibration-analysis templates to let designers
execute all vibration analysis in one software environment. It lets
designers linearize nonlinear models for control design or modal
analysis. For example, the designer can extract any driveline model’s
dynamic equations in symbolic form, extract stiffness and damp-
ing matrices, and plot the mode shapes. That way, plots can reveal
machine behaviors so designers can remedy the weakest parts.

Torsional vibration in a ship driveline

Consider a large ship moved by a propeller through water. The
driveline that powers the propeller needs torsional-vibration
analysis. In fact, this is a good application to explore because it
has driveline elements common to myriad machines.

The propeller-driveline model consists of a four-cylinder, four-
stroke internal-combustion engine, a propeller that produces the
thrust to push the ship forward, and shaft sections modeled as
inertia components with spring-stiffness and damping properties.
Assume that the propeller and engine connect through a simple
reduction-gear transmission. Assume that there’s a pump at one
end of the shaft. Also assume that there’s a flywheel attached to cyl-
inder one for damping vibrations and smoothing output motion by
leveraging Newton’s first law.

The two most significant sources of vibration in this case are
the engine and the propeller. Therefore, we need highly detailed
models for these components.

The driveline is structurally simple because there are no transla-
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tional parts, so a 1D lumped-mass model is sufficient. Both engine
and propeller subsystem models contain formulations that account
for the fluctuation torques that excite vibrations.

To evaluate the engine design, load the cylinder gas-excitation
torque data generated from real experiments into the simulation
software using 2D lookup tables. Then model the propeller torque as
a second-order sinusoidal function that describes the vibration as a
function of rotational speed and the number of propeller blades.

Eigenvalue and order analysis

Software built on symbolic mathematical computation lets
designers extract dynamic equations for entire models or individ-
ual components. One command from within the software extracts
differential equations to describe the driveline. Another command
yields a stiffness matrix with the model’s eigenvalues and eigen-
vectors (natural frequencies) and mode shapes. Where available,
linearization templates yield stiffness and damping coefficient
matrices for nonlinear systems.

A more visual and common technique for investigating vibra-
tions and sounds from rotating machines is order analysis. Its
strength is that it generates a plot that clearly shows discrete peaks
in vibration signals for excited machine subsystems. Designers use
order analysis to test devices ranging from gearmotors to gas tur-
bines and even dental tools.

to view this article online, I3 click here
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STEPHEN MRAZ, Technology Editor

CHAPTER 6:

DEALING WITH VIBRATION IN AVIATION APPLICATIONS

ROCKET PART TESTING

S]C

Sandia has developed an environmentally friendly approach to shock testing space components.

ngineers at Sandia National Laboratories successfully
demonstrated a new, more environmentally friendly

method to test a rocket part to ensure its avionics would

withstand the shock from stage separation during flight.

The new method, called the Alternative Pyroshock

Test, used a nitrogen-powered gas gun to shoot a 100-

Ib steel projectile into a resonant steel beam, which then transfers
energy through a resonant cone attached to the part being tested.
The resulting energy transfer mimics conditions of stage separation

in space. The first test of this type using the flight hardware was com-
pleted this spring.

According to mechanical engineer Mark Pilcher, pyroshock tests
conducted to ensure aerospace parts were ready for the rigors of
flight traditionally used explosives encased in lead to provide the
impacts to parts needed.

The lead and explosives were environmental hazards, so cleanup
was costly and time-consuming. The Sandia Labs team wanted a
better approach.

Sandia National Laboratories’ Mike Beabout and Patrick Barnes (I-r, top), along with Mark Stroman and Jamison Lee (I-r, bottom),
prepare a nitrogen-powered gas gun for the labs’ Alternative Pyroshock Test by installing a resonant cone to a resonant beam.
Sandia successfully demonstrated a more environmentally friendly way to ensure avionics can withstand the shock from stage

separation during flight.
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When asked to research whether an alternative means of testing
was possible using a gas gun, Sandia mechanical engineer Bo Song
turned to a 1-in.-diameter Hopkinson bar. The Hopkinson bar was
first used in 1914 by Bertram Hopkinson, a British patent lawyer and
Cambridge University professor of mechanism and applied mechan-
ics, as a way to measure the pressure created by explosives. It was
further modified in 1949 for dynamic stress-strain measurements of
materials.

At Sandia, Song and his team conducted small-scale testing with
a metal rod about 20 times smaller than what would be used in full-
scale tests. They discovered the Hopkinson bar could provide the
frequency levels and mechanical energy needed in the large-scale test
to recreate flight conditions.

Song’s team conducted more than 50 tests. The researchers looked
at what types of projectiles to use, how fast the gas gun needed to
shoot, how to design a Hopkinson bar-type apparatus called a res-
onant bar at a larger scale, how to design a steel resonant cone to
transfer the energy to the object being tested, and how to manipulate
the pulse of energy using small copper “coins” called programmers or
pulse shapers, which were placed on the surface of the resonant bar.

“The most difficult part was designing the programmers, or pulse
shapers, because we had to select the right material, geometry and
dimensions,” Song said. “We got a lot of experience through this kind
of testing for the future large-scale testing.

“The same concept can be used for a variety of defense and space
applications,” he added. “This provides a new path for pyroshock
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testing, but very clean and more controllable, and [it] will reduce or
eliminate a lot of costs”

In the next phase of the project, the Hopkinson bar was used with
a pneumatically driven gas gun. For this test, the gas gun was not
required to reach its maximum capacities. The 60-foot-long gun
used compressed nitrogen gas to shoot metal projectiles into a reso-
nant beam coupled with a resonant cone to expand the final diameter
to connect to the rocket part, essentially a hybrid version of a large-
scale Hopkinson bar. Typically the bar and test objects are small, but
in this case, researchers used a 1,500-1b, 8-ft.-long, 8-in. diameter bar.

Like a musical tuning fork, the resonant bar and resonant cone
needed to vibrate at certain frequencies to apply the right amount of
energy to the test object.

Ahead of the final tests, Barnes’ team used an empty mock test
object outfitted with accelerometers to measure the impact. Barnes
changed the geometry and composition of the programmers to sim-
ulate the test conditions required for the program.

Now that Sandia has put in analysis and testing, future tests of this
sort should require less development and cost less. “Ideally, we can
create a repeatable environment,” Barnes said, “something we can
dial in, so if they need to do this test again in the future, we can build
this back up and start testing”’®
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