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TRANSDUCER COMMITTEE OBJECTIVES

This committee apprises the Telemetry Group (T'G) of significant progress in the field
of transducers used in telemetry systems; maintains any necessary liaison between
the TG and the National Institute of Standards and Technology and their trans-
ducers’ program or other related telemetry transducer efforts; coordinates TG
activities with other professional technical groups; collects and passes on information
on techniques of measurement, evaluation, reliability, calibration, reporting and
manufacturing; recommends uniform practices for calibration, testing and evaluation
of vehicular instrumentation components; and contributes to standards in the area of
vehicular instrumentation.
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Definition of the Transducer Workshop
History

The Workshop has been sponsored by the Vehicular
Instrumentation /Transducer Committee, Telemetry
Group, of the Range Commanders Council. This
commitiee develops and implements standards and
procedures for transducer applications. The previous
workshops, beginning in 1960, were held at two year
intervals at or near various US Govemment installations
around the country. This year, the Society for
Experimental Machanics has joined the RCC in
cosponsoring the Transducer Workshop.

Attendees

Attendees are working-level people who must solve
real-life hardware problems and are strongly oriented
to the practical approach. Their field is making
measurements of physical parameters using
transducers. Test and project people who attend will
benefit from exposure to the true complexity of
transducer evaluation, selection, and application.

Subiects

Practical problems involving transducers, signal
conditioners, and read-out devices will be considered
as separale components and in systems. Engineering
tests, laboratory calibrations, transducer developments,
and evaluations represent potential applications of the
ideas presented. Measurands inciude force, pressure,
flow,

acceleration, velocity, displacement, temperature, and
others. - s -

Emphasis
The Workshop

1. Is a practical approach to the solution of
measurement problems,

2. Strongly focuses on transducers and related
instrumentation used in measurements
engineering, =

3.  Has a high ratio of discussion to presentation of
papers, and

4. Allows attendees to share knowledge and
experience through open discussion and problem
solving.

Goals

The workshop brings together those people who use
transducers to identify problems and to suggest some
solutions, identifies areas of common interest, and
provides a communication channel within the community
of transducer users. The primary goals are to:

1. Improve the coordination of information regarding
transducer standards, test techniques, evaluations,
and appiication practices among the national test
ranges, range users, range contractors, other
transducer users, and transducer manufacturers;

2. Encourage the establishment of special sessions
50 that attendees with measurement problems in
specific areas can form subgroups and remain to
discuss these problems after the workshop
concludes; and

3. Solicit suggestions and comments on past, present,
and future Vehicular instrumentation/Transducer
Committee efforts.

General Chairman

John R. Rupp
Department of the Amy
Dugway Proving Ground
Attin: STEDP-WD-TO-TD
Dugway, Utah 84022-5000
- (801) 831-5602
(801) 831-5733 fax
Program
MONDAY, JUNE 19, 1935
2000 Social hour, at the Colorado Springs
Marriott Hotel, courtesy of the Vehicular
Instrumentation/Transducer Committee
and the Society for Experimental

Mechanics. All attendees welcome!




TUESDAY, JUNE 20, 1995
1200  LUNCH

0730 Registration .
1330 Session 2: Applications
0800  John Rupp, General Chairman

Eighteenth Transducer Workshop 7 Chairman: Lawrenc_:e M. Sires,
Navai Air Wartare Center,

Weapons Division,

Introductions: - - . .
China Lake, California

Steve Kuehn, Chairman
Vehicular Instrumentation/ ] . -
Transducer Committee, RCC/TG T "~ "Cochairman: Ken Galione, :
SEM Managing Director
0830 Session 1: Applications
»  “A Design for a Transducer Capable of
Sensing the Proximity of a Steel
Plunger,” James Alich, 412 TW/TSIDE,
Axel Sehic, 412 TW/TSID!

Chairman:  Pat Walter,
Sandia National Laboratory

Cochairman: Martha Willis, ) .
Rockwell Aerospace/ *  “High Shaock, High Frequency
Rocketdyne Division Characteristics of an Mechanical
Isolator for a Piezoresistive

- “Strain Gage Based Sensors for 7 ACCE'erome‘ef." Vesta !, Baleman,

Determining Bending Force On The Sandia National Laboratories

Dante 2 Robotic Explorer,” Robert V.

Magee, Hitec Corporation ) *  “Strain Gage Based Sensors for
Suspension Pushrods on indy Race

+  “Miniature Sensor for Measuring Solid Cars,” Robert V. Magee, Hitec

Girain Rocket Motor Case Bond Corporation
Stresses,” Herbert Cheiner, Micron
Instruments * *Corrosion Monitor Based on Time
Domain Refiectometer Measurements of
¢ “Displacement Gages and Strain . a Deformed Optical Fiber,” Jack R.
Extensometers for Special Kayser, . atayette College
Applications,” John Sheplc, John
Shepic Comparty 1515 BREAK
1000 BREAK = “Mass Loading in Back-to-Back
Reference Accelerometers,” Robert D.
v, “Stress Measurement in Solid Rocket Sill, Endevco

Motors,” Jim Buswell, Defense
Research Agency, Herbert Chelner,
Micron Instruments

+ “New Dynamic Pressure Generator and
its Application,” Benjamin Granath,
PCB Piezotronics

«  “At Last, Rugged Sensors for Vehicular

Field Test Applications,” Jim Lally, PCB +  “AMulti Function Heat Flux Transducer: '
Piezotronics, Inc. - Ballistic Test Data,” R. Daniel

Ferguson, Physical Sciences, Inc.

*  “Torque Sensor for Robotic
Applications,” Mohammad Mabhinfalah,
North Dakota State University




»  “On Analog Fe&dback Control for

Magnaetostrictive Transducer
Linearization,” David L. Hall, lowa State

University

+  “Remote Hydrogen Sensing for the
Space Shutile System,” Billy R Stover,
Lockheed Space Operations Company

WEDNESDAY, JUNE 21, 1995

0800

1000

1018

1200

1330

Session 3: Tutorial

Signal Conditioning for Reststance-Based
Transducers for Steady State and Transient
Tests

Speaker: Peter K. Stein )
Stein Engineering Services, Inc.
Phoenix, AZ

» Introduction
« The Interrogating Input
= The Balancing Gircuit

BREAK
« Step Input “Calibration”
« Conclusions
LUNCH

Session 4: Development

Vesla |. Bateman,
Sandia Naticnal Laboratories

Chairman:

Cochairman: Robert D. Sill,
Endevco Corporation

» ‘“Low Cost Piezoelactric Smarnt
Transducers,” Steven C. Chen, PCB
Piezotronics, Inc.

+  “Development of a Guidance Document
for Lightning Safety Systems,” Richard
T. Hasbrouck, Lawrence Livermore
National Laboratory

+ “Development of Fiber Optic Sensors
for Ballistic Measurements,” W. Scott
- Walton, US Army Combat Systems Test
Activity

= “Development of a Micromachined
Silicon Serve Accelerometer,” Michael
Young, ENDEVCO

1515 BREAK
»  “Evaluation of an Accelerometer for
improved Low Frequency Vibration
Measurements During Rocket Engine
Testing,” Martha P. Willis, Rockwell
AeroSpace/Rocketdyne Division
«  “Inertial Sensor Alignment Mechanism
(ISAM),” Dougias T. Wong, NASA
Langley Research Center
«  “Development of a Modulation System
for Voice Transmission in PCM,” Lee
Olyniec, 412 TW/TSID
1830 Banquet at Hotel
THURSDAY, JUNE 22, 1995
0830 Session 5: Techniques and Calibration

Richard W. Krizan,
45 Space Wing, Patrick AFB

Chairman:

Cochatrman: W. Scott Walton,
US Army Combat Systems
Test Activity

«  *PDCue," Nalll B. Mcnellis, A. A. |
Corporation

+  “Measuring Surface Forceson a
Clamping Mechanism with Dual Friction
Interfaces,” Alex C. Lee, Delco Chassis
Division, GMC

* “In Situ Verification of Accelerometer
Function and Mounting,” Torben R.
Leiht, Bruel & Kjaer, Denmark




» “The NIST Super Shaker Project,” Bev
Payne, NIST

1000 BREAK
+  “Continuing Developments in

Accelerometer Calibration Techniques,
Michael J, Lafly, The Modal Shop, Inc.

« *Transverse Response of Piezoelectric
Accelerometer,” Jing Lin, PCB
Piezotronics, Inc.

+  “Utilization of Static Calibration Data to
Correct Nonlinear Measured Dynamics
Pressure Data,” David Banaszak,
Wright Laboratory

e “Surface Position Calibration System,”
Robert L. Grant, Douglas Aerospace-

East
1200 Closing Remarks: General Chairman
1330 Tour of Olympic Facilifies

General Information

The Eighteenth Transducer Workshop will be held June
20-22, 1995, at the Colorade Springs Marriott Hotel in
Colorado Springs, Colorado.

Reglstration

The registration consists of a completed registration
fortn, a written "Murphyism,” and a fee of $100.00
{payable in advance or at the door) to:

Ray Fauistich, Treasurer
Transducer Workshop

P. Q. Box 235

Yuma, AZ. 85366-0235
(520) 328-8382

A “Murphyism” can describe any measurement attempt
that went awry with the objective of learning from our
errors and keaping our feat on the ground. It should be

something generic rather than common human
oversight;, something from which we can lsam. The
tone should be anonymous sa no persan, organization,
or company is embarrassed. While a “Murphyism"” is
not a requirement, submissions are strongly
encouraged and the best will be included in the

program.

.. Advance registration is desirable. Please use the

enclosed registration form, include a check or money’
order for $100.00 payable to the Transducer Workshop,

and mail to the Workshop Treasurer by May 18, 1995

{Note: Purchase orders are not acceptable.)

The registration fee covers the cost of cofee, tea, soft
drinks, doughnuts, evening banquet, and a tour. Acopy
of the workshop proceedings is supplied to all
attendees. Late registration will be provided at the
workshop registration desk in the hotel.

Hotel Accommodations

A block of rooms has been reserved for the 18th
Transducer Workshop at the special rate of $95.00
(Plus 8.3% tax}). For Government employees, a limited
number of rooms are available at the prevailing
govemmient rafe. Identification will be required to get
the government rate. These special room rates will
apply the weekend before and after the conference.
All attendees are encouraged to make reservations
early. To obtain the discounted group rate, all
reservations must be made by May 18, 1995, After the
cutoff date, of May 19, 1995, rooms and rates are
subject to availability. When making reservations
mention the 18th Transducer Workshop. The hotel
information is listed below:

- Colorado Springs Marriott
- 5580 Tech Center Drive
Colorado Springs, Colorade 80918
(719) 260-1800

Guests

No formal program will be planned for spouses or
guests. However, they will be most welcome at the
social hour on Monday and the banquet on Wadnesday
{$20.00 additional per guest for the dinnar).




Tour—Thursday Afterncon

Atour of the US Qlympic Center is planned for Thursday,
June 22, 1995. The tour will consist of a video of the
history of the Qlympics, a tour of the grounds and a
behind the scenes look at some of the instrumentation
designed to further the Olympic athlete's performance. ..

Fermat and Background

Workshops ‘are just what the name implies, everyone
should come prepared to contribute something from their
knowiedge and experience. In a workshop, the
aftendees become the program in the sense that the
extent and enthusiasm of their participation determine
the success of the workshop.

Participants will have the opportunity to hear what their
colleagues have been doing and how it went; to explore
areas of common interest and common problems; and
to offer ideas and suggestions about what is needed in
transducers, techniques, and applications.

Additional Information
May be obtained from the General Chairman, or

VT Committee Chairman
Steve F. Kuehn
Sandia National Laboratories
PO Box 5800 (Dept. 2645) m/s 0319 -
Albuguerque, NM 87 185-5800
{505) 844-8383
{505) 844-3593 fax

Facilities Chairman
Daniel S. Skelley
NAWCAD MS1
47723 Ranch Rd.
Patuxent River, MD 20670-5304
(301) B28-1570
(301) 826-7630 fax

Papers Chairman
Norman L. Rector
Lawrence Livermore National Laboratory
P. O. Box 808, L-154 '
Livermore, CA 94551
{510} 422-3994
{510} 423-3144 fax
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STRAIN GAGE BASED SENSORS
FOR DETERMINING BENDING FORCE
ON THE LEGS OF THE DANTE 2 ROBOTIC EXPLORER

Robert V. Magee

Sensor Applications Engineer -
HITEC Corporation

65 Power Road

Westford, MA 01886

(508) 692-4793

ABSTRACT:

The purpose of this paper is to show how straii gaging the legs
of the Dante 2 Robot Explorer was done to supply the operator
with a warning signal when the kick out load on the leg exceeded
a maximum recommended force. The installed strain gaged based
sensor would provide load information from a transducerized leg
to the amplifier on board the robot. The legs would exceed
recommended loads when it caught up in the rocky terrain. If it
exceeded for a prolonged period of time, the legs would fail. It
was necessary to be able to measure these forces.

This robot was designed by Carnegie Mellon University Field
Robotics Center (CMU) to descend into a volcano in the Arctic and
explore the crater of that volcano and prowvide scientific
information to NASA. This simulated NASA’'s exploration of the
moon and Mars. This paper will conclude that transducerizing the
legs of the DANTE 2 was a more .reliable and a better solution
than modifying components to adapt to an in line transducer.

NOMENCLATURE :

P = Load L =.Length

M = Bending Moment E = Modulus of Elasticity
OD = Outer Diameter : ID = Inner Diameter .

I = Moment of Intertia . - c = 0OD/2

o = Stress ' " we = Micro Strain

nv/v = Milli Volt / Volt




1. INTRODUCTION:

Dante 2 made its decent down Alaska’s Mt. Surr in July of 94.

This time with more technology than the first Dante robot. Dante .

2 has a strain gage based sensor installed at each of the eight
legs sending load data to the operators. of the robot.

The operators were CMU and the project is funded by NASA [1].
The original Dante was found to be too vulnerable to the side way
forces experienced as it moved along the crater wall, now with
the new leg motion design and sensors’..including the strain gaged
sensors on each of the eight legs engineers canh monitor loads as
it crawls along the crater wall. In slightly sloping snow fields
the Dante 2 robot could be on autopilot, which allowed it to
monitor and interpret strain sensor loads and go forward to its
next destination unaided by human commands [2][3][4][{5]1(6].

2. THE DESIGN THEORY:

Calculations were made to determine the best location for the
strain gages in order to obtain the maximum bending beam strain
on the leg. This provides the highest output for CMU's signal
conditioner. Based on the determination of the greatest bending
of the robot leg, when modeled, the estimated output would be
approximately 2.5 mv/v, which was suitable for use with CMU’'s
signal conditioner. The legs were made -from 6061-T6 Aluminum
Alloy. The leg motion also had a vertical 4440 newton (1000
pound) load which was required to be negated in the output of the
bending bridge. Another factor which needed to be of concern was
the operating c¢limate. The Dante 2 would travel in Arctic snow,
volcano crater walls, and therefore see extremes of temperature
and moisture. To use an existing transducer, "it would have had
to be made hermetically sealed and the leg assembly would have
had to been modified in some fashion. Installipng strain gages on
the leg itself. was the most efficient way.

The signal strength estimate was based on the assumption of a
bending beam fixed at the locations shown in Figure 1. Using the
following formulas the output in milli Volt / Volt was
determined.
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82.5 mm (3.25 in) and an ID of 63.5 mm (2.50 in) an output of 2.5
mv/V was to be expected at a load of 3108 newtons (700 Lbs.) and
a length of about 1.1 _meter ( 42.5 in.). fThe actual calculation
used is shown in Figure 2. o -

3. THE SENSOR:

bending in tension at the surface strain on one side and on the
opposite side two strain gages are in Compression measuring
bending on the other surface. " Using constantan wire for bridge
balancing, 0.05 mV/V bridge balance is achieved. The final full
bridge output, converted into nmV/V allows the user to monitor
force equivalent to strain. The gages are protected for. a
temperature ervirohment of -40 degree C to 300 degrees C. First
an electrical moisture protection coating was applied to the
strain gage bridge cireuit. Then a RTV coating was applied to
additionally" protect gages from the moisture environment.
Teflon and steel braided shielding minimized noise in the output
signal from  the Sensor’ and protected it from the harsh
environment of extreme temperatures and moisture. o '




4. THE AMPLIFIER

CMU had chosen the T Hydronic 3. mV / 5 veolt .Inline Amplifier
(Figure 4.). It provides a bridge excitation of 5 volts giving a
signal output of 0-10 mV output. The amplifier then produces an
output of 0-5 volts to be sent to the Dante 2's data acquisition
system.

5. DISCUSSION:

Having a transducerized robot leg allowed for.a simple way to
determine wvritical load information.  When an obstruction was
sensed by the transducerized leg (Figure 5) a wvoltage signal is
sent to the amplifier signal conditioner. The output from the
amplifier went to the Dante 2 data acguisition system where load
information was then transmitted remotely up to 80 miles away.
Engineers could then give Dante 2 new movement information or
stop it from forcing the legs beyond 1its design strength.
Calibration of each leg transducer was done by taking a reference
bending load and calibrating output versus a known load.

6. CONCLUSION:

Although mainly the user must monitor and manually implement
changes when the sensor warns about an obstruction, Dante 2 also
has the ability to initiate its own corrective movement by
backing off the obstruction when put into an auto pilot mode.
Using sensors in this fashion will improve Dante’s ability to
move in the environment it was designed for without the risk of
yvielding or breaking the its robotic legs during an excessive
resistance load from an obstruction. The operators will have to
depend on the information Dante 2 receives from the strain gage
sensors when it is miles away in space on its Mars exploration
mission. In this case incorporating an off the shelf transducer
was not going to be a suitable choice, because of the lack of
room available and the major modifications to the robot that
would have been necessary. Directly installing a strain gage
bending bridge on each of the legs illustrates how using existing
components is a better choice. than modifying to accommodate a
standard transducer (See Figure 6.).

7. ACKNOWLEDGEMENTS :

The author would like to thank the strain gage technicians of
HITEC Corporation for their expértise in recommendations on the
sensor ‘installation used for the severe "énvironment that the
sensors would endure. I would also like to thank the engineers
at CMU for information they provided for’ thlS ‘paper, and Bill
Ingalls of NASA for the enclosed photos.




8. REFERENCES:

[1] Reichhardt, Tony, "Robotlic To -Hell and Back", Popular
Science, July, 1994.

[2] N/A, "Events .In Motion", Motion Control, pp. 5-6, Winter
1994,

(3] Gunther, Judith Anne, "Dante’s Inferno", Popular Science, pp.
66-68, November, 1994.

{4] Henkel, Stephanie, "“Robotic. Explorer Dante II Challenges a
Volcano", Sensors, pp. l12-15, September, 1994.

[5] Puttre, Michael, “Undated Dante Readies for Inferno,*

Mechanical Engineering, pp. 58-59, December 1993.

[6] Hammonds, Keith H., “The Robot Workers Are Coming”, Business
Week, p. 46, May 16, 1994. -

[7) Dove, R. C. and Adams, Paul H., “Experimental Stress Analysis
and Motion Measurement”, Charles Merrill Books, 1964.

HEZAD ADAPTLR

STRAIN GAGE BENGING BRIDGE




P := 700 lbs
M = P-1 in-lbs
1
6
E := 10.6-10 . 0D :

Al alloy 6061

Defection: inches

Stress:

p.s.1i.

Strain: pu

Carnegie Mellon Univerity 4,/12/94

1=

42.5 . in
M = 29750 'in-1bs . .-
1
3.2% in ID := 2.50 in
4 4
~—-|0OD -~ ID in*4 I = 3.559
3
P-1 5 = 0.475
3-E- I
c
=M -~ o = 13583.417
1Tz 1 - PSI
6 4
10 g - |——| = 2.563
1= c - 1 12000
1l E
= 1281.454 pin/in

mv /v

Figure. 2. Sample Calculation Determining mV/V OQutput on the

Sensor..

in"4




i
oy

I08U3g

sben uTeI3S II S3jueg oYl I0F 2TnoaTH obesn UTRI1S ‘€ 2anbTyg

2200-0012 ION3g 3714

JIEHNN DNIMVYHG
390188 HNION3F

131V

HAY A9 NAwda AR TIAO¥dIY S1IN 137V3S

il
34

SLLISNHIVSSVIW T30J4LSIM

NOILYAOd400 J311IH

J1THAM

Uma3>a

i

0 Tl - -




. BOT H END SMATES\MM,;
+(BVOLT)SIGN SENDIX PTOGI0-65 SR OR

CONN WIRING ———————\\:KBCND X PTIHIO-GP OR ECL
AN EQUAL

A

B — SIGNAL

C — EXCITATLIQN
D)
£
o

+ E XUTA""LOM "8 ‘v’;_D.-C;;?___.

|
pe !—;Dl/-\—--—
| >
| —— 43
l
' %—, AF 'l
i
A
WIRING L e ]
MDR ~ TRANSDUCER = A |
A +EBMVYV)SIGNAL | I
B —SIGNAL \ MAX
C  — EXCITATION ’
D +EXCITATION (15v) l
|

Figure 4. T Hydronics Amplifier.
10




Figure 5. Dante II's ieg Sensors. (Bill Ingalls/NASA)
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ABSTRACT

MINIATURE SENSOR FOR MEASURING .SOLID GRAIN
ROCKET MOTOR CASE BOND STRESSES

Presented in this paper is a miniature high-stability semiconductor strain gage

normal stress senscr capable of measuring the bond stress of solid grain rocket
motors during hot pouring at 150°F to cold socak at -50°F. This sensor is also
capable of accurately measuring the long term ageing bond stresses and thermal
cycling stresses. .. It can alsco measure the chamber pressure up to 3000 psi at
ignition until destroyed by temperature. Perhaps iis most desirable use is. as
a health monitoring device to predict potential failure before ignition.
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Executive Summary

Solid propellant normal bkeond stress profiles are calculated and used in
the predication of motor service and storage life. Bond stresses are
calculated instead of measured due to the belief that mak;ng the
measurement is difficult and available sensors too inaccurate. -

This program, to improve the sensor accuraly and provide a design that is
more easily installed with minimal effegt on the grain stress distribution
was successful. The design goal for thermal hysteresis, when thermally
cycling between -50 to +150°F was %l ps:. Sensors with less than 0.5 psi
were produced. The long term stability design goal of 1.0 psi per year was
exceeded.  .The average drift of all sensors tested was less than 0.7 psi
per year with many sensors drifting less than 0.25 psi per year.

For ease of installation the low flat miniature profile of 7.6 mm diameter
by 2.0 mm thick will easily fit into the moteor lining or may be bonded to
the case wall. Only a 1.0 mm hole is._required for the 5 ceonductor cable .
which can be disconnected from the remote bridge completion package for
installation and routing.

This sensor can sense changes in the normal stress due to case bond
separation or grain cracking making it also.useful as an Jjnstant Health
monitoring device.

1.1 Work Statement

Micron Instruments will design, 'deVélbp,”fabricate and test a
miniature low profile .sensor speCLchally orlented to measure solid
rocket propellant bond stress.

The first year testing will be on two materials; 17-4 PH CRES to H-
800 and Titanium 6AL4V. Three semiconductor P-Doped strain gage
types will be tested (.060 long, .037 long and .026 leng) on each of
the two metals. ' B

A second vear study is presently in progress using the best gage
material combination for both 17-4 and 6AL4V. This study is
evaluating process procedures which improve measurement accuracy.
Design features providing sase of installation and external bridge
connections will .be implemented.

1.1.1 1593-1994 Performance Design Cbjective

Accurate measurement of the normal bond stress is the goal of

this program. The objective of this first vear is to
determine which gaged sensor combination had the best
performance. Measurement accuracy consists not only of the

sensor standard performance céonsiderations such as static
error band, balance temperature coefficient and sensitivity
coefficient, but also is affected by the sensor grain
interface which c¢can affect the . normal bond stress
distribution.

To minimize the bond stresé,potential errors, a small flat

sensor capable of being flush with the container surface and
having a very low compliance (high spring constant} is

16




2.

0

having a very low comgliance (high spring constant) is
desirable. Although the sensor is very small some perturbation
of the bond stress will occur at the outside diameter corner.
Making the walls thick allows room for the stress to normalize .
before it gets .to the active portion of the top surface
centaining the diaphragm. Cleaning the sensor surface is
essential to permitting a .good propellant bond.

Since voltage offsets, i1if repeatable, can be corrected, the
most important performance features are stability and
repeatability. For +this reason the parameters of most
interest are pressure hysteresis, non-repeatability, thermal
hysteresis and long term stability.

1.1.2 1994 - 1895 Performance Design Objective

The second year performance objective was to improve the
measurement accuracy using the pbest steel and titanium gage
combinations determined by analyzing the first year data.
Specific¢ goals. are as indicated below..

Statiec Error Band ( £0.25 psi
Thermal Hysteresis ( £1.0 psi
Thermal Repeatability Balance ( £0.25 psi
Long Term Stability (1.0 psi/year

One of the design objectives is to provide an external water
resistant bridge completion package with detachable cable for
eagse of routing thru the moter. A special five conductor over
molded cable was developed of less than 0.040 inches in
diameter. A - diameter this small has insignificant
perturbation to the grain stress . A very small diameter exit
hole is required which will not compromise case lntegrity and
is easy to seal.

Sensor Uses

Some uses of a normal bond stress are presented herein.

2.1

Chamber Pressures

Design of this sensor is.  very conservative.- It has 30 X over
pressure capability and can be used to measure chamber pressure. A
number of sensors mounted around the case can be used to estabklish
a pressure profile. of the motor during operation until the flame -
front reaches the sensor. The natural frequency of the sensor is
approximately 150,000 Hz and the sensor is operational to 3000 psi
and to 300°F.

Health of the Sensor
I have been informed there are two general ways that motors faill.

As the motors age the propellant may soften and turn to mush or the
propellant may harden and crack and/or separate. from the case wall.

‘private communications Gene Francis (formerly of UTC Chemical Division)
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Each motor design 1s different and the designer knows where the
maximum normal stress regions should occur and what constitutes a
change that would be_considered dangerous. Certainly a rocket under
the wing of a high speed jet ig more of a preblem i1f it misfires
than one on a mcbile.ground launcher. The jet could fly into its
own missile. If it explodes in front of .the jet there is shrapnel
to fly through. The rocket could.expilode in its launcher.

It has already been proven that the sensor can sense cracks
projecting through a grain which shows as a drop in bond stress?.
With long term stability, the sensor 1s <capable o0of measuring
debonding due to ageing whether from hardening or softening <f the
grain.

2.3 Verification of Normal Bond Stress Calculations

Assuming that the sensor can be installed without affecting
the normal bond stress, the data would prove the designer’s

theoretical calculations. Even more important, if the actual ..

stress does not agree with the theoretical stress, it
signifies a problem with the assumptions or the design.

Reluctance to Instrument Motors

Designers of solid propellant rocket motors are sensitive to payload which
translates to minimum inert mass. Motor container cases comprise the most
inert portion of the motor. . .These containers are as thin as possible to
be consistent with good design parameters. but with little margin for over
stress. Anything regquiring holes thru the case weakens it and is resisted
by the designers. Where wires and electrical .connections are absolutely
required, the designer thickens the ¢ase and provides sealable ports.

Anything protruding significantly into the motor grain will affect its
cure stresses.--A potential result is debonding or cracking of the grain
which would affect the. thrust profile and therefore would be
objectionable. )

Electrical voltages operating in close proximity te the motor grain can
cause an accidental ignition should a spark type failure occur.

Although there are good reasons to avoid unnecessary instruments, with
care, measurements can be obtained safely and benefits can exceed the
risks.

Environmental and Operational Sensor Design Considerations

A program to develop a sensor for the measurement of normal bond stress in
solid grain rocket motors requires that the transducer be capable of
performing in demanding environments. Sih¢e such’™ rockets are generally
made by hot_pouring the motor propellant mix into a shell ox hcusing, the
sensor must be capable of accurately measuring the stress as the pour
cools from as much as 160°F.

’y. Buswell et al Stress. Measurement in Solid Motors (March 1995}
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it is conceivable that a motor could ke 1nstalled en an aircrarft in
weather ranging from a =50 to +160°F and then be subjected to relatively
sudden thermal changes as .the aircraft flies its course.

Motors can be stored for long durations before being used. Since many of
the storage facilitlies are not ailr-conditioned and some are not insulated,
the sensor must operate over a wide temperature range and over long
periods. of time with good accuracy.

Motors are often cycled. between -50 and +150°F to determine their ability
to withstand sudden thermal changes and as an expedited life test. So

that accurate measurements can be made during such testing, the sensor ’

should be thermal transient temperature compensated and have low thermal
hysteresis. :

To measure the bond stress accurately it is necessary for the sensor to
have lew compliance. . Accuracy of the bond stress measurement is more
largely determined by how the sensor is installed in the motor which is
the subject of another paper. Best accuracy is obtained when the senscor

is flush with the inside surface containing the propellant. Thusly, one .

of the design goals is to make the sensor small. The height of the sensor
should be less than 0.100 of an inch. A low mass stiff sensor with low
compliance is desirable.. o

Most designers of rocket motors use minimum case thickness since every
inert ..peund of mass subtracts from the motor performance. Designers
therefore resist putting holes inte their cases which potentially increase
the chance of failure. .. Strain gage full bridge sensors with external
bridge completion regquire five wires. An electrical cable containing
these wires must be routed through the motor case. Therefore, an important
design consideration is to. miniaturize.the electrical cable requiring a
corresponding small heole through the case and therefore minimize or
eliminate the need for additional weighty reinforcement. There are two
limiting factors to the extent that the cable can be miniaturized. The

first is-cable strength. Since working the cable. under insulation and.

through the exit hole will require reasonable force, the cable should not
fall below five pounds of pull. - A second consideration 1is line
resistance. . To eliminate line resistance changes which will affect
sensitivity, constant . current excitation is used which will also
compensate for most poor electrical connections.

It would be desirable if the sensor has good over range capability so that
it could be used to measure the chamber pressure during ignition.

Safety is always an issue when working with solid grain rocket
propellants. Any small spark is- potentially dangerous. Installing
electrical wires of. any significant power inside rocket motors is
resisted. To minimize the potential of sparking, the sensor was desighed
te activate with only 4 mA constant current into a -maximum bridge
impedance at 160°F of 320 ohms requiring 1.25 volts of excitation. The
sensor impedance drops with decreasing temperature.. The constant current
source is limited to 6 mA maximum. If a gage fails, no current will flow
through the bridge. The sensor housing is completely enclosed and the
four strain gages are purely resistive with no other compcnents. It is
very unlikely that a spark can be generated at 6 mA and less than 2 volts,
the maximum of the signal conditiconer. However, the gages are completely
enclosed by the sensor housing and lid which is the most probable place
for a potential open or shunt.
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5.0 Sensor Design Considerations

Earlier stress sensors used fixed edge circular diaphragms for the stress.

measurement member. .Since most of the finite element analysis and actual
testing was performed using® this transduction approach, the design therein
uses the same principles and diaphragm diameter to thickness ratios.

5.1 Mechanical Desjign Details

Sensor Detail Drawing 440306, Page 9, shows the titanium transducer
dimensions. These dimensions are the same as the 17-4 PH CRES Steel
versions. -

Pages 10 thru 12 show the orientation of the three types of
different length semiconductor strain gages as they were bonded onto

the diaphragm with epoxy. A five-conductor cable enters the sensor’

though the side wall hele and is scldered to the. open bridge formed
at the solder tabs. The other end of the cable is attached to a

bridge completion and temperature compensation board. After the .

sensors have been computer tested over temperature in a temperature
chamber, which defines the values and locations of the bridge
completion balance Tc and sensitivity Tc resistors, the resistors
are installed on the circuit board. These resistors bias the strain
gages to force dynamic self thermal transient compensation.

The cable is. round and is 0.040 inches in diameter. Routing the
cable though the rocket motor casing would require holes no bigger
than 0.42 diameter. . Small size holes minimize the damage and
weakening of the rocket motor case. Sealing a small hole is much
easier. -

A lid is. bonded to the rear of the sensor after all electrical
connections are made and the cable is bonded at the exit hole.

5.2 Theory of Cperations (Normal Stress)

As pressure is. applied to the diaphragm, it deflects. The resulting
surface straln is sensed by the gages. The two gages in the center
go into tension showing an increase "in resistance and the two gages
at the edges go intd compression decreasing in resistance. These
gages are connected .to form a fully active bridge. When properly
activated and thermally compensated, an output signal. is obtained
which is linear and proportional to pressure (normal stress) when
operated within its design limits. ‘

The peolarity is such that positive pressure (compression) to the..

diaphragm develops a positive signal and negative pressure (tension)
has a negative signal.

6.0 Parformance Testing Details

Following is a description of the testing performed on the sensors and the
results. Since it is difficult to simulate bend stress, gaseous nitrogen

’The Development of Improved Normal Stress Transducers for Propellant
Grains, E.C. Francis, R.E. Thompson and W.C. Briggs {31 Jan 79)
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pressure was used. The full scale range of the sensors is 100 psig.
Errors or deviations are expressed in percent of full scale or psi.

Details on each set up are not given. Our quality control system requires
all measurements to have recent calibration traceability and our pressure
standards are referenced to the Bureau of Standards. The accuracy of our
pressure standard is. better than 0.05% of reading.

6.1 Static Error Band (S.E.BR.)

The static error band is comprised of the non-linearity, hysteresis
and non-repeatability at ambient temperature. Design considerations
of the sensor were initiated to meet the design geal of *0.25 psi
best fit straight line. Testing of 46 sensors produced an average
S$.E.B. of 0.11 psi. Page 13 and 14 show two data sheets containing
5.E.B. data.

Zero. stress offset and full scale offset are not considered errors.
They are corrected for during data reduction.

6.2 . Balance Temperature Coefficient (BTC)

Balance (0 psi) electrical offset .over tempeiature is compensated
for by shunting a gage on the side of the bridge changing fastest.

with a resisteor. . Since.the resistor does not need to see the
temperature change, 1t can be located remotely in the bridge
completion external box. Rlthough the four gages are computer

matched for intercept at 78°F and between -50 and 278°F for Tc,
variations in diaphragm surface finish, epoxy bond thickness, etc.
can cause offsets due to different bond stresses. Passive balance
temperature compensation forces the bridge to be self-compensated.
A high degree of thermal transient compensation is achieved.

‘It is more important that the thermal balance Tc be repeatable, than
very low. The thermal hysteresis data is used for data correction.

Average balance Tc’s for titanium sensors is 2.0% FS/100°F and steel
2.2% FS5/100°F. The lowest BTC for titanium is 0.23% FS/100°F, S/N
12236 Page 15 and for steel is 0.43% ¥FS/100°F, S/N 12253 Page 16. ._. -

6.3 Sensitivity Tc

The algebraic difference between the 0 psi electrical output and the
100 psi electrical output 1is. herein defined as the sensor
sensitivity.

Sensitivity Tec is the change in sensitivity over temperature. This
change can be a straight line or a slightly curved line continuous
function. Sensitivity Tc is obtained by using a resistor shunt
across the constant current power supply. The power supply 1s set
for 4.0 mA constant current. It is not required that the resistor be.

located in the sensor. This. forces the sensor to be self-
compensated and can be mounted .in the external bridge completion
box.

Titanium average séﬁsitivitf Tc was 1.15% F§/100°F with one unit S/N
12222 showing a sensitivity Tc of 0.05% FS/100°F Page 17.
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The average steel sensitivity Te is 1.62% FS/100°F with the lowest
To S/N 12246 of 0.16% F3/100°F Page 18.

Thermal Hysteresis

At zero pressure with the sensor properly ‘excited, an output is

obtained over the limits of its temperature compensated range. The
curve thus obtained is called the bkalance temperature coefficrent
and is often expressed as percent of full scale per 100°F. This

curve ¢an be established by measuring the sensor ocutput as it 1s
thermally changed from hot to cold which for the testing herein is
+150 to.-30°F. If the balance Tc curve cbtained from +150 to -30°F
is different from the curve cobtained from =50 to 150°E, that
difference is herein defined as thermal hysteresis.

What causes thermal hysteresis .is not obvious and will not be
discussed herein. To minimize the thermal hysteresis the sensors are
treated to processes which are known to optimize general performance
such as heat treatment of metals after machining, thermal cycling to
stabilize components, specialized curing of epoxy, etc.

It is.a desigh goal to obtain a thermal hysteresis of less than 1.0
psi over the thermal range shown.

For the curves shown on Pages 13 thru 24, the temperature of the
chamber containing the sensors was held constant for 120 minutes at
each temperature shown. The complete thermal cycles were run over
110 hours and generated 55 data points.. Except for a few problem
sensors, all sensor curves had similar signatures with the folleowing
characteristics.

1. For each sensor the -50 and +150°F end peints repeated.

2. Increasing temperature ddata points between the limits
were .always more pesitive than the decreasing
temperature points.

3. The increasing temperature data points were repeatable.
4. The decreasing temperature data points were repeatable.

Most rockets are relatively massive and the heat exchange rate with
air is poor. Motor temperature changes will be slow. The sensor
thermal hysteresis testing was slow to simulate the use conduction.

Feollowing are some charts showing the thermal hysteresis curves

generated from the test proven. Page 1% is S/N 7607 for a titanium

sensor with 0.026 gages, Page 20.3/N 7610 with U.039 gages and Page
21 S/N 7619 with 0.060 gagés. The steel sensors with the same gages

are S/N D Page 22, S/N 7630. Page 23 and S/N 763B Page 24.

Long Term Stability
The sensors were put into a box to eliminate wind currents and slow
ambient temperature changes. . Al)l sensors were. tested for balance

approximately twice per week. Each sensors &lectrical ocutput was
measured by plugging its electrical .connector into a mating
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connector, wired to a constant current supply and digital readout
No attempt was made to compensate for temperature.

Although the constant current power supply was always reset prior to
taking data and the current was recorded with each data point, no
attempt to correct the data was made. It was assumed these small
fluctuations of current would average out during the long test
period.. -

Some sensors such as 5/N 7638 Page 25 seem Lo have a stabilization
lead time of approximately 30 days. Page 26 shows a sensor
requiring no stabilization lead time. Pages 27 thru 31 show &ther
sensors with different silze gages on both titanium and steel bodies.
Most of the long term cy¢le changes shown inh the data 1s due to long
term building temperature changes. These long term cycles are
greater on sensors having larger balance Tc's.

Page 31 is.a resistor bridge reference test balance Tc chart. This
shows how stable. the recording meter was.
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DISPLACEMENT GAGES AND STRAIN EXTENSOMETERS FOR SPECIAL
APPLICATIONS
by
John Shepic
John Shepic Co.
14031 West Exposition Drive
Lakewood, Colorado 80228

I am a manufacturer of custom stfain_gagewinstruments addressing
unique mechanical testing situvations. Instruments will be shown

that have been developed for deep cryogenic (-452F) strain and -

displacement measurements of tensile specimens and compact tension
fracture specimens.” A displacement. gage that attaches to EDM
machined surface defects or a .05" diameter hole. (depending on
specimen type}, will also be shown. Also to be shown and discussed
are a diametral extensometer for low cycle fatigue testing and a
force transducer used as a training aid by Olympic kayakers.

Examples of several actual instruments will be shown to workshop
attendees.

an ) e 3

Shown in Figure 1 is a displacement gage which meets ASTM R 399!
criteria for use on fracture toughness specimens. The design has
an advantage or two over the more common double cantilever beam
style of displacement gage:

a) Higher displacement range for a given transducer length.

b) The contact beams can be modified or replaced without
consequence to the transducer because they are not
instrumented with strain gages.

For deep cryogenic applications (liquid hydrogen or liquid helium
temperature) this design works reliably. Several different double
cantilever beam configurations were tried which would not work at
all in 1liquid helium even though they worked well in liquid
nitrogen.

Shown in Figure 2 is a transfer arm that is used on compact tension
fracture specimens in conjunction with a displacement gage. Made
of G-10 fiberglas laminate, it allows displacement monitoring of
the specimen in corrosive or electrically conductive solutions
without having to immerse the displacement gage in the solution.
The G~10 is non-conductive and does not create a galvanic cell with
the test specimen. The pivot consists of a minature ball bearing
sealed off from contact with the solution by two o-rings. The
lever ratio of this unit is 1 to 1; other ratios are certainly
possible.

A tensile strain extensometer designed for use in cryogenic liquids
is shown in Figure 3. In use, the extensometer is compressed and
placed between two clamps that are mounted on the tensile specimen
at a preset gage length. The separable design permits easy use of
this extensometer in cryostats and environmental chambers where
manual detachment of the extensometer prior to specimen failure is
not feasible. Various gage length versions (0.5", 1", and 2") have
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been built and used successfully. Strain ranges up to about 70%
are possible. On strain ranges above 20%, the clamp screws are
spring loaded to maintain clamping pressure as specimen diameter
decreases during elongation. The extensometer simply self-detaches
upon specimen failure.

A surface flaw. displacement gage is shown in Figure 4. This device
was developed for displacement measurements on surface crack
tension (SCT) specimens which have small slit-like defects
introduced by EDM machining or a thin slitting saw. The defects
are typically fatigue-cracked by cyclical loading. Fatigue crack
growth rate studies (da/dn) can then be performed, or the specimen
can be fractured by monotonic leoading to failure. In either case,
monotoring of the crack mouth displacement during the test is
desirable. The gage shown can attach directly to a narrow slit
only .020" wide. The body design is similar to the displacement
gage shown previously, only much narrower (0.24" vs. 0.4" for the
DG-25 displacement gage). The small prongs which attach to the
flaw or narrow slit are dovetail mounted into the displacement gage
body. A clamping screw locks the assembly together. There 1is
adjustment to allow for openings larger tham .020". 1In the past,
adaptors were usually made up to allow use of a standard
displacement gage or extensometer on a surface defect. This
practice is outlined in ASTM E 740. Results were usually less than
acceptable because there were specimen to specimen variations in
how well the adaptors were located and attached. Often times the
adaptors would fall off before the test was completed. Standard
displacement gages generate excessive pressure to be used
successfully in this manner. The surface flaw displacement gage
can also be used on center cracked specimens as outlined in ASTM E
561.

Pictured in Figure 5 is a diametral extensometer developed for
fully reversed, strain-controlled low cycle fatigue of small (0.25"
dia.) specimens at cryodenic temperatures. Low cycle fatigue
specimens are typically hourglass shaped to avoid buckling during
compressive loading. Diametral strain measurement (and control) is
the method of choice for this specimen configuration since specimen
cross—section is variable along its length. Unlike commercially
available wunits, this extensometer design is self supporting
because of its light weight and the symmetry of its design. An
external mounting .arm and support spring or bracket are not
required. Figure 62 iz an example of a hysteresis curve generated
using this extensometer. Note the work hardening with each
successive load cycle and the good control at each strain reversal.

This next item is an interesting application inveolving a kavak
paddle. Shown in Figure 7 1is a transducer designed to pick up
deflection that occurs as the result of a bending moment generated
in the paddle as it is used by an athlete. Each athlete has his
own paddle which satisfies his personal preference as to size,
weight, stiffness, etc. I was asked by the U. 3. Olympic Committee
to design a transducer that would work reasonably well on all the
various paddle designs so that they could measure the force applied
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and its duration and thus evaluate an athlete's performance. The
transducer consists of a split yoke tybe of clamp designed to work
over a limited range of -paddle handle diameters, and two
instrumented deflection beams that are prelcaded against the paddle
when the clamp is tightened. Two beams are necessary since the
ends of the paddle are not co-planer. After the transducer is
mounted to a paddle, a calibration is performed by dead weighting
each end of the paddle. The athlete is then sent out on a trial.
Data is sent via telemetry from the kayak to a nearby portable data
aquisition system. -

1."Plane Strain Fracture Toughness of Metallic Materials", Annual
Book of ASTM Standards, American Society for Testing and Materials,

1916 Race Street, Philadelphia, Pa. 19103

2.F. R. Schwartzberg and J. A. Shepic, "Fatigue Testing of
Stainless Steels", Materials Studies for Magnetic Fusion Energy
Applications at Low Temperatures, Volume 1, April 1978, National

Institute for Science & Technology, Boulder, Co.
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FIGURE I

_ 4-CONDUCTOR TEFLON
7 INSULATED CABLE

. WIDTH: 0.4 INCH

DIMENSIONS ARE
IN INCHES .

DG-25 DISPLACEMENT GAGE .. ..
1" TO .35" OPERATING RANGE

~454F "TO ¥200F TEMP. RANGE
350 OFM STRAIN GAGE -BRIDGE

AVAILABLE IN NONMAGNETIC CONSTRUCTION
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FIGURE 2.

DISPLACEMENT GAGE . . . . . o men
MOUNTS HERE

g o R T A - e T

FRACTURE ..
SPECIMEN

SEALED, BALL BEARING FPIVOT

TRANSFER ARM
RATIO: | TO |
MAT'L: G-ID FIBERGLAS

DESIGNED FOR COD MEASUREMENTS
IN CORROSIVE OR CONDUCTIVE
SOLUTIONS (BRINGS CLIP GAGE
UP OUT OF THE SOLUTION)

J. SHEPIC
3/12/793
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FIGURE 3

MODEL SE-1

’

TENSILE STRAIN EXTENSOMETER

1 INCH

-

GAGE LENGTH

15%

-
-

STRAIN RANGE

: 350 OHMS

BRIDGE RESISTANCE

~452F to +200F

-
-

TEMPERATURE RANGE
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FIGURE 4. T

SURFACE FLAW DISPLACEMENT GAGE

DISPLACEMENT RANGE: 0.070 INCHES

SMALLEST FLAW SIZE (SURFACE DIMENSIONS): 0.100” WIDE (2C), BY .020”
TEMPERATURE RANGE: ~454F TO +250F

BRIDGE RESISTANCE: 350 OHMS

THIS DISPLACEMENT GAGE ATTACHES TO THE INSIDE SURFACES OF THE STARTER NOTCH. LOCATION
IS MAINTAINED BY CONTACT FRICTION. KNIFE EDGES OR SPECIAL ATTACHMENT DEVICES PLACED
NEAR THE FLAW ARE NOT REQUIRED. THE COD GAGE SELF DETACHES UPON SPECIMEN FAILURE. A
FULLY ACTIVE STRAIN GAGE BRIDGE PROVIDES OUTSTANDING SENSITIVITY AND LINEARITY. THE
ATTACHMENT PRONGS ARE DOVETAILED INTO THE GAGE BODY AND ARE ADJUSTABLE OVER A RANGE
OF APPROXIMATELY ©.2 INCHES. THIS FEATURE ALLOWS CONTACT PRESSURE TO BE ADJUSTED AS
WELL AS MAKING THE GAGE ADAPTABLE TO VARIOUS STARTER FLAW DIMENSIONS. OTHER TYPES OF
ATTACHMENTS CAN ALSC BE DEVISED TO FIT THE GAGE BODY, ALLOWING USE OF THE INSTRUMENT
ON OTHER KINDS OF SPECIMENS OR MEASUREMENTS. TWO SETS OF ATTACHMENT PRONGS ARE

PROVIDED WITH EACH GAGE.
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Figure 5. Diametral Strain Extensometer.
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Figure 7. KAYAK Paddle Force Transducer.
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Abstract e o e R

The design of solid rocket motors and the prediction of their service life
depends on the accurate measurement of the induced stress in the propellant
charge and at the bpnd-line. This measurement permits the prediction of maximum
safe service l1ife. Some results from a majeor international collaborative program
to compare measured stress with prediction is presented herein. The accurate
measurement of stress and the long term stability of the sensor i1is essential to
the evaluation of the problem. It is shown that the current sensors are sujitable
for this purpose and have the potential for long term health monitoring.
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1 introduction

Major causes of failure in rocket motors are cracking of the propellant charge
and debonding of the charge from the insulating lining. These generally occur
either at low temperature when high stress levels.are set up due to differential
thermal contraction, which may be compounded by ageing processes within the
propellant itself, or on ignition, when high shock type stresses are experienced.

The design of solid rocket motors and the prediction of their service life depend
largely on the accurate prediction of these stresses and strains. In the past,

classical elastic, steady-state methods have been used for stress analysis. More.
recently, linear viscoelastic finite element codes which assume the material to
behave in a thermorheologically simple manner have beceome available!. Non-linear
correction. functions are available but their formulation is a time-consuming
task’. However, even with the use of actual laboratory measured mechanical.
properties, discrepancies remain between theory and cbserved propellant behaviocur
particularly on temperature cycling.” Bond stress transducer. technology provides
a means of &obtaining stress data which can be compared directly with material
characterization data. This eliminates the uncertainty associated with stress
analysis results which still lack conclusive experimental verification.

A major collaborative programme has been conducted to acquire results from cast-
in strain gauges and stress transducers’. This data-base will-be used to compare
predicted and measured stress and strain at various critical points in the
propellant charge and relating this to cbserved failure. -A full understanding
not only reduces the risk of catastrophic failure on firing but will also prevent
motors from being withdrawn prematurely from service. The programme successfully
demeonstrated the use of the " through-the-case" stress transducers for measuring
bondline stresses in solid rocket meotors. These transducers were mounted on the
outside of the motor case and secured in place by a fixing collar and four studs.

The terminoleogy of "through-the-case" refers to the fact that a small cylindrical
hole is made in the case, through which the transducer face. is, inserted so as to
be in contact.with the propellant. Although capable of monitoring the stress
levels in the instrumented charges, this type of transducer is not fully
practicable becatlise the rocket motor case can no longer function as a pressure
vessel because of the aforementioned hole. . This type of transducer has been used
for research purposes only on analogue charges and is not suitable for project
missiles.

Recent advances in transducer technology have lead to the introduction of a
smaller version of the bondline stress transducer which can be mounted on the
inside of the rocket case wall. The introduction of this miniature stress
transducer into meotors offer the potential of in-service health monitoring of
rocket motors that could also be fired. .

2 oto etails and transduce j aratio

The United Kingdom test motor for this work was referred to as the "Structural
test motor" or STM for short. The charge configuration is a slotted-radial
design, with four slots at the aft end of the charge and is shown in Figure 1. .
The STM is typical of a lightweight tactical motor containing 9.5kg (20 lbs) of
reduced smoke, i.e. non-aluminised, composite propellant with a butyl stress
relieving boot at the head end. Several of the charges were instrumented with
thermocouplés ‘and stress transducer which monitored the stress levels at the
bendline between motor._case and the outer diameter of the propellant charge.
These instrumented motors are called " STIMs" and the transducer layout is shown
in Figure 2. A total of twenty motors were cast in batches of four at a time and
the details are given in Table 1.
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The stress transducer and thermocouple ocutput were captured on a specially built
data-logyging system. The cénstant current supply is 5mA and the output is
typically in the range of 0 to 40 mv DC. The transducer long term stability is
the most important criterion for successful stress monitoring. So, before the
instrumented motors are filled and the transducers. isclated from further .
calibration, it 1s required to prove that the transducers are repeatable, stable.
and have acceptable hysteresis.

Senso-Metric’s (stainlees steel) 6H01511 stress transducers are carefully
manufactured .to give minimum thermal hysteresis.. Scre€ning tests are performed
and transducers that show variation of  greater .than 75 microveolts after
temperature  cycling are eliminated!. A minimum repeatable output with
temperature is therefore ensured and the Varlatlons for six corrected transducers
are shown in Figure 3.

The transducers are dead-weight calibrated to establish thelr pressure response = . -
and the typical cutput is linear with pressure loads up to I Mpa (150psi). Data
correction programs were written to read in the raw output from the data-logger

and correct it _for zero-offsets and with pressure calibration measured for each
transducer. To check if the presence of the transducer had any measurable effect e
on the stress maghitude, an elastic finite element analysis was conducted. The

results indicted that the bondline stress transducer had negligible effect on the -
measured stress levels and amounts to less than a 1% error. In the data
correction algorithms the effect has therefore been ignored. The reason for

minimal dinteraction is that the transducer diaphragm is meunted flush with the
liner/propéllant interface, and that the case is relatively stiff and of large

radius compared with the transducer.

As a final check of transducer performance before filling the response from the
tranducer when assembled into the empty case is monitored when temperature cycled
over the required temperature range -40°C to 60°C . {140°F}. <The result from such
a test on STIM 4 is given in Table 2 and the error of less than +/- 5 kPa (lpsi)
is considered acceptable.

3 Motor trials =

The motors were assembled with calibrated transducers, thermocouples and a

central mandrel to form the bore. The motors were then filled with the :
propellant slurry and cured at 60°C. for a period of three days. During this . -
period the hydrostatic pressure, indicated in Figure 4 as a negative stress,
changed to a positive stress with the propellant trying te pull away from the
case due to curing shrinkage. At the end of the cure period with the c¢ross-link
network complete the stress level can be seen as low with a magnitude of 10 +/-
5 kPa. The motor with the mandrel still in place is. removed from the cure ovens
and allowed to cool to ambient temperature. This is to allow the mandrel to be
withdrawn with minimal propellant damage, however as can been seen, from Figure
S5, the propellant sticks to the mandrel and high stress levels are induced as the
motor cools. - The indicated crder . of stress level is the opposite. to that
expected from geometry because of the extra constraint caused by the mandrel
vanes. This phenomenon was repeated for all the motors, w1th the average induced
stress of 127 kPa as shown in Table 3.

Extraction of the mandrel is conducted remotely by hydraulic ram with no recorded
stress peaks which could damage the propellant. The stress level decreased R
rapidly as soon as the mandrel released from the propellant as can be seen in
Figure &. After mandrel removal the stress level was similar for all the motors
with an average value of 49 kPa (7psi}), giving a stress change of nearly 100kPa. )
STIMé only had one operating transducer s¢ the indicted change in Table 3 is - -
considered to be low for this motor. Even after an overnight soak the order of
stress levels were opposite to that expected indicating a memory of the previous
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state. However, heating the STIM4 motor to 45°C for the first temperature trial R
removed this.memory and the stress levels reverted to the correct order.

q Temperature cyvcling tesgs .,

As an 1ndication of the use of stress transducers te measure the health of a
rocket motor two_series of tests will be considered:

{2} Arctic cycle.

This test sequence is shown in Figure 7 and consists of a long term soak

at 40°C, then two cooling cycles down to -43C at which temperature. the - -
motor is again scaked for a prolonged period of 20 days, before two
heating cycles back to ambient temperature. .- The rest at -20°C in both
direction was designed to measure the relaxation modulus in an attempt to
assess_any cumulative damage. The ¢ycle was started with an uncontrolled
heating back to 40°%C. before.the seguence was repeated. This temperature : —
history is considered to accelerate service life by at least a factor of . -
Ewo. -

(b) Thermal shock cyele. - . oo o o

This test is considered to be the most severe test and can lead to motor
failure. The motor socaked at a high temperature of 60°C is placed straight
into "a low temperature chamber running at -54°C and the sequence is
repeated every 24 hours. After five cycles the motor is left at ambient
conditions for 48 hours during which time it is wvisually inspected for
damage. .The sequence of cycles can be repeated until failure.

In this reported work neither trial actually lead to a charge failure but gave R
interesting results which provides information on which service life calculations
can be made. - : - C )

G} C_Cycle ia 1

The time-temperature profile for the first cycle of the trial is shown in Figure — -
9, together with the induced stress as shown in Figure 10. As can be seen from

the temperature plot a problem occurred with cobtaining the low temperature and

a mid-time correction was required. It should also be noted that the order of

stress level is as expected with the higher magnitude at the head-end gauge (No -
5Fr393}. The recorded peak values of 330 kPa or 365 kPa is at least 25% higher

than the stress measured at thermal eguilibrium. These values are given in

Figure 11 together with the corresponding values at the other temperatures in the

cycle. The allowable stress level for the temperature of -45% has been measured

as 650 kPa. This implies that bondline separatioen is unlikely as a failure mode -
providing reasconable precautions have been taken during motor manufacture to : e
ensure a good bond.

Even though bond failure is not predicted it can be seen that the results do - s
indicate some mechanical damage. The excursion to -45'C has caused a change in

the apparent modulus since the equilibrium stress level at both -20°C and 20°C - C e —
during the heating part of the cycle are lower than measured during the initial

cooldown. The wvalues are listed in Figure 11 for comparison. As can be seen the

stress level -.on returning to 20°C after the excursion has decreased on average

by 35%. However, the stress levels at -20°C would appear to have decreased by

an average of 47%." This implies that the amount of damage is dependent on the -
induced strain level, being 10% and 20% respectively. This behaviour has been - -
observed previously and subjected to extensive study?.

After a recovery period at 453'C the second cycle induced very similar stress
levels. The recorded thermal .eqguilibrium stresses at -45°C are given in Table . - -
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4. Again the induced damaye Was not. recovered during the low temperature
storage. Between cycle . and subsequent cycles, a delay of several months was
incurred due to malfunction of the data-logging eguipment. The data-logger was
returned to the manufacturer for repaif with _ the loss. of internal calibration
settings. Hence results for cycles 3, 4 and 5 are presented in comparative form
with the stress values corrected so 2 and 3 correspond.

As can be seen the same pattern is repeated for all the cycles with the average
values of the five cycles beilng the same as the actual values for the first
cycle. At the end of the trials the motor, STIM4, was visually inspected and
found to be in good condition with .no visible damage and no cracks apparent.

The ability to measure the actual stress level at any time in the history of the
trial and that the stress magnitude. did not exceed the allowable values gave
confidence that the sister motor, which followed the same rtrial, was alsc
serviceable. The motor was subsequently successfully flred at -53°%C, the
required low temperature operatbting limit.

& hock trial d sult

Thermal shock trials were carried out on STIM7 following the temperature profile
given in Figure 8. The first cycle from 60°C to -54°C induced a peak head-end
stress level of over 600kPa with a equilibrium value of 420kPa. The allowable
stress level under these c¢onditions is 1.14 MPa so there is little danger of bond
failure. However, the induced strain level is 27%, close to the allowable value
of 30%, and it is by this mechanism that the motor usually fails. The stresses
on subsequent cycles decreases rapidly indicating large amounts of damage which
is net recovered. The values are given in Figure 12 in the form of percentage
decreases against cycle. Over the first five cycles the stress decreased the

order of 25% of the original wvalue, and in this case that squated to a drop of’

around 112kPa. - Stress decreases of this order could be due to gross damage in
the bore or due to the present of a crack.

7 Modelling of crack propagation

The use of miniature stress transducers (Micren Instruments’ Titanium 140474) as
a possible in-service technique depends on the ability to detect propellant bulk
damage or bore cracking under thermal loading®. A typical crack starts on the
surface of the bore, at a point of maximum concentration, and grows normal to. the
surface. The actual initiation mechanism was not part of this study.

Finite elewent analyses were carried out to determine the effect that the growth
of a crack from the inner bore surface would have on the stress levels in the
charge. In pafkticular, attention was paid to_the orientation of the crack
relative to the transducer. In all cases a linear elastic material model was
assumed on the grounds that crack propagation under thermal storage conditions
would proceed at a slow rate and therefore material properties in the equilibrium
elastic portion of the stress relaxation curve would apply. The actual elastic
modulus used for this work was 5.25 MPa.

Figure !4 shows some typical results. Located near to the case wall was a
miniature stress transducer. Boundary conditions have been applied to the model
to take symmetry into account. The crack path being modelled was for propagation
at a site 90 .degrees to the transducer. The stress predictions are also shown
in Figure 14 with a constant decrease in the stress lewvels as the crack grows.
The stress level fall from 575 kPa to less than 100 kPa and hence would be easily
detectable. The results alsc showed the growth of a crack in a direction normal
to the transducer face would be detected by a sultably located transducer.
However, the use of one transducer would not be sufficient to detect the extent
and location of a growing crack in a complex geometry, and it is therefore
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recommendsd that several transducers are located at 90 degrees to each other and
spaced along the motor so that it 1s possible to deftect the crack and to assess
its location-

B Conclusjions and future wprk
The measured stress reduction obtained from the thermal shock trials ;- as

discussed in Section 6, could be the result of a bore crack. STIM7 was carefully
examined at ambient temperature .after the trial and although some surface damage
was visible.nc actual crack was detected. However, this motor was considered to
be damaged beyond that which could be fired without risk. 3o the use .of stress
transducers.as a health monitor has been demonstrated. This work will continue
to comipare the actunal measured stress walues in instrumented rocket motors and
the best available prediction techniques.

It has been shown that stress changes in compesite propellant rocket motors are
complex. The ability to measure these stress magnitudes .are an essential
precursor to accurate structural integrity calculations. From this information
an informed decision can be made about the current state of the in-service
instrumented rocket motor. Significant cost avoidance can be obtained from this
possible extension of service life. .However, no matter how sophisticated the
measuring system the fact remains that the stresses in the motor situation are
extremely complex. It still requires careful analysis of the data obtained to
ensure validity of any of the readings.
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Serial Numbcr Motor type { Propellant batch No. Trial

101574 ST™M 49M Old build standard
101575 STM Old build standard
STIM1 STIM1 Initiai datalogging trials
STIM2 STIM2 Initial datalogging trials
98365 ST™M 56M LTF

97917 ST™ LTF

97918 ST™™ Fired to assess instability
101581 ST™M Fired to assess instability
FIM10 STIM3 5™ Instrurnented motor
101583 . - | STM LTF

FIM11 STIM4 Arctic cycie

101584 STIM Arctic cycle + Fire (-54 °C)
2757C STIMS 58M Accelereated ageing
2749C ST™ Accelerated ageing + Fire 'J
2755C STIM6 Gauge failure

2752C STM LTF

FTM9 STIM7 59M Thermal shock

FITM12 STM No allocation

2742C ST™M LTF

2751C ST™M. LTF

Table 1: UK STM Motors

Batches 56M onwards contain 2% Ti02
LTF = Low Temperature Firing,.

TABLE 1
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Sensometrics gauges : Thermal hysteresis temperature cycling
of gauges and case only.

STIM 4

gauge 9F393 connected to channel 3 (cable 5)
gauge 9F394 connected to channel 8 (cable 8)
gauge 9F397 connected to channel 6 (cable 7)

All stress gauge readings below are in kPa.

Temperature (°C)

Gauge 60 40 24 -10 -20 ~42
9F393 i 2
ii 11 9 -9 -12 ~19
1ii 8 7 -12 -15 -20
iv 10 9 -9 -14 -20

Temperature (°C)

Gauge 60 40 24 ~10 -20 ~42
9F394 i 6

ii 6 9 38 38 34

iii 5 6 33 30 34

iv -1 2 33 38 39

Temperature (°C)

Gauge 60 40 24 -10 -20  -42
9¥397 i -5

ii -18 -12 -10 -15 =33

iii -15 -13 -8 -9 -20

iv ~18 -17 -8 -13  -23
TABLE 2
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MANDREL REMOVAL AT AMBIENT

Average Avarage
MOTOR (Stress Before Siress  After C“j(’;?:
kPa fkPa
pef Hpal) L]
STiM 4 154 62 92
{223} 0.0 (13.9)
STIMS 133 32 . -], 101
09.3) w0 (14.6)
STIM 6 104 67 37
{150 o {5.4)
STIM7 116 M 82
({1 1] (4.9) {118
AVERAGE 127 49 78
(4 fe )] {1801
IABLE. 3
ARCTIC CYCLE RESULTS
Corrected strass inducad at -45°C kPa
Apal
GAUGE ¥ 397 304 393 Averaga
CYCLE
1 163 238 2688 230
-1 ) “E aa 03
2 146 226 296 223
ne e a2y E-d )
3 (145} NR (300) 223
210 "R ns
4 {176) (267) 307) 250
=8 oan [ ny
5 (215) (231) (248) 231
ass T B »*3
AVERAGE 169 241 288 232
(=10 s (218 mn
" . NN
TARBLE 4
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STIM4 GAUGE AND
THERMOCOUPLE
LAYOUT. -
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STIMi : BOND STRESSES DURING MOTOR CURE,

WTIN MOLINE STRERSES ' =roeony
STREM por) ; A -
nw e ——— ey

o |

-8
Ay N T S T I N I
M Zde 530,00 720.00 3000.00 1PM0.80 10080 170N &I:l: :f;.ﬂ IB0Y. 00 113,00 3000.60 230,00 3500.00 Ar30.00 2006.85 4ArN0.00
ZIGURE 4

STHESS /ikPa

STIM4 COOLING FROM CURE TO AMBIENT
MANDREL STILL IN PLACE

200

TIME /mins

71




STRESS APa
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72




THERMAL SHOCK ENVIRONMENT
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THERMAL SHOCK TRIALS
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Environmental conditions associated.with wehicular
laboratory and field test measurements present a severe
challenge to mast sensors. .

In the past, engineers faced with field test
measurements had no other choice than to adapt small
laboratory type sensorsg,with delicate miniature
connectors,to harsh environments involving dust,
sand, water,wind and salt spray.

As a-result of technological advancements in compact,
portable FFT analyzers combined with the development of
durable low output impedance accelercmeters designed
for rough handling and operation in harsh factory
environments,a new technology known as "Machine
Vibration Health Monitoring®™ has emerged.

Today, rugged,durable, hermetically sealed,case ground
isolated accelerometers continuously monitor shock and
vibration on machinery and structures in hostile
environments in paper mills,rolling mills,power
plants, factories,on shipboard and seismic exploration

vehicles.

Characteristics of these rugged industrial sensors
include laser hermetic sealing, MIL Spec connectors,
integral vulcanized waterproof- connections, case ground
isolation and shock protection.

Incorporating stable shear structured sensing elements
and integral microelectronic signal conditioners, these
rugged industrial sensors offér & low cost commercial
solution meeting the technical and field requirements
for wehicular shock and vibration measurements.
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Environmental and operating conditions associated with
vehicular shock and vibration measurements in laboratory
and field test applications have always been tough!
Environmental conditions vary widely and operating
conditions are usually rough. Meeting these needs with
durable. accelerometers, cables and connections presents a
real challenge.

Out of necessity, engineers have had to uUse instrumentation
that was not designed for operation under adverse conditions
associated with environmental testing. An example of this
would be high impedance charge type accelerometers which use
somewhat delicate miniature connectors and ¢able which are
highly susceptible to moisture,dirt and other contamination.
However, "resourceful” engineers made the best of the
situation by using extra care in routing cables and sealing
connections. Protective. covers,or shields,have been used to
protect the accelerometers, cables and charge amplifiers
from mechanical damage.

Today, the measurement task is much easier. As a result of
technological advancemeénts in machinery health monitoring in
factories and power plants, durable industrial grade ICP
accelercmeters with rugged connectors @nd cables have been
developed for operatlon in some of the worst possible
environments.

Aside from larger. housings necessary to accommodate more
rugged connectors, ICP Industrial Accelerometers incorporate
many of the same features found in the smaller aerospace
accelerometers youn may be more familiar with.Such features
include shear structured quartz.or ceramic sensing elements,
laser welded hermetically sealed connectors and housings,
electrical case ground isolation, rugged "MIL Spec.”
connectors, electrical & mechanical shock protection and
built-in microelectronics to provide. a low impedance voltage
signal suitable for operation in contaminated environments.

Shear Mode
Rugged 2-pin MIL Spec
" / Connector
Hermeti .
nmadaw ' . RFI & L Typical Quartz
ESD Protection
Stainless Cirenit Shear Structured
Steel Case ICP Gireutt Industrial ICP
Accelerometer
S A S S AV Seismic M.ss
Digl Case Piezoelectric
Design Crystal
i etaining Ring
Off Ground e LA ‘Welded Faraday
Wusher» Cage
! —
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ICP Industrial acceleromerers operating in wet, humid or
underwater environments, incorporate protective boots or
integral vulcanized waterproof cable connections. Most of
you are aware of integral cable problems associated with
smaller accelerometers. Often the integral connection is
not rugged. encugh and if cable accidentally gets pulled,the
connection tends to become "non—-integral". In order to
avoid this rather expensive type "accildent™ with ICP
Industrial Accelerometers, the integral cable connection has
been designed and tested to pass a 200 pound pull test.

Industrial Accelerometers with
Waterproof Connections

The paper machine is a good example of an industrial
accelerometer application invelving a wide range of
mechanical apparatus and environmental conditions.Up to 300
sensors may be permanently installed on a single paper
machine which is about a .block long. The paper machine,
which starts with slurry and finishes with completed paper,
consists of motors, rollers, bearings, gears, filters,
heaters, presses and slicers. Environmentally, sensors
operate in a paper slurry, underwater, in oil, grease, high
humidity, dryer section heat and they must survive punishing
fire hose like water pressures when the machines are
cleaned.

PSR

Paper
Machine




Industrial Accelerometers provide reliable
operation in oil, cutting fluid and other
chemical environments.

Rugged, steel-jacketed, integral cable
protects against metal shavings.

Industrial Accelerometers installed
on this Seismic Exploration Vehicle
measure impact shock,

i
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ICP Industrial Accelerometers suitable for vehicular
measurements are available in a wide variety of meéechanical
configurations with top or side. connectors, thru-hole
nounting, in single and triaxial configurations. Most models
have good response down to 0.5 hz making them well suited
for low frequency vehicular motion measurements.There are
high frequency models with response to 8000 hz, high
temperature ICP models.to 3509F, models. with velocity output
and models that provide simultaneocus temperature and
acceleration output. ICP accelerometers are designed for
continuous duty applications.

TYPICAL ICP INDUSTRIAL ACCELEROMETERS:

M325A01
M325A02

M328F71
SCREW TERMINAL
: MOUNT
M325A117 .
THRU HOLE MOUNT pazsall M328FG1
2 PIN MILITARY
STAINLESS
CONNECTOR
M328F11
icw;lfgaTLRIAL UNDERWATER
ACCELEROMETERS VULCAN[ZED
CONNECTOR

i -
: [ AN Accelerometers
Feature:

* Shesr Design

* Integrail Electronics

* Case Gnd. Isolation
[ * Hermetic Sealing

MazoAn]

>

ICP industrial accelerometers are volume manufactured at the
PCB facility in Depew N.Y.to the same high quality standards
as all PCB sensors,electronics and calibration products

You are invited to visit our plant anytime you are in
Western NY.

1. 1cP® is a registered trademark of Piezotronics Inc.

References: .
Catalog QSG- 200, IMI Div.of PCB Piezotronics Inc.
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Abstract

This paper presents a design for a transducer capable of sensing the proximity of a steel plunger located —
inside an enclosed steel housing. The purpose of the transducer development was to measure average

plunger velocity and time to end-of-stroke for a SUU-20 bomb ejector rack during bomb delivery tests. A

harsh environment and physical constraints prevent the use of conventional instrumentation on the steel

bomb ejector housing.

A major advantage of the transducer is simplicity of installation. Installation does not require machining
of the plunger or housing because the transducer clamps to the outside of the housing and uses a magnetic
flux circuit and a Hall Effect sensor to detect the presence of the plunger. Determination of average
plunger velocity and time to end-of-stroke are possible from the transducer output. Six transducers and a
signal conditioning box provide complete bomb release instrumentation for'a SUU-20 bomb ejector rack.

To date, an F15E aircraft complete with two fully instrumented SUU-20 bomb racks has successfully
flown a qualification flight in preparation for data collection on future bombing runs. Test data will be
entered into a statistical data base to track the mean and distribution of time to end-of-stroke.

This paper will show how a transducer of this type overcomes many design constraints, will discuss the

problems solved during the design phase of the transducer, and will present actual flight test results.
Fnally, this paper will explore a number of other possible uses for this unique sensing technology.
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Introduction

The design of the SUU-20 end-of-stroke transducer answers a customer requirement to instrument a bomb
ejector for stroke time of a bomb ejector plunger. The instrumentation that was already in place consisted
of a micro-switch pressed up against the store (bomb) that toggled when the bomb began ejecting. The
new requirement stated 2 need to determine the end-of-stroke of the plunger, used in calculating the initial
bomb velocity. Since the bomb drop process initiates by a pyrotechnic charge, data analysts wanted a way
to be sure they had a “good burn” before spending analysis resources on a particular bombing run. The
computation of initial velocity also allowed analysts to cross check the central computers predicted time
line for a weapon drop. '

Instrumentation engineers investigated several different designs to determine the end-of-stroke of the
bomb ejector plunger. Most of the designs probably would have rendered usable data, but with the
consideration of operating environment and maintenance procedures on the bomb rack, would not have
been robust enough to endure over time. The chosen design sought to minimize:

Changes to the bomb rack maintenance cycle
Modification to the bomb ejector housing
External components in the airstream
Installation complexity and time

The transducer described in this paper meets these stipulations with a relatively simple and inexpensive
design.

Bomb Ejector cription . . ..

Figure 1 below illustrates the bomb ejector assembly. Six similar devices mount on @ bomb rack (SUU-
20) which hangs from a wing pylon on an aircraft. This particular ejector design drops MK-106 or BDU-
33 inert practice bombs. Large jaws hold the bomb and lock in place around the outside of the bomb case.
The ejector plunger has a pin fitted into a small detent in the bomb case and fully retracts with the bomb
in place. A chamber on the housing holds an explosive charge that detonates by an electrical fire
command to release the weapon. The ejection sequence begins with the opening of the large jaws,
followed by a forceful ejection of the bomb by the plunger. The plunger fully extends when the bomb is
away allowing excess exhaust gasses to expel through vent holes near the base of where the plunger exits
the housing. Figure 2 demonsirates this bomb ejection sequence.

CJECTOR HOUSING

Figure 1 Bomb Ejector Housing Assembly

The bomb gjector housing mounts to the SUU-
20 bomb rack by the mounting flange. The

* portions of the structure above this mounting
flange are inside the enclosed bomb rack.
Portions below the mounting flange are exposed
to the open air stream around the pylon.

MOUNTING FLANGE

CN-AOMB CLANP

BONB
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Figure 2A Locked Bomb Ejector and Store

This figure shows the bomb ejector locked
around the bomb. Note how the bomb latch
locks the large jaws around the store
holding it securely. A strong spring,
located below the latch, keeps the latch in

Rosition.

Figure 2B Latch Release

The bomb release command electrically

ignites the pyrotechnic charge. The charge
produces gasses that work behind the latch.
These gasses push the latch and release the

- jaws.

Figure 2C Bomb Ejection

Latch release frees both the bomb and
plunger. The hot gasses continue working
against the plunger. The plunger pushes
the bomb until full extension when the bomb
begins free fall. This important sequence
gives the bomb an initial velocity.
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Desien Constraints . . .. . i — o

The first factor considered was the bomb rack construction. The bomb ejector housing and the front part
of the plunger mount externally, so engineers sought a design that mounted internaily to the SUU-20
bomb rack. The rack itself encloses the electrical controls and wiring. Because the rack also acts as the
mounting point for the six ejector housings, it allows access to the bomb ejector housings from the rear.

The second factor considered was maintenance, which occurs after each flight, and requires removat of
the bomb rack. The pyrotechric charge used to eject the weapon leaves behind burn residues that clog and
jam the plunger upon cooling. Maintenance personnel remove the plunger, soak it in selvents and flush
the ejector housing with solvents to remove any residues. Finally, they lubricate the plunger and re-install
it into the housing. Maintenance conducts this operation on all six of the ejectors at once and usually
work on two SUU-20 racks at a time. Any instrumentation installed could not contact the plunger
externally and, if mounted on the housing externally, would have to withstand the solvent flush operation.

The third consideration was the nature of the pyrotechnic charge. During weapons release, this powerful
charge produces the gasses that work to eject the store as described previously. This event produces a
shock to the SUU-20 rack, and to the particular bormb ejector being fired. Any instrumentation would
have to survive this shock.

A final consideration in the instrumentation design was the construction of the housing and plunger. The
bomb ejector housing is a drop forged, single piece unit. A detailed stress analysis would have to
accompany any instrumentation that involved machining or changing this part. During the design phase,
no data was available on stress or shock loads experienced during a mission. Also, stress analysis tools
were not available to the designers, and due to the one-piece design of the gjector, would have been costly
and time consuming to perform. The plunger is a machined steel part. Modifications to this part may
change the mass and affect the initial velocity figure.

Transducer Principle .. .. . _._

The chosen design approach takes advantage of the access and space on the rear side of the ejector
mount. The design uses a magnetic flux circuit that routes flux through the side of the ejection plunger
cross-section and detects the presence of the plunger as it moves forward. Figure 3 illustrates the cross
section of the rear side of the plunger and shows how this cross section changes with plunger motion.

Figure 3A Retracted Plunger Cross Section

. This figure shows the ejection housing and
plunger along with the respective cross section.
Section A-A shows a cutaway view of this
section. Note the gap between the plunger shaft
and the housing sidewall.
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Figure 3B Forward Plunger Cross Section

SECTION 8-B

““This figiire shows the plunger approaching full
extension. Section B-B shows the aft portion of
the plunger in the cross section. Note the
absence of paps in the cross section.

AL TR TS QNN
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3
=
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Figure 4 shows how magnetic flux could be routed through this cross section and how the presence and
absence of the aft portion of the plunger affects the amount of flow. Section A-A, with the presence of an
air gap, forces the flux to flow in a longer path through the section. Section B-B, with no air gap,
provides the shortest path and thus a greater flux density. The difference in flux flow through the cross
section provides an easy way to determine the position of the plunger,

//ﬂjT\\P
\\‘J’L/V

MY

Section A-A Section B-B
Figure 4

The major benefit of this method to detect the plunger position is that the transducer mounts on the back-
side of the cjector, away from the external environment. Also, this design requires no machining of the
bomb ejector housing or attachments to the plunger.

Transducer Design, Mechanical

Mechanically, the transducer consists of three components: steel legs, a clamp assembly and 2 permanent
magnet to provide flux. The transducer clamps onto the ejector housing, around the cross section
discussed earlier, Figure 5 shows the prototype transducer and all the major components.
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MAGNET

o - Figure 5 Transducer Hlustration
STEEL LEG - - - -

CLAMP ASSEMBLY The transducer shown at left mounts at the
location of the cross sections discussed earlier.

"Thé iop portion of the bomb ejector has been
clipped for clarity.

-

HALL EFFECT
R SENSOR. .
STEEL. LES ,

Steel Le

The steel legs comprise the parts of the magnetic circuit external from the ¢jector. They act as a path for
flux to and from the flux source (the permanent magnet). There is an air gap designed into this pathway,
allowing the insertion of a flux detecting Hall Effect Sensor. This gap, located at the side of the housing,
provides a flat surface for mounting of the sensor directly on the steel leg.

am; mb

The clamp assembly holds the steel components in place. The requirements of this part were that it be
non-ferrous and have a material compatibility with the steel. The chosen material was 1/2 hard brass
formed into two parts, one part to hold the magnet, steel legs and transducer and the other partto actas a
clamp around the housing. An access cover enclosed the magnet and steel pieces.

Permanent Magnet . . _. .. ) L .

The simplicity, variety of composition materials and greater possible flux densities made the permanent
magnet the choice over an electromagnet for the flux source. The initial prototype transducer contained a
magnet made from Alnico that matched the size of the steel legs in cross-section and was 1/2 an inch
long.

Transducer Design, Electrical .

The design for the initial prototype used a MicroSwiich SS94A 1F Hall Effect sensor. This sensor, built
upen a ceramic body, has a Hall Effect sensor and signal conditioning electronics built-in. The device
meets MIL-STD-883 test condition A for shock and vibration, and operates over a temperature range of
-40° to 125°C. These characteristics along with the geometry were important factors in part selection.
Figure 6A shows the dimensions of the sensor.

The sensor takes a supply voltage of 8VDC and outputs a DC voltage proportional to the magnetic flux
density through the sensor, The SS94A1F has a sensitivity of 25mV per gauss and is sensitive to flux
flow in both directions. At null flux, the sensor outputs an offset voltage of 1/2 the supply voltage (4VDC)
and moves up or down depending on the flux density and sign. Figure 6B shows the sensor elecirical
characteristics.
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30— 07 MaXx. Figure 6A Mounting Dimensions
02 The diagram shown at left covers all sensors in
. the 5594 series of Analog Position Sensors.
T s~ *_Refer to product data sheets for complete
- details.
87
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Tkts dtagram shows the output of the sensor
along with the initial offset.

An early concetn about using the part was the affect of temperature on the offset voltage. A test fixture
was developed and the sensor was run through the range -20° to 125°C with a set flux density of 107
gauss. The sensor appeared to drift within the manufacturers maximuimn of +/- 0.1 %/°C. The procedure
asked that the technician note any anomalies of the sensor output during the test, for example, noise
picked up by the oven heating elements or fans, etc.

The technician noted an interesting susceptibility of the sensor during this test- that of photosensitivity.
Cycling of the oven inspection lamp and verification with a flashlight showed that the offset of the sensor
changed with ambient light. The sensor, however, mounts inside the bomb ejector rack, where ambient
light cannot strike the sensors and affect the readings. A complete procedure of the test, diagram of the
fixture and the results appears in Appendix A,

Protot outid Test ... . e

Engineers and technicians conducted a ground test to verify that the transducer would work under the
operating conditions of flight. The test placed transducers on four of the SUU-20s six stations, three
stations with permanent magnets installed, and one station with a piece of unmagneumd Alnico. This
station acted as a control station for possible EMI or EMC effects.

The test involved attaching the SUU-20 to an aircraft wing pylon, rolling the aircraft to a safé location
and dropping inert practice bombs into a crate lined with mattresses. The powered up aircraft collected
data while dropping four practice bombs one at a time. The foliowing points outiine the resulis of this
test and the lessons learned during its preparation.

Flux stealing .

The first problem noted was during the installation of the transducer to the bomb ejector. The transducer’s
position was near where the plunger stops upon full extension. This puts the transducer near the internal
latch that releases the ejector jaws. When locked, the intemal latch rests close enough to the transducer
flux path to act as a flux path itself. This results in a greater total flux flow around the flux circuit. When
the latch releases, it moves away from the sensor thus lowering the total flux just before the plunger starts
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to move. This action causes a drop in the reading from the Hall Effect sensor. Figure 7 illustrates the
flux flow through the area of the latch.

Figure 7 Flux Stealing Bomb Latch

The figure at left shows a detail of the flux path
through the release latch. This flux path occurs
into the paper on the cross section illustrarions
shown in Figure 4. Upon release, the latch
moves down, thus lowering the flix flow.

/- =0
4 it
L ] L J
[ ) L4 .

Residual Magnetism

Magnetized parts of the bomb ejector housing and plunger caused inconsistent readings between stations
during lab tests of the SUU-20. A large ring degausser alleviated much of the problems.

Air Gaps

Also noticed before the test, but not corrected until later, were readings that varied in amplitude. During
testing, station 3 showed a higher maximum reading than the other two stations. Ring degaussing did
little to solve the problem. Careful measurements showed the cause. The bomb ejector’s cast steel
housing had slightly different dimensions between stations. These variations caused non-design air-gaps
to appear. This gap occurred between the non Hall Sensor steel leg and the housing and appeared in
stations 1 and 2 and acted to reduce the maximum readings at these stations. The transducer fitted tightly
on station 3 and gave higher readings.

Design Chaoges’

The designers studied the problems described previously and implemented several design changes making
the final instrumentation system as consistent as possible for all stations.

91




18th Transducer Workshop . End-of-Stroke Transducer

e e

Changing the transducer location minimized the flux stealing effect of the bornb latch. Moving the
transducer to a location close to the midpoint of plunger motion kept it well away from the flux stealing
component. This position provides good start-of-stroke data as well. The ejector housing structure
limited the final placement of the transducer however, and prevented it from mounting exactiy on center.

Decreasing the sensitivity of the Hall Sensor by 1/5 prevented stray magnetic effects from altering the
reading. A stronger permanent magnet allowed for plunger detection with the new sensor. The new
magnet, constructed from a rare earth alloy called Neodymium, fits in the same location as the old Alnico
magnet. These changes did not decrease the overall sensitivity, of the transducer, but rather made the
transducer less prone to outside influence. :

Finally, a set screw installed on the side of the brass housing opposite the Hall Sensor forces the steel leg
into contact with the side of the bomb ejector housing. This screw securely holds the steel in place so no
air gaps appear. : '

NEW LDCATION Figure 8 Design Changes
Y 1| 7 / The two figures at left illustrate the changes
Lo .- made to the transducer and the installation as a
il ' result of the ground test.
Q 4]
Q =]
ﬁEEFMRFUL B

SET SCREW

LESS SENSITIVE
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Waveform Data

Figure 9 shows two waveforms from different SUU-20 stations. The figures describe what the different
inflection peints represent.

g 5 Wveform

The diagram at left was copied from a high
speed oscillograph from taped data of an actual
bomb drop. The three inflection points
represent different portions of the ejector

- release- start of stroke, crossover and end-of-

" siroke. Crossover occurs when the aft portion

.- -of the plunger passes by the transducer.

“Figure 9B f’V&vefan.iz“

This figure shows another typical waveform -
from a SUU-20 bomb release event,

The SUU-20 bomb rack in general and the bomb ejector housing in particular had many design challenges
for the determination of end-of-stroke. Through careful planning and consideration, designers derived a
simple, elegant and effective solution. This transducer represents an excellent detection scheme for the
SUU-20 end-of-stroke, but does have some disadvantages.

For the flux circuit detection strategy to work, the parts involved must be ferromagnetic. This does not
necessarily require a ferrous housing, but the moving part of interest must certainly conduct flux for non-
intrusive detection. This disadvantage rules out applications that have aluminum alloy, or other non-
ferrous alloys as the material for the plunger.

Another consideration is space. The SUU-20 bomb ejector and rack had space to spare in the areas of

importance in the installation. Other bomb ejector racks studied for possible installation of a siniilar
transducer did not have adequate space exiernal to the plungers to apply a magnetic circuit.
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Appendix A
5S94A1F HALL EFFECT SENSOR o TEMPERATURE TEST

PURPOSE:

The purpose of this test is Lo characterize temperature vs offset voltage for the Microswitch SS94A1F Hall
Effect Sensor. '

DESCRIPTION:

The S594A IF Sensor is sensitive to magneic flux and outputs a voltage linearly proportional to magnetic
flux flow across the sensor. This sensor will be used to measure plunger position unintrusively on the
SUU-20 bomb drop rack. The sensor has an offset close to 4V at 0 Gauss. The data of interest is a small
variation in the output (40-45mV). The design of the high gain amplifiers to see this variation depend on
a good understanding of any changes in offset. Temperature will fluctuate in the area of measurement.
This test will show how these temperature fluctuations can be expected to affect the sensor.

EQUIPMENT:

1. A DC power supply. (9VDC reguired)
2. Digital Voltmeter.

3. Oscilloscope.

4, Temperature oven.

TEST SETUP;

Set up the test as shown below:

P/S
+IVEa—R S : SENSTR
COMP+-3 SHIELDED... . //_«.W
) [ _3 CDNDUC TE-]_R STEEL
7
DWVM
[N W -

RTN

OFFSET +66V

O & 2nv/IIV v
. @ _;_’"’S/D,[;V,;H )
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PROCEDURE:

1. Set up the fixture inside the oven and make sure it is secure.

IMPORTANT The fixture must remain fixed for the entire duration of the test!

2, Dial up 9VDC on the supply and check with the voltmeter.
3. Apply power to the sensor and connect the oscilloscope.
4. Cycle the fan, heating elements and cooler and note any 60 Hz noise or glitches in DC offset

levels during switching.

5. Record DC offset at the following temperatures: -20C, -10C, 0C, 10C, 20C, 30C, 40C, 50C, 60C,
70C, 80C, 90C, 100C, 125C.

6. At each temperature make sure enough time passcs for fixture to reach the appropriate
temperature. : .
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18th Transducer Workshop .

. End-of-Stroke Transducer
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STRAIN GAGE BASED SENSORS
FOR SUSPENSION PUSHRODS
ON INDY RACE CARS

Robert V. Magee

Sensor Applications Engineer
HITEC Corporation

65 Power Road

Westford, MA (01886

(508) 692-4793

ABSTRACT:

The purpose of this paper is to i1llustrate the use of strain
gage based sensors to monitor the static and dynamic forces
on INDY suspension pushrods. The purpose of strain gaging
suspension pushrods on INDY race cars 1is to provide the
driver and his crew additional information on the bounce and
rebound forces of the car during “cornering omn various oval
tracks and road courses. By monitoring these forces,
engineers can adjust shocks, suspension rocker arms,
stabilizers, and other components to give the driver a more
competitive edge. Strain gaging the suspension pushrod
allows for transducer performance and quality using actual
components rather than modifying the component to accept- a
transducer. Recent design improvements include tighter
balancing of the strain gage bridge specification, gage
placement to eliminate output due to bending, cross
sectional area reduction for increased strain gage sensor
sensitivity and protection, and, with shielded cable,
reduction of electrical signal noise due to rotating
components. These improvements have increased the accuracy
of the data and has eliminated the need for expensive custom
transducers. This report -will demonstrate how making
existing components into or part of-a transducer has also
been applied to NASCAR Racing to obtain suspension loads, by
monitoring all four load cells to measure spring loading,
and to the first US built bobsled to gather data from its
ski runners during course testing, by measuring dynamic
bending loads.
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NOMENCLATURE

P = Load } : A = Cross Sectional Area
E = Modulus of Elasticity g = SBtress
e = Strain " ue = Strain X 106

-

mv/v =-Milli Volt /- Volt

1. INTRODUCTION:

INDY Racing teams have made significant improvements in the

measurement of forces with the addition of strain gage based.

sensors applied to suspension pushrods to measure dynamic
loading (Figure 1. and Figure 2.)[1]. In the beginning,
bridge balance had to be within plus or minus 0.025 mv/v,
bridge resistance of 350 ohms was required, and reduction of
SLgnal noise due to rotating machinery (because of the high
gain needed to amplify the signal) was needed to work with
the early models of the Pi Research ampllfler (Figure 3.).
Additional modifications have now been added to Aimprove
sensor performance by designing the _cross section for
improved sensitivity, better installation protection, and
orientating the strain gages to eliminate cross talk due to
bending and  to improve linearity of output. Both the
improvement to the strain gage sensor on the pushrod and the
stable, accurate amplification provided by the Pi system has
created a full system for force measurement. This is the
information that the teams are actively using for increased
vehicle performance.

2. THE SENSOR AND AND ITS USE:

The sensor used on the pushrod is a resistive strain gage
circuit consisting of four strain gages arranged in a basic
Wheatstone bridge circuit "(Figure "'4.)[2][3]. Two strain
gages measure the axial strain compressive force, while the
remaining two gages measure.the tensile force perpendicular
to the axial load. The two strain gages measuring strain in
the Poissons’ Ratio direction only see a third of the total
strain along the pushrod. As the resistance of the gages
change, due to the compressive strain force (ie. 35,520
Newtons (8000 pounds) equals 2mV/V in a typical pushrod) the
voltage potential changes, increasing proportionally to the
strain applied.
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Calibration of the suspension pushrods 1is performed using
mainly one of two methods. One method is using a press with
an inline load cell. The second method used to calibrate
the pushrods is to . place the car on s¢ales at the four
corners while the car is at the track garage at the track.
For the second method to be performed, team members gather
on each corner of the car while the instrumentation engineer
calibrates output wvoltage on each amplifier. The first
method is wused when calibration 1is performed by the
manufacturer or the team decides to .calibrate before going
to the race site. A sample calibration sheet is shown in

Figure 5.

Once the calibration is complete the vehicle .is run around
the track, while samples of dynamic loading are logged into
the on board data-logger (Figure 6.) [4]. Data can then be
retrieved by telemetry or by down-loading off the computer
port on the 1INDY car. The software has various data
reduction and linearization curve programs, which improves
the usefullness of the data retrieved from the wvehicle. A
sample output is shown on Figure 7.

3. THE STRAIN GAGE AMPLIFIER

The model number 01B-050049 Pi strain gage amplifier was
designed specifically for use with INDY and Formula 1 strain
gage transducers and bridge circuits which have a 350 ohm
resistance. The amplifier has two channels each and gain
can adjust from 200-1000. Weighing 65 grams and about 2 x 3
x 6 cm, output from the bridge, once amplified, sends 0-5
volt out to the data logger, for later downloading. The 0.5
V or 2.5 V available offset (depending on whether
measurement 1is desired for one force direction or both,
respectively) is the reason for the need for 0.05 nmvV/ V
balance specification.
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4, THEORY AND APPLICATION:

There have been four significant variations to the INDY car
suspension pushrod. First, there was installations on the
tubular section of the rod. The cross sectional area of the
rod was very thick at the time and required the gain
settings of the early amplifiers to be redesigned for higher
settings. Because the sensor and application were Jjust
being introduced to - the teams, additional design
modifications ~~for ' sensor based pushrod were constantly
updated. While trying to. reduce the bulky appearance of the
sensor on the rod, pocketed areas were machined into the
pushrod. Not only were the sensors being better protected,
but the cross sectional area was greatly reduced. Finally,
sensors were installed on rod ends of calculated cross
section to properly amplify the signal, so that at 2mvV/V
load is 26,640 newtons (6000 pounds) for front pushrods and
35,520 newtons (8000 pounds) for rear suspension pushrods.

Employing a full four gage Wheatstone bridge circuit the
strain calculation for proper output is as follows:

2 2
D -D
(4 1 2 N2
A= —
4
P
(2) o :=-  PSI
A
o
(3) € 1= — 2.6
E
To convert to mV/V output:
£
(4) = MV/v
2000

A sample calculation is at 2 mv/V, the Pi amplifier applies
5 V excitation across the sgensor giving an output of 10 mV
out at capacity. An amplification of 400 gain increases
output to the on board data logger to 4 V.
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5. UPDATES IN SENSOR DESIGN:

The balanced Wheatstone bridge requirement came about with
the need to interchange amplifiers and pushrods in the pit
and garage area at the track. The compact amplifier could
not be easily adjusted and balance pots reqiired a trained
technician to adjust for each pushrod. A constantan wire is
used to balance the strain gage bridge circuit within plus
or minus 0.025 nmv/V. This enables the teams to easily
adjust the proper offset of the amplifier to obtain a zero
on their instrumentation. The latest  Pi amplifiers now
provide variable gain and zero adjustments, specifically
modified to improve the signal output of the strain gage
bridge. This development was due to several types of
pushrods had different sensitivities from wvarious cross
sectional areas on the components. -

Most pushrods have reduced pocketed areas machined into
them, specifically for strain gages. This allows for
similar amplifier requirements for each pushrod and provides
excellent mechanical protection of the sensor. Rod ends are
still gaged for a few INDY teams. To get proper
sensitivity, the fronts have a 9.5 mm (0.375 in.) diameter
while the rears are 12.5 mm (0.50 in.) in diameter.
Benefits to using rod ends is it can be reused in accidents
involving the pushrod only and it’s comparatively more
linear than the pushrods during calibration. But the Pi
software can compensate for the nonlinearity of the
pushrods, so both successfully work in the application.

Gage orientation is also important to eliminate output due
to bending which is also present during dynamic loading of
suspension pushrods. A two element "T" Rosette gage is
positioned on center in the machined pocket with the Poisson
gage directly behind the axial element to compensate for -
bending. Another is placed in the opposite side machined
pocket. ~The adhesive used for gage installation is AE/15.
The protective <coatings, which are  used after the
installation is complete, are M-coat D and then Gage-Kote 5.
These adhesives and coatings were selected because of the
temperature restrictions to the bushings on the pushrods and
rod ends. The AE/15 is an excellent performance low cure
temperature epoxy and using first an acrylic .coating, then a
poly-sulfide epoxy coating prevents any oil, moisture, even
gasoline type contaminants from reaching the sensor.
Encapsulated gages also add sensor protection. Proper
installations with these adhesives and coatings has made the
pushrod sensor endure the entire race season with trouble-
free data collection.
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The signal is protected from outside electrical noise by
using braided shielded cable. The cable is also teflon
coated,. because of the temperature environment the sensor
sometimes sees. Although the pushrod sensor itself never
experiences temperatures over 80 degrees C, leadwires often
come up near exhaust manifolds and other hot components of
the vehicle where vinyl leads would not endure the heat.

-

6. CONCLUSION:

This paper has shown an example of how using actual
components for strain gage  “transducerizing" can benefit
INDY car racing teams by instrumenting their suspension
pushrods rather than modifying components to accommodate an
off-the-shelf transducer. In this case making a transducer
out of the suspension pushrod has evolved in the last year
to accommodate the amplifiers used by most of the INDY
teams. The amplifier has also evolved to accommodate the
limits of strain gage transducers by increasing the balance
range pot and adding adjustable gain pot on the amplifiers
to allow individuwal team instrumentation engineers to
experiment with other .components such as the wishbone
suspension parts or shift linkages. Transducerizing and
testing of the wishbone components added information on how
the tires—of the INDY cars performed, while the typical
suspension pushrod mainly provided dynamic compression
loads. Shift linkages gave engineers information on when
the driver is shifting. Additionally NASCAR has needed to
monitor dynamic load on the four cormners of a stock car
suspension. A transducer, which is customized to the size
of the spring retainer plate, is used again with the same
amplifier system to record loads during course testing. The
load cells are proving to be suitable for this type of load
measurement gathering, but is currently in its early use.

A similar application dinvolved instrumenting US Bobsled
runners. By installing sensors on the bobsled’s shoes,
dynamic load data could be recorded during bobsled race
trials in order for teams to modify sleds for the following
season or later races.

Transducerizing suspension pushrods for INDY car (Figures 8
& 9) racing has proven to be a better solution than adapting
the component for an off-the-shelf load cell. It is a more
reliable and efficient soclution for obtaining important load
information which «could not be obtained by standard
transducer adaptation methods.
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Figure 1. Suspension Pushrod.

104




inSHBONE SUSPENSION PUSHRODS
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Figure 2. Suspension Pushrod Locations.
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Weight 60 grammes
Connectors _ Sealed Lemo connectors
Environmental Fully waterproof -

Figure 3. Pi Amplifier.
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HITEC CORPORATION/HALL RACING
PUSHROD INSTALLATION SUMMARY/CALIBRATION DATA SHEET

HITEC CORPORATION JOB NUMBER: 20-10750

PURCHASE ORDER NUMBER:

MODEL:

SERIAL NUMBER: 01 : -

PART NUMBER: 951F1032

STRAIN GAGE BRIDGE LOCATION: COMPRESSION BRIDGE IN POCKETED AREA
CABLE EXIT: END OF PUSHROD

STRAIN GAGE TYPE: EA-06-062UT-350

STRAIN GAGE ADHESIVE: PE-15
CABLE TYPE: 4 CONDUCTOR
CABLE LENGTH: SIX FEET
PROTECTIVE COATING: GAGEKOTE 5
CONNECTOR: NONE
INSTRUMENTATION PRINT:

CALIBRATION REQUIREMENTS: INSTRUMENT GAGE FACTOR; 2.0
FULL SCALE; 5000 POUNDS
INCREMENTS; 1000 POUNDS
TESTING MACHINE; TINIUS OLSON
REFERENCE TRANSDUCER; 5K NIST CERTIFIED

T ________________ QEGIE;VE/POSITIVE BENDING CALIBEKEEOE—Biai__*—__Hh__&—T
| I0AD (IN-LBS) |  OOTBUT (Ue/TN) | ouTeUT mv/v |
e T oo T e T
w00 |  ss0 . |  o.28
______ 2000 . a1z | o8
T Tse00 ) Tases 1 oo
© s000 | 2a82 | iz
_“-__-gaaa__ I o 3052 o --r —d_hé—_Ijg; ——————————
o | S S
_________ R o
SHUNT CAL: 5037 Ue = 34.650K OHMS
CALIBRATED BY: ‘RVM DATE' 01/17/95

HITEC CORPORATION, 65 POWER ROAD, WESTFORD MA 01886 (508) 692-4793

Figure 5. Sample Calibration Data Sheet.
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Figure 6. Pi System Pushrod Calibration Data.
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Figure 8. INDY Car with Instrumented Pushrods.

Figure 9. INDY Car.
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ABSTRACT T L=

A corrosion fuse has been develdped which attaches to an optical fiber. When
the fuse is intact, the fiber is distorted into a tight bend. Once the fuse
corrodes, the ifiber "straightens out. The distortions in the fiber are
detacted asg 1light loss using an Optical Time Domain Reflectometer (OTDR).
Changes in the OTDR output represent the occurrence of corrosion failure in
the fuse. An advantage to using an CTIDR is that several ¢Brrosion fuses can
be monitored usirig a single fiber. An experiment was conducted using three
carbon steel fuses placed in a simulated marine environment. The fuse
failures were successfully detected using the OTDR and the time of failure was
used to calculate an average rate of uniform corrosion.

INTRODUCTION

It is estimated that in the United States, the correction of functional bridge
deficiencies will require an investment of 8.2 billion dollars per year [1].
These functicnal deficiencies arise from two sources; geometric inadequacy and
structural weakness. Structural weakness can result from obsclescence or from
deterjoration. <Corrosion is a major form of detericration in steel bridges,

directly affecting structural performance by decreasing carrying capacity and-

overall safety [2].

Management of corrosion damage in steel bridges ¢an be categorized into three
areas: monitoring and load contrel; prevention and maintenance; and repair
and replacement. This paper focuses on a new monitoring technigue which can
be used to0 estimate corrosion damage. Rnowledge of this damage can +then be
used to evaluate ultimate capacity, allowable load, and probable rate of
failure [3]. )

Currently there are sevéral methods for monitoring corrosion. The basic and
simplest method is wvisual inspection. The next method is physical examination
using devices such as calipers or ultrasonics to measure thickness [4]. The
efforts required +to wisually or physically inspect for corrosion can be
expensive in terms of facility shutdown and risky to personnel attempting to
access structural members.

Corrosion can also be monitored by using small sacrificial specimens that are
placed in the vicinity of a structure [5]. These specimens are. periodically
c¢hecked for section loss. This secticon loss is then correlated to the rate of
uniform corrosion occurring on the exposed structure. Electrochemical methods
are also used to estimate rate of corrosion [6]. These electrochemical
methods deperid ‘on either measuring current or electrical resistance, and
correlating these electrical measurements to the rate of corrosion.
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This paper presents an alternative method of corrosion monitéring which uses a
metallic fuse connected to an optical fiber [7]. When the fuse corrodes, a
awitch is set which indicates the presence of a corrosive environment. The
switching mechanism relies on the deformation of an optical fiber, which is
monitored by an Optical Time Domain Reflectometer (OTDR}). Since an OTDR is
capable of monitoring several hundred meters of fiber, multiple fuses can be
installed on a single fiber at several locations. The fuse/fiber combination
is practical because it allows the monitoring of a location oh a structure
without requiring periodic access to that location. The system is also immune
to electrical interference. . -

PROCEDURE

An experiment was conducted .to test the performance of the fuse/fiber monitor.
This experiment involved’ the assembly of an environmental chamber (humidity
tank)} which contained heated salt water, three monitors attached to one fiber,
and an OTDR to measurs-light transmission in the fiber. The tank was covered
by a thin film of plastic in order to maintain humidity. The humidity tank
was loosely based on a chamber design used in testing water resistance [8].
Figure 1 illustrates the test configuration.

Corrosion Monitors

L:Hf?jffj N : Optical Time Domain
o
[! I ~2Eh Reflectometer

Environmental
Chamber

Fiber
Cable

Figure 1: cConfiguration of environmental chamber, corrosion
monitors, and the Optical Time bomain Reflectometer.

A c¢orresion mohitor was comprised of a 3 ‘mil (76 pm) carbon steel fuse
attached to a spring loaded pin, as illustrated ir Figure 2. The pin held a
distorted segment of optical fiber in between two support blocks. The spring
support mechanism was contained within an aluminum frame, covered by a
plexiglass plate on each side. The corrosion fuse was supported outside of
the frame and expoSed to the corrosive environment. When the fuse decayed,
the springs were released and the optical fiber was forced to straighten out.
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Aluminum — - Fiber

Case \

diid
ity
iy

S5craw —m
Support
Block ’////

Plexiglass//
Cover ‘ *E"*"“‘Clamp Closeup View of

Mechanism and Case Release Mechanism

-Fuse

.

Figure 2: Design of the corrosion fuse mechanism.

One end of the fiber was connected tc a Photodyne 5400X0 High Resolution OTDR
which monitored the transmission of light through the fiber as well as the

magnitude and location of light loss. Previous experiments were conducted to
calibrate the OTDR and size the corrosion fusé mechanism [7]. The effect of

the bend in the optical fiber can be understood by applying Snell's Law at the
core/cladding "Interface. BAs shown in Figure 3, light traveling at an angle
less than the critical .angle, @8 ¢, is totally réflected within the core [9].

This is the case for propagating rays in a straight fiber. However, when the-
fiber is bent into a tight curve, some rays may strike the boundary at an

angle greater than #c, and be lost due to refraction. Before the onset of

corrosion in the experiment, the metal fuse held the fiber in a bend, which
was detected as a light intenszity loss by the OTDR. When corrosion broke the
fuse, the fiber straightened and the OTDR detected a net increase in the
propagating light. ~ '

Cladding Core > Partial
}g/ 81 {. — Refraction
LY 74
1< 8¢
s ¥
Total Reflection partial
Reflection
Straight Fiber ' Bent Fiber

Snell's Law: @&c = cos~l(n,/n;)
n; index of refraction &f core
n; index of refraction of claddindg

Figure 3: Principle of Snell's Law applied tc the transmission of
light in a deformed coptical fiber.
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The environmental chamber was operated at 30°C, with the monitors and OTDR
being checked on a daily basis. After 36 . days no apparent corrosion had
cccurred. In ordeér to ensure timely results, the temperature was increased to
44°C and a mild sclution of phosphoric acid was Sprayed on the fuses each
subsequent day.

RESULTS

On day 66 one of the fuses corroded tb failureé and created approximately a 0.1
dB increase in power -transmission at the location of the fuse. The remaining
two fuses failed "at 73 and 76 days with subsequent increases in power
transmigsion of approximately 0.25 dB and 0.5 dB, respectively. Figure 4
illustrates the OTDR output at each stage of the experiment.

The average failire age of the fuses was 72 days. Assuming that the spring
loaded mechanism released the optical fiber when the flat metal specimens
corroded 1.5 mils through each side, an estlmated 7.6 m;ls per year (193
pum/yr.} uniform corrosion rate had occurred. . .. .-

T T ]
|

2tallsdt
bt Likk 4 ! H"Eﬂ'l kil

I
i
]
|
| =

L
| n

Figure 4: a) (top left) OTDR output from the corrosion monitors
at day 1, the location of each moniter along the cable is
indicated by an arrow. b} (top right) Break of fuse No.3 at 66
days. c¢) (bottom left) Break of fuse No.l at 73 days. d) (bottom
right) Break of fuse No.2 at 76 days.
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The 7.6 mils/year rate is similar to a corrosion rate which would be expected
for a moderate to severe marine environment [10]. This correlation of
corrosion within the environmental chamber to corrosion in a marine
environment can only loosely be made, however, due to the introduction of mild
acid to the environmental .chamber midway through the experiment. The acid
lowered the ambient pH of the fuse surface, thereby accelerating the rate of
corrosion.

CONCLUSION = et T .

The fuse/fiber monitor accurately detected the occurrence of corrosion in the
environmental chamber. The average rate of 7.6 mils/year corrosion was
determined by assuming a uniform loss from each side of the £fuse. This

average rate of corrosicn provides "a measure of the relative. corresivity
within the environmental chamber. Additional testing will take place in oxder
to correlate the fuse corrosion rate with speC1f1c environments, such as
tropical marine ot acid rain.

Further refinements will be made to the fuse/fiber/OTDR system. Monitor
improvements will. primarily occur in the operation of the fuse/fiber release
mechanism and in the substitution of plastic for metal parts. Additional
research will alsc focus on improving the fiber/OTDR response and determining
the operational limits, such as the mazimum number of fuses that can be
attached to a fiber. The overall objective in making these changes is to
improve detection performance, reduce manufacturing cost, and create a
corrosion monitor that has practical application in the field.
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MASS LOADING IN BACK-TO-BACK REFERENCE ACCELEROMETERS

Robert D. Sill .. - .. .. - - -
ENDEVCO Corporation
San Juan Capistrano, California

Abstract

Mass loading on Back-to-Back Reference accelerometers can be a significant source of.. .
uncertainty in comparison calibrations. Modeling the effect of. the mass of the unit- -
under-test on case rescnance of the Reference accelerometer allows ceorrection of these.
"relative moticn" errors and reduction of uncertainty. Theory is given of mass
loading on Reference accelerometers in general, and data is presented for the
particular case of an integral transducer in a beryllium high frequency shaker.

Introduction

This paper will discuss mass loading and other frequency-dependent
characteristics. of Back-to-Back Reference Accelerometers. If ignered,
they can cause significant errors and uncertainties in comparison
calibrations. Errors and uncertainties can be minimized with proper .
understanding and correction. An example of correction of these effects
is the use of the published mass loading correction curves of ENDEVCO®
compariscen standards. These curves assist in coxrecting for Reference
accelerometer frequency respoéonse, as well s the less-well-understood
mass loading effect. In this paper, data and theory are given behind
the curves, and a description of how the data was obtained. . Formulae
for the correction curves are given, as they are applied in ENDEVCO's
Zutomated Accelerometer Calibration System. ' N

Background

Comparison calibrations require that the motion applied to.a Unit Under
Test (UUT) be measured faithfully by a Reference accelerometer. Using
the Reference output to determine input acceleration, the calculation of
the UUT sensitivity is simply the UUT output divided by that
acceleration level. In the simplest calculation, the Reference is - -.
assumed to have a fixed value of sensitivity, and both transducers are
assumed to be experiencing the same acceleration.

At least two effects invalidate these assumptions, and are the topics of -
this paper. The first is the frequency response of the Reference

itself. Of course, the Reference sensitivity is not a single value but
is a function of frequency, typically increasing as the freguency
approaches the resonance of the sensor assembly inside the Reference.

The second is that there is flexibility in the structure between the
transducers, allowing what is called “"relative motion™.

To ignore this flexibility implies belief that the structure between the
transducers is infinitely stiff: that it does not deflect when
transmitting the force required to accelerate the UUT. If this were so,
the motions of the two transducers on each end would be identical. 1In
reality any force on any structure will causé a deflection. The
structure between the UUT and the Reference sensor.responds to the
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forces by deflecting, therefore the motion. at the UUT will not be the
same as measured by the Reference. . Orie moves "relative" to the other.
There will be a differernce in both phase and amplitude of their motilons.

Usually the difference in motion is negligible, but particularly at high
frequencies and/or with large values of UUT mass, it can be significant.
In such conditions the forcing frequency may be rnear an undamped
resonance of. the structure. Deflections and calibration errors can

become large.*

In the example of the Model 2270 Primary Comparison Standard, the
structure is the upper part of.the Case of the Refererice accelerometer.
Similarly, "int the Model 2270M7A, built into.the beryllium armature of
the Mecdel 23901 High Freguency Shaker, the structure is the material
which physically connects the two accelerometers These examples are
depicted in simplified form in Figure 1, — .. e o

uuT
—_//\\'_]_ el b X, @uyr L X, 8
Sl b Y, Sge L 4 Y, Bae
NI 4z
Back-toBack _ Armmaturg
RAeieranca with buitt-in
y Asfaronce

(2270M7A)

Figure 1. Two typas of Back-to-Back Reference accelarometers. The
"piggyback" style Endevco 2270 is depicted on the left, and the shaker
armature with built-in 2270M72 is on the right.

Reseonances in the structure between UUT and Reference will be referred
to as the "Case resonance”. For this discussion, the structure will be
modeled as a one dimensional spring between the accelerometers, with the
Case reasonance being the natural frequency of the spring. (A lumped
parameter diagram is shown in Figure 2.} This resonance is determined
by its stiffness and its distributed mass. Note that this is the
resonance wWithout the additional mass of the UUT.

* No discussion will be made of differences in direction of the motion, such as if

rotations are involved in the relative motion. Only single-axis motion will be
assumed, along the line between the transducers. In addition, the discussion will_be
limited to.UUTs below their resonance frequencies, and mounted directly to a Back-to-
Back Reference. Any fixtures mounted between the accelercmeters or any large-
amplitude resonances of the UYUT in the freguency band of interest will invalidate the
correction models described in this paper. The theory can be applied generally,
however any correction values would need to take into account fixture mass and
stiffness and the mechanical impedance of the UOT.
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mass of UUT
M

Effective mass of
case between Rel
and UUT .

Stitinass of case
batween Ref and LT

Armature
(Ref mounting -

suriace)

Rel selsmic mass —w=

Figura 2. Lumped paramatar mcdal of Back-to-Back acceleromatars. See
text for definitions.

As shown in Figure 2, the motion x is at the UUT mounting surface, and
is the motion which defines UUT sensitivity. The motion y is what is
measured by the Reference. Z is the motion of the inertial mass of the
Reference. The UUT is shown as a lumped mass as if its effect-on the
system were modeled with only the value of its mass, M. In fact the
inertial mass and the stiffness elements in the UUT will cause the force
required to drive the UUT to vary with freguency and complicate the mass
loading discussion that follows. These effects will be ignored for
frequencies below suéh resonances, since variations will cccur only near
UUT resonances, at which presumably the acecuracy of mass lecading
corrections are less important.

Iheory

Referring to Figure 2, the displacement of the base of -the UUT is given
by the value x, and the acceleration is given by its second derivative
X. fThis is the motion which the UUT senses. Output is the product of
that acceleration, the sensitiwvity, and any gain introduced by signal
conditioning, according to '

UUTOutput = x UUTSens(w) UUTGain(w)

In this expression the sensitivity and gain can vary with frequency @.

To determine the UUT sensitivity, once the output is measured accurately
and the gain (and frequency response) of the signal conditioning is
known, only the acceéleration remains to be found. In comparison
calibration, of course, that is the purpose of the Reference transducer.
Referring again to Figure 2, its output is related toc input by

RefOutput =y RefSens{w) RefGair{w)

Note that its sensitivity too can vary with freguericy. We will model
the response as an undamped single degree of freedom system, given by

RefSens(w) = 175€N%

- (2]

Wn
At frequencies low compared to the natﬁrallfrequency of the Reference,
Wy, the sensitivity is very close in value to HefSens,. as frequency
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approaches the resonance, the value of the denominator becomes smaller
» ¥ . r . - ) ~n s * 1 N * %
and sensitivity ilncreases in the é&élassic amplification curve.

One of the most important points of this paper is that the acceleration
measured by the Reference is y , not X. Therefore, what is needed is a
relationship to determine from y the motion of x , described below.

As mentioned above, the Case will be considered ta be a spring with

distributed mass. The distributed mass can be modeled as a lumped mass ce -
at the end of the spring {(which in a simple linear model has an

effective mass eqnal to one third of the total)[l]. The mass of the UUT

is added to the effective mass, and its meotion relates to the stiffness

K of the Case according to the relation

(Mgt + M) X = K (y - X,

Leaving the details to the engineering textbooks (using the Laplace. . ———

transform, which effectively Substitutes X with —1D2X'b§ assuming the

solution to be the complex petiddic.X::)(eﬁm”), this expression can be
solved and rearranged to get the transmissibility of the Case

Y k=M + M}

The ramifications of this expression will be easier to see after a few
more substitutions are made. Consider that the unloaded Case resonance . - -
(that is, the resonance frequency of the Case With no UUT) is defined by

K. 2
Mot e

determined by the effective mass and stiffness of the Case. A further
substitution is made with a mass loading ratio.

#z_"'_f_"'_’\f’;ﬁﬁ. e e e (Eq. 1)
Mest

which represents the multiplier by which the Case is loaded with the
mass of the UUT. Making these substitutions gives

** The fact that .a Reference is not ideally flat should not be a detriment teo

calibration accuracy. If it is stable (that is, if the resonance fregquency does not
change) this curvature is simply a fixed characteristic that can be part of the

overall calculation of the UUT sensitivity. Generally the actual sensitivity -

variations of the Reference are measured by techniques traceable to absolute
standards. For those frequencies above which there are no traceable. sensitivity data,
we can use the model above. Regarding traceability, unlike the described mass loading
corrections, compensating rescnance response of Reference transducers generally is
useful in frequency ranges which are tooc high to be traceable. Is the reduction of
uncertainty by such methods moot because the measurement is not strictly traceable?

An important function of a calibration system is in the characterization of transducer
performance, such as the resonance search. To include corrections for well-behaved
characteristics, such as a resonance rise of the Reference transducer, simply makes
geood engineering sense,
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sl

(2

This is the desired relationship between motion at the UUT and the

- Reference. As with the expression for the behavigr . of the Reference

frequency response, at very low values of frequency, the two motions are
very nearly the same, and at frequencies approaching the modlfled.Case
resonance (altered by the added mass) the motions differ. The motion at
the Reference sensor may be very much smaller than that out on the end
of the resonating spring, which is the Case” with the UUT attached.

Finally, combining all the formulae gives Eguation 2, in which UUT
sensitivity is equal to the ratios of the outputs and the gains
multiplied by the Reference accelerometer sensitivity and a correction
factor. Provided the freguencies are low enough, each of the frequency
dependent terms in the ceorrectiop fagtor will have a value less. than
one. In the numerator (on top) is the corzectlcn,due to.the Case
resonance and mass loading: in the denominater is the effect of the

*k
natural frecquency of the Reference .

1-e(2f)
UUTOutput  RefGain ( (a)
UUTSens = RefSens 2L
M8 = “Refoutput UUTGain ° (1- (2f)
Wy,

(Eq. 2)

Having a value less than one, the upper term corrects the wvalue of
calculated sensitivity downward. This counteracts the effect of the
relative motion, which is to inflate the UUT putput by creating motion
larger than is measured by the Reference. The larger motion is the
result of the resonant amplification due to the Case rescnance. Larger
UUT mass increases the need for correction, since larger UUT mass. .
(larger K} lowers the Case resonance. AL a particular freguency, the
motion of the heawvier UUT would be farther up the amplification curve,
requiring smaller absolute value of. the correction term.

The Reference corréction term alss has a value less than one, but this
time effects an increase in sensitivity because it is in the
denominator. Since the actual Reference output becomes larger due to
its crystal resonance (), {(that is, motion at z is larger than at y) if
uncorrected it would result in_a calgulated sensitivity that 1s too
small. The term corrects fgr.this.inflated Reference output.

The gontributions of these two competing terms are depicted in Figure 3.
A qualitative summary of the effects is listed in Table I.

asme o4 e e MR s 4 e Lo s

*** As mentioned in the previous footnote, this term would be replaced by the actual

Reference fracquency response measurements at those frequencies traceable to absolute
standards.

122



>1

<1

frequency

Figure 3. Fraguency response contributions of the terms of thae
corraection equation. The upper curve shows the effect of the Reference
transducer resonance, peaking a¥flp. The three curves below show the
effect of increasing UUT mass. The unloaded curve is on the right
{M=0), and the curves with increased UUT mass to the left. The combined
effect is the product of the top curve with the appropriate lower.curve.

Note in the curves that there are conditions in which the competing
effects of sensor resonances. and mass leading might cancel, suggesting
that Back-to-Back Reference accelerometers counld be designed to have a
Case resonance with a typical UUT which is matched to counteract the
crystal resonance. However, as will be seefi in the data below, the
required Case mass would be substantial, reducing the drive capability
of the shaker by a significant factor. 'Also, this would only work for a
narrow range of UUT mass. It is thought to be better for the sake of
overall uncertainty to keep the size of the correction to a minimum,

considering the uncertainty of the correction itself.is not
insignificant.
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Table I.

Effects of Resonance and Transmissibility on Correction Factor

Raeferance Trans— - - --Apparant Corraction
Rasonanca missibility {Uncorrectad} Factor
Condition Effact Effact Ul Sens
Ref output UUT output ugTout/ multiply by
will be: will be: RefQut Apparent Sens
low freq, negligibly negligibly  correct as is =1
low mass increased inecreased” {no correction)
low freq, - negligibly moderately slightly high less than 1
high mass increased lncreased
med freq, slightly negligible slightly low greater than 1
low mass increased
med freq, slightly slight slightly high effects tend
high mass .increased . amplification to cancel
high freqg, - significantly negligibly significantly can be much
low mass increased increased .. . decreased greater than 1
high fregq, significantly significantly will have laxge use for
high mass increased increased uncertainties trend only

Rata

Three sets of tests were performed, on one Endevco 2901 High Freguency
Standard-Shaker and two 2270M15 accelerometers. The 'M15 is a back-to~
back transducer with a 1.8 inch (46 mm) diameter solid beryllium case,
structurally similar t¢ the 29201 armature, with a sensor assembly
identical to the 2270M72 inside the shaker. . Each test used a miniature
2250aM1 transducer adhesively mounted to a beryllium 5tud in the UUT
position. Prior to the test, it was characterized with transient
techniques to have a resonance frequency of approximately 80 kHz, with
no detectable minor resonances.

To simulate mass loading effects, rings were mounted around the UUT
using #8 screws in a triangular hole pattern, as depicted in Figure 4.
All rings had an inner diameter.of 0.45" (11.4 mm) to accommodate the
miniature UUT. Quter diameters of the rings ranged from 1.25" to 2" (32
to 50 mm), with thicknesses from 0.25" to 0.375" (6 to 9.5.mm), and all
were made of a tungsten material (except the lightest one, made of
aluminum). The intent of the rings was to allow the mounting of
different masses to the shaker without having to dismount the UUT.
Since the 2250AM1 was mounted only once per set of tests, base strain,
transmissibility of the adhesive, and other characteristics pertaining
to mounting were eliminated as sources of uncertainty.
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top view

2270M15

2250AM1

Beryfiium stud - fing

2270M7A

Armature

cross-sectional view
of 2270M15 mounted
on armature

cross-sectional view
of 2901 armature
with integral 2270M7A

Fiqure 4. Configquration of tha tests. The 2250AM1 was adhesively
mounted to a beryllium stud and remained untouched throughout each set
of tests. Rings of different mass were bolted to the armature or the
2270M15 to simulate different masses of UUT. When testing the 2270M15,
the transducer in the shaker was not used.

Using the output of the 2250aM1 as the Reference, and correcting for its
resonance rise using the classic single-degree-of-freedom equation,
frequency response plois were generated for each attached mass. The
data on one of the tests is giwven in Figure 5. As seen in the data,
deviations of the curves below approximately 20 kHz is generally well
below 1%. At 20 kHz and above, particularly if simulated UUT mass was
greater than 100 grams, deviations appear to be on the order of 1/2 of
the correction values.. At least some of the variability, also apparent
in the other two sets of data, may be due to minor connector resonances
in the 2270 series transducers. :

It should be noted that the data indicates strain sensitivity of the
transducers was not a facter. The deviations at low frequency were
essentially-.zero for all applied masses. A discussion of strain
sensitivity is given in Reference [2].
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FPigura 5. Sansitivity deviations of the 2270M7A Accelerometar. Data
plotted in this figure are the sensitivity deviations of the Back-te-
Back standard for different simulated masses, compared to an Endevco
2250AM1 transducer in the UUT position as the Reference. _The
adhesively-mounted miniatiure Transducer was neot removed between tests as
rnasses were changed,

Figure 6 below includes the curves generated to f£it the data of Figure
5, by choosing wvalués of Crystal rescnance, Case resonance, and
effective mass of the Case.

1.1 ]/. UUT mass (grams)
8 1.05 <} /JI —— 15
S
T ~—0— 50
= i
g 100
1] ———,
E 0.95 T~
Q e 150

0.9

A 200
0 5 10 15 20 25

Frequency {kHz)

Figure 6. Calculated correction curves for the 2270M7A and 2270M15
accalerometars. Values of Effective Mass, Case Resoparice, and Crystal
rescnarice which provided the best fit usiiwy. 1 and Eg. 2 are found in
Table II.

For comparis‘on, a copy of the published correction. curves from the
2270M15 Performance Specification is shown in Figure 7.
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Figure 7. Published correction curves for the 2270M7A and 2270M1S
accalercmetars. These curves are found in the Performance Specificatons
for these Back-to-Back Reference accelercmeters. The user of these
accelercmeters would multiply the frequency response results of .a UUT by
the appropriate curve to get a response corrected for the UUT. mass.

Justification or rationalization comes from the physically reasonable
values used in the calculated curve, based onh characteristics and
dimensions of the structures. However, recent data have not been taken
to confirm the published 2270 cor¥rection factors. ..(The data for the
2270 curves simulated with these coefficients prédate the author.)

Table II.

Parameters for calculatation of correction factors.
Refaerenca Effactive ‘Casa Crystal
Transducer Masx Raesonance Rasonance

{(grams) {kHz) (kBz})
2270 I - S iso = ) 50
2270M7A (or 2270M15) 6 380 . 78

Note that because the effective mass of the Case of the Reference is .
low, even lightweight UUTs can significantly change the loaded Case
resonance. Only when the unloaded Case resonance is much higher than
the UUT usable frequency rahge is this effect small. Note alsc the
significant difference between the 130 kHz Case resonance of the steel
case of the 2270 and the 380 kHz for the beryllium Case of the 2270M7A
and 2270M15. This extraordinary value is reasonable, considering the
fact that the speed of sound in beryllium {equal to the sgquare root of
the ratio of Young's modulus to density) is nearly 2.5 times as large as
that of steel. . . (Beryllium is 40% stiffer but more than 4 x lighter than
steel.) At nearly 500,000 in/sec (12,500 m/sec), a wave could travel
between the Reference sensor and the UUT ({across a distance of -
approximately 0.6 inch or 1.5 cm) approximately 500,000 / (2 % 0.6) or
417,000 times per second. This remarkable stiffness and velocity
explains why such an exotic material is used.
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Conclusiong

Mass loading effects on Back-to—-Back Reference accelerometers can fellow
predictable and physically reasonable patterns. They can be modeled,
and therefore corrected, knowing the total mass. of the UUT and the
values of the Case rescnance and the effective mass of the Reference.
This technique can be used to reduce calibration uncertainty when using
Back-to-Back Reference accelerometers.. -Whereas uncertainty estimates in
the past were made unnecessarily large to swallow the relative motion
effect of a range of UUT masses and frequencies, (or the estimates were
subject to limits to UUT.-mass and frequency), use of the equations and
modeling parameters described in this paper can reduce the size of the
contribution of mass loading effects on overall uncertainty.

Future work is planned, using laser interferometric techniques to
monitor motion at the UUT mounting surface with an abscolute method,
again using simulated UUT masses. The intent is to reduce the
uncertainty of the correction; and provide more direct traceability.
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NEW DYNAMIC PRESSURE GENERATOR AND ITS APPLICATION
Benjamin Granath, PCB Piezotronics

ABSTRACT

A brief description of a simple hydraulic pregsure
calibrator is given. Pressure to 10000 atmospheres can be
generated at frequencies useful for the calibration of
ballistic sensors. Application of the device is for precige
calibration of sensors and representative wave forms from
the device will be presented. .

From BRL Memorandum Report #1843

Dynamic¢ Calibration of Pressure Transducers at the Shock
Tube Facility, May 1967.

From communications from Sandia Laboratories in that year
we built at BRI, a drop test calibrator that would generate
preasures up to 50000*psi. (photo)

Low viscosity silicone oil wasa the liquid that was
compregsed.The oil changed viscosity with pressure and -
almost became a solid. For those not familiar with the
drop tester. )

A mass is constrained to move only up and down wvertically.
It is dropped from a selected height and strikes a small
diameter piston coupled to a small chamber containing a
liquid. The liguid is slightly compressible at the high
pressures of concern. Pressure transducers are placed in
gide ports to measure the pressure developed in the liquid
by impact of the mass and piston.

The mass strikeg the piston which moves against the liquid
and compregsesg it generating a decelerating force.

When the downward velocity of the rod becomes zero the
pregaure in the chamber is at a maximum, and the liquigd is
at the peak of compression.

Many lignids experience phase changes in the range of
pressures that we wish to measure, water for example
freezes to ice at 20 deg C when compreased isothermally to
about 9 kb.

From the American Institute of Physics Handbook, tables
compiled By P Bridgeman can be found that give the
compression data of wvarious liquids. Glycerin,an alcohol,
seems to be first choice for a high pressure medium. Sandia
Laboratories and AVL Inc. Transducer workshop Proceedings
May 1991. -

Up to 1986, the pressures in the pressure-cells

were compared to transfer standards that could be traced
back to NIST dead weight testing devices. The AVL device
wag the first that considered and indeed did calculate the
pressure .from measured impact velocity. The last page of a
paper given by AVl at the 1951 Workshop

wag of most interest to me because it showed an
accelerometer on the massg. Mass*acceleration/area of piston
seemned £o be the most direct way to determine pressure.
Volume of fluid, friction of piston,any other losses could
be corrected by a measure of the deceleration of the mass.
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It alsc helps to have a sBimple mass and a ICP® Quartz Shear
Impact Accelercmeter.

The dynamic high pressure generator that we have developed
at PCB, is portable, requires shop air to operate and has
built in safety features. Eight quick disconnect air lines
provide all the power needed. Pressures up to 10000 bare
can be generated. A different range of pregsures can be
gelected by simply changing the mass.

The accelerometer used on the mass is one of a control
group that has been calibrated at frequernt intervals
against reference standards. All PCB ballistic sensors are
calibrated using this device and a Harwood strain sensor.
We are in the process of collecting data for a more
detailed paper to be presented next year, but here are
some of the preliminary data and waveforms.

References:
1. Stein, Peter K. Pyro- Shock,Impact and Other High
Speed Transients: Some Thoughts On "TQM*-Total Quality
Meagurements, LE/MSE Newsletter No 39,January 1593
2.Coulter George. A. Dynamic Calibrations of Pressure
Transducers at the BRL Shock Tube Facility,
Memorandum Report 1843,May 15967
3.Riegebauer Joseph, Dynamic Pressure Calibrator
AVL, Graz, Austria,Proceedings Workshop on the
Measurement of Transient Presgure and Temperature
April 1991
4. Youden W. J.,Experlmentatlon and Measurement
Nist Special Publication 672
5. C.O.Bennet and B.Vodar,Calibration of a Controlled
Clearance Pressure Balance up to 8000 Barse,National
Center of Scientific Research, Bellevue, France,l1963
6. ICP is a registered trademark of BPCB Piezotronics,
Inc. Depew,N.Y,

130



BRL
PRESSURE

1
CALIBRATOR -

frame

base

131




DYNAMIC

PRESSURE
GENERATOR
quide
— pheumatic
mass lift & release

pressure cell

base

132




HZ

1B

Set 2,
Pnti4487 6.526 @ 3.02n3

Cursor= Setl

s

B

130,000 psi
(B96E6 Pa)

trdsrnanes

—

Lo

0

o

N

l_lll‘ll Il!lllILILIILIILII_l _I_IIJ_EILL

© @ o o 9
b m N ! [0
SLI0N

TH YT ‘T 3¥@S8 7

133

5.0m3

0.05

-5.0mS

TIME

- A




=
=
—t
=
E

SUO'5 S0'0 SU9' 5~

NI I N I B B P

=
o

00052

ajep buirjsaf

(1sd) a993s03dog wWwOoXJ 3IANsSsSaxg

0° 0005

320

i A

8’ 0054

¥6

IO T

lIlII!Il[!lIILIIILIIIII

l I _ } I I l

SUBZ6°E 8 P+d2GLT T E9BERIU
J231s93dodq wogJ 94nsSsagg 1198 =J0SJan)

134




SuUG*L sug'5 e A | ) sug" 2~

(ed 93999) -

Isd 00996 -

[ L _ | I ! | _
SUST9'Z 8 99°6 BASEH#IUd
ZH AT ‘2 338 :2388 =J0San)

8’8

5°¢2

a8°'s

54

a° a1

SLI0N

‘T 398

=21

TH

135



sua' S

]

o

T

I

—

(ed 93¢g0t)
1sd 005‘gS

J!II__I_IIIIIII_LLIJ_IJ_I_LIIIIIIII

I R N B R |

ZH

SWG9E"Z 8 SB8°S  ASPEHIUd
ar ‘2 188 :2319¢ =J0sJn)

g8'a
8’1
V7]
0
ﬁT
2 O
A Nn“
S
=D
=3
LA
15 -
==
8'¥v
B'S
8’9

136




[s

3]

5 5 1€0°1 5% 2'¥1L 54 g 'B6E SH OF "BL u ( 'Be2-
5 1801 5 2'y1L 54 g '98E % gE 6L S 0 BEZ- _ #
K , . N . " _ T ] ] Am
i 0°G¥B~iL “L06-
- R AH AR
| | 00'eS |S2°¢h
4_‘ ﬁ A A A
g 650"} 1260
1 ] A | A
| 55072 |260 2
N o _) >
§50°E (260 °€
,_,, | AL A
t 6el "y {260y
| 850 [260°S
) A A
| suoneiqied 650°9 |260°9
aidiniy
A A
] , , . ] 050", [260°L

137




HZ

Set 2, iB
Mt3292 6.85595 @ Z.64nS

Cursor= SetZ

TP T T T T T T] lilrﬁ“rTTTiI'{rT"rKi;ﬂli

H

o
o o

60,559 psi
(417E6 Pa)

] IL[JIIllll]l!llllllllllllLlJl__L

2 8 8 8 8 @
=] n Ao m od i 8
SLION

<H T ‘Z 388

138

18.8nS

5.6mS

8.683

TIME




sSup’ gt

B, 5z'5g

I H i _

TV

SWEPS P 8 G255°8 5BS2#3ud
UT ‘T 3138 :T338 =J0Sanj)

8'a

1'8

£'8

e

5'a

9'8

SLTIoN

‘T 388
139

vl

119




[EER

P

NN N SR DRI N A A

by

ZH10'8Y  ZWi9°BE 218’82 28’ 8T 2H B ZH18°8T- 28’ 82-

_ .Ajj Tﬂﬂg? M Rl _ﬁﬁam_ ,a%._ [ _Iﬂgﬂ_ LI h Fr i * r
-.—Il X | . _
I |
r 2
r N
L _
- ~
B | : 7
[ | | fep ]
. L | l3jpwios@ooe Jo, |
- | o “ | | 144 -
B ]

l

| _ I T _ (I

ZHLL6BR 8T 8 P-d2S5EBT’T S9T#3Ud
SII0n 2 39§ JO 144 (739§ =J0San)

£5:87:5% 8 Sexdugt

)

5-35°2

5-18'5

ZH/3L10N
Z 398 Jo 144

5-35'¢

p-30'1

140




1'(+) £52'62 L6L°6¢C 1 XA £68°L9 G8€9°0 Q86/vT/E
£ 685'67 661'6¢ Ce'LEe [AYAYA: GE9°0 BGG/PT/E
1TE'001 862001 LL'€6 ¥5'8¢¢ LZE0°0L BG6/CT/E
G'{+) £8¥'eL £28°¢cL L2869 £'891 $9'68" PS6/0L/E
6SY'CL Liv'eL Z'99 9'501 7880 2G66/01/E
gl+) YEL'LY 62’19 LS 86'L5 8¥L2L’0 BGE/8/E
L1+ £6E'20 18L°'C9 L20°9S GV°6S [ 78" 156/8/€
9 (+) 9vS’e9 LLE'EY SE0°LS <509 £C96L°0 9G6/8/¢
G'(+) LLG'E9 L06'EQ 9Z0°LS L1509 6V¥98L°0 PS6/8/E
[ +S+'v9 ELEPY 6E'LS 609 8699L'0 296/8/E
B yi+) LEL'G9 £86°69 68°89 S8V°CH 2¢8L0 456/8/€
L) £15'09 910’99 +6°84 vG'Z29 S164°0Q BG6/8/E
T YCEGREN)! To.n %,B w2od 9005 (FZII
P 2%32.“ TR ” xae_n AW houzw”.n_vq“m_.wn ¥ ao””..__.

V1vad AHVNINITIYd

141



A MULTIFUNCTION HEAT FLUX TRANSDUCER: o
BALLISTIC TEST DATA

R.D. Ferguson, C.L. Goldey, E.Y. Lo,
and P.E. Nebolsine. '
Physical Sciences Inc. Andover,  MA . 01810 —

J.G. Faller and W.&. Walton
U.S. Army Combat Systems Test Activity N
Aberdeen Proving Ground, MD 21005-5059 =

ABSTRACT

We describe a heat flux transducer which detects and
discriminates radiative and convective heat flux as well as
pressure and temperature transients at its surface. This e —
multifunction device has been developed primarily for the
application of thermal hazard evaluation. The transducer
sensing elements utilize pilezoelectric. films which are
sensitive to both pressure and temperature changes. The
electrical signals are processed to . obtain incident heat
flux with a thermal response time of drder 10 ms, and a
total accumulated heat flux capacity of over 100 J/cm?.
Ballistic range test results for prototype transducers . are
reported. = . e -

1. INTRODUCTION

Heat flux gauges are used in many testing environments
to characterize fires and to assess potential thermal
hazards for humans.!,? Typical gauges are thermocouple- e e
based calorimeters. These conventional devices are..
generally limited to measurementfof total incident thermal
energy, are often difficult to calibrate, and are subject. to
some ambiguity in data.interpretation. To address these
issues, a new class of heat flux transducers has been - =
developed under the sponsorship of the U.S. Army SBIR . '
program which meet specified requirements. Transducer theory
of operation, design, fabrication and data analysis method —
have been previously described® and will be only briefly B
summarized below.
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The transducer is comprised of two layered piezo/
pyroelectric polarized polyvinylidine fluoride (PVDF) films
on a copper heat sink which are embedded in, and protected.
by, polymer matrix. The difference in the thermal signa-
tures of the films is a direct measure .of the thermal
gradient, and thus the heat flux. Because the films are
below the protective surface, causing a delayed thermal
response, these signals must be processed to yield the
instantaneous flux at the transducer surface. Presgssure
signals. are common to both films, so that they cancel when

the film signals are subtracted to obtain thermal gradients.

Once the thermal.signal is known, however, the pressure
signal can be extracted. -

The generic prototype design is-illustrated in vertical
cross section in Figure 1. Films 1 and 2 are embedded in a
plastic and are separated by a known thickness, d. Most
electromagnetic noise is eliminated by shielding with the

Sensor Surface

Shle!d /-//)emh /x1// / / / _wum

PIANNNNN \?r\\\\\‘\\\ < Film 1 l: 28 pum
y 12pm
._‘Flim2 | 28um

hY

e sz
Vi'Vz | // / / / / / AlaphatlcEpoxy ] 2um

NN

Kﬂm = 0.19 Wim'K, (pCfjim = 2.5 Jicc'K 0.44 em
"\ Kepoxy = 0.25 Wi'K.(pClapoxy = 4 Jiee” K
Y Koy = 386 WM'K, {pC)ey = 3.4 Jicc’K "\
Film Pyroalectric Constant ~2.5 vols/'K

)

Oscillator - Acoustic Calibration Film

B-0055¢

Figure 1. Simple schematic of the prototype transducer shown in. . -

vertical cross section. The voltage difference of the
plane parallel film pair, measured with a differential
amplifier, is proportional to the temperature
difference between the films.
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exterior ground plane configuration. The thermal response FR -
function, and therefore the response. time; depends upon the e nan
depth of film pair. The depth x; at which the film pair is
embedded is selected to provide the most rapid response time -z
while assuring that the film temperature does not exceed its -
damage threshold at any time after .the onset of heating. ) o
Survivability is determined by the film depth and the S £
thermal diffusivity of the embedding material, the proximity
and thermal conductivity of the substrate, and the maximum
temperature that the PVDF films can withstand.

l

An important virtue of this design iz the purely one- = . - - ==
dimensional nature of the thermal problem, which lends ' ’
itself to complete and computationally efficient analysis.
The required multilayer thermal analysis consists of
straightforward matrix manipulations to determine the
(Fourier or Laplace) transformed flux and temperature
histories at successive layer interfaces. This multilayer
thermal analysis was programmed on a computer and used to S E
compute response curvesg, verified by direct calibration, and
for processing ballistic range data.

b

To fully characterize.a thermal event, it is desirable
to discriminate the surface-average radiative and convective
compenents of the flux incident on . the transducer surface. T
This is accomplished by dividing each sensor film into two -
interdigitated sensor patterns, one with an optically T
absorbing surface coating and. the other with an optically R
broadband infrared/visible refleécting coating. These . e e
provide measurements of total incident flux and the purely
convective component of heat flux, respectively. Therefore ... .. =
by subtracting these surface average values, the radiative - =
component of heat flux is obtained. The film patterns are
etched at PST using standard photolithography technigues.

I
i

Jo

il

Miniaturized pre-amplifier circuits have been incor- -+ =:::i.a
porated into the transducer package. The inexpensive b 7
sensing elements have been designed for easy replacement if  —— .
damaged. An additional feature of this transducer is a ]
self-contained acoustic calibration/monitoring of proper
operation capability. Since the PVDF films are both piezo ;
and pyro active, detection of an acoustic signal can be used. -
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at any peoint prior. to,. or during, a test to ensure the-
proper operation.

The transducer specifications and features are listed
below. )

1. Precise measurements of time-integrated heat flux
or fluence to at least 100 J/cm®, and instantaneous
heat flux (J/cm’-s) within a bandwidth of. 0.001 to
100 Hz with excellent noise rejection.

2. Sensor active area of seéveral cm® for surface-
average flux measurement or any desired area down
to a few millimeters square with no- loss of
response time. o

3. Surface preparation and film designs which permit
radiant and convective portions of-the thermal
gignatures to be independently characterized.

4. Individual film signals proportional to local
temperature changes versus time and containing the
acoustic signature of the event.

5. Laboratory calibration of transducer response
curves using pulsed CO, lasers.

6. Acdustic methods for remote field verification of
operation and calibration.

7. A capability to survive fires subjecting the
transducer . to temperature and heat flux. levels
much greater than those aSSOClated w1th third-
degree burns.

An exploded view of the prototype device is provided in’’

Figure 2. _ Data analysis methods and some initial ballistic
test data are described in the following sections.
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Figure 2. Exploded view of PSI heat flux transducer.
2. CALIBRATION

In preparation for ballistic range tests, calibrations
were performed with a short pulse CO, laser. Comparisons
were made between the calculated.and measured temperature
difference across the PVDF film pairs in the heat flux
sensor at 1 J/cm® fluenceé for calibration. The 1 us pulses
are reasonable representations of a delta-furiction and are
therefore expected to generate the theoretical response
curve predicted by the multilayer analysis. This cali-
bration was performed to.check predicted against measured
response. A typical response curve and its integral is
shown in Figure 3a. After processing (digital filtering or
deconvolution) with the multi-layer code, the expected
bandwidth-limited represeitation of the delta-function laser
pulse is obtained as shown in Figure 3b. This is purposely
rolled off_at a finite frequency to suppress noise, though
the integral is invariant in any case. These curves have
been scaled by the appropriate calibration constants to
produce the known fluence of 1 J/cm? determined by conven-.
tional laser pulse calorimetry.
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‘Laser Calibration{(a) film signal difference for

CO, laser pulse and it integral with a known

fluence. of 1 Joule/cm?, (b) bandwidth-1limited T
representation -of the incident surface flux :
after data processing. Note that the long

thermal tail of (a) has been eliminated.

Figure 3. -

Calibration with the laser pulse must be performed
after spin-coating a thin, IR-absorbing layer of carbon-
black laden epoxy but prior to application of the IR- .- . -
reflecting layer (by Cr/Al evaporation).
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3. BALLISTIC RANGE TEST DATA

The following tests were conducted at Aberdeen Proving
Ground in Fall 94. PSI Q;pv;@g§'heat flux transducers with
100 ft of cable and a powered buffer/line driver patch box
for driving the remaining several hundred feet of coaxial
cable for each signal line to the instrumentation trailer.
Data for only a few trial cases is available, and. these
cases were plagued by intermittent electrical connections.
The robustness and redundancy of the transducer is encourag-
ing, however,. since a great deal of useful data can still be ~ ~

extracted.. .. e
3.1 Shot #1. ... . . _

Heat flux transducer. data for-a ballistic range test
characterized: by penetration of and combustion within a
closed compartment is shown in Figure 4. Thig is designated
shot #1. A gain-switch at early time is evident. These two
channels are the for .the total flux measurement (IR-
absorbing film pair). UnTfortunately, in:this shot, and
subsequent shots, only two chammels of the possible four
were acquired. In this case two data acguisition channels
failed during testing so no radiative flux measurement was
possible - - ‘

1.0 T T —T — 1
0.8 ATTENUATED MODE: FILM SIGNALS J
0.6

04

02

FILM SIGNALS (volts)

0.0

-0.2 — 2 — _ 1

0.0 0.2 0.4 0.8 0.8 1.0 1.2
TIME (seconds)

Figure 4. Shot #1. Shallow{l) and deep(2) film signals (IR~ - -~

absorbing side). Gain-switch near 30 ms is
evident. :
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Pressuré transients are tyvpically of most _interest at

very early times while thermal events tend to be cumulative .
over seconds. But for 28 um PVDF film, the. thermal response

in volts/degree C (~6 V/C) is more than ten .times the
voltage developed per bar of pressure (~0.3 V/atm). Thus
the typical temperature signature is orders of magnitude
greater than typical blast overpressures or acoustic
transients. For these reasons, an automatic gain-switching
capability was incorporated into the integral pre-amplifier
in order to maximize information content at early time. The
film voltages are buffered at unity gain. When the positive
going (shallow/IR-absorbing) film voltage exceeds a preset
threshold, a capacitive voltage divider (0.66 uF) is
switched in parallel with each sensor film (1000 pF). This

is referred to. as the attenuated mode, since otherwise film

potentials would reach hundreds of wolts. The signals are
attenuated by a factor 660, the RC time constant is
increased by the same factor (to > 600 s). The shallow and
deep film are. actually arranged with opposite polarity.

For the high (unity) gain mode at early time, the
thermal and pressure signals . can be separated by forming
appropriate sums and differences. It is essential to
properly account for any small gain differences between
films and for the capacitive coupling between the paired
deep and shallow films. For this sensor the inter-electrode
capacitance is actually twice the film capacitance. The
unscaled results are shown in Figures 5a, b and c.

Because the thermal signal is known prior to the gain
switch, it can be matched afterward, so there is no diffi-
culty patching across the gain switch. This 1s illustrated

in Figure 6a. Using the multi-layver code and the calibration

data the heat flux incident at the sensor surface is
derived. The flux and its time-integral are shown in

Figure 6b. Based upon the calibration, we obtained more
than 11 Joules/cm? thermal dose in the recorded interval.
The slow response of the large thermal mass of the
transducer is compensated by the bandwidth-boosting
capability of the thermal code, up to a limit determined by

the signal-to-noise ratio of the raw data. This signal-to--

noise ratio easily accommodategs 100 Hz bandwidth, but this
adds nothing when only thermal dosimetry is required. The
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Figure 5.
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Shot #1. High gain mode (prior to gain-switch):;

(a) raw film signals (b)sum s:.gnal cancels commorn
mode pressure signal leaving temperature
difference {(gradient) of the films. (c) difference
leaves pressure signal and mean film temperature
{(which can be computed and subtracted).
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- - ----Figure 6. Shot #1. Attenuated Mode. (a) sum signal (temper- -
ature difference), (b)Processed surface flux
history with .bandwidth set to.25 Hz and its
integral, (c) processed surface temperature
history.
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code can switch between flux and temperature at any surface,

so for example, the surface temperature hlstory can also be
computed directly as shown in Figure 6c.

3.2 Shot #2 .

Using the same transducer as in shot 1, problems in
acquiring a full set of data channels persisted in shot 2.
Though the transducer behaved well in mild laboratory
shakedown tests, these shots were the. first remote operation
and potentially harsh conditions encountered. Again, the
absorbing pair were obtained in shot 2. Raw thermal signal
and the reduced flux data are presented in Figures 7a and b.
The sensor was purposely put in the attenuated mode (low
gain) before The shot. The fire suppression .response was
delayed till rather late in the record and the dose was more
than 20 Joules/cm’. The deep film signal appear to be
unphysical due to its rise above. the baseline (implying
rapid cooling of.the substrate). One of the few plausible
explanations of this effect--leakage between the films--has
no effect on the flux measurement. Indeed, a dead short
between the inner electrodes would .result in a common signal
proportional the temperature difference of the films. We
have proceeded on this assumption, even though this has not
been proven. This could be an effect of fragments from the
first shot, or thermal cycling and/or contamination during
sensor lamination. The latter are amenable to simple
assembly process improvements. A full, post-test assessment
of this transducer has not yet been completed.

3.3 Shot #3

For shot 3 a réplacement sensor was provided, but could
not be properly evaluated in situ prior to the shot. In this
case only the absorbing-side deep film, and the reflecting-
side shallow films produced data. Shot 3 included
penetration and fire, but the fire suppression system was
active rapidly. '

Note that signals from overlaying film pairs were not
obtained. The processed signals in this case use yet
another feature of the multi-layer thermal analysis code.
Surface flux can be extracted from single f£ilm data via its
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Figure 7. Shot #2 (a) Raw film signals (b)Processed surface
flux history and its integral. '

time derivative. Of course, there. is 1no common-mode
rejection with the single film, and subsequent differen-
tiation leads to significant noise increase. The need for
more significant filtering leads to phase distortions. This
can be addressed partly by digital filtering prior to.
differentiation. ' '

Both the deep/absorbing and shallow/reflecting signals
were processed in this way, and the resulting surface fluxes
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are shown in Figure 8. RBRoth initially rise rapidly and the
flux quickly drops off as fire suppre5810n commences. In
fact, the instantaneous. flux . goes negative brlefly as if the
sensor surface has been hit by something cold. The.
integrals, also seen in.the figure, indicate that the peak
energy on the absorbing side (radiative and convective) is
about 2 Jouleg/cm?, whereas the reflective side (convective
only) was about 1.5 J/cm’. These are not sufficient to cause
a burn. The difference of 0.5 J/cm® is a measure of the
radiative component of the flux. However, without a more
detailed calibration, the accuracy . of this value is
uncertain.  -Note that the transducer is apparently cooling
(convectively) as the integral curves show by sloping gently
down at the same rate. The proper.operation of all channels
ocbviates the need for the kind of analysis performed above.
Direct, accurate representation of the time-dependent
radiative flux could be obtained by simple subtraction of
the processed palrs. Additional testing is needed.

60 L) L ¥ 4 6
SHOT 3: DIGITALLY FILTERED
]
a a0 3 }
-; Q
E E
5 o
B o 0 =
o 8
5 | — SHALLOW, IR REFLECTING S
' __~_DEEP, IR ABSORBING
~30 ‘ — L ‘ -3
0.0 0.2 0.4 0.8 0.8 1.0

TIME (seconds)

Figure 8. Surface flux is computed independently from the
deep/absorbing and shallow/reflectlng films. The.
difference-in the integral curves is the
radlatlve flux dose.. :

4. CONCLUSION

This multi-function transducer and associated software
has been demonstrated in most of its available operating and
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analysis modes. Because of the design and fabrication R
methods, this transducer is readlly scalable in actlve area, R
overall size, flux and pressure dynamic range, and speed of = .. ..
response. Integral pre-amps can be configured. for several o
operating modes. Plug-in sensing elements make repair a
cost-effective option in harsh environments. .After further — . - ..
shakedown tests and elimination of some remaining minor T T
instrumentation issues, - this device will be suitable for a.
wide variety of testing environments.
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ON ANALOG FEEDBACK CONTROL FOR MAGNETOSTRICTIVE TRANSDUCER LINEARIZATION

David L. Hall and Alisén B. Flatau
Department of Aerospace Engine&ring and Engineering Mechanics
Towa State University
2019 Black Engineering Building
Ames, Iowa 50011

ABSTRACT

Terfenol-D is a "giant" magnetostrictive material offering mechanical .- -
strains on the order of 1000 x10-5 m/m (1000 p strain). Dynamic actuators
congtructed using Terfenol-D as the motion source offer displacements based on
approximately :500 p strain. These actuators are known to be nonlinear;
however, in some applications they can be treated as linear systems and their = .-
behavior approxzimated by the classic pair of linear transduction equations.

The transducer in this study is assumed to be a linear system (to facilitate
analysis) and simple, analog, PD (proportional plus derivative) acceleration
feedback control is uged to improve its linearity.

Expressions are derived and discussed for output displacement and
acceleration from an input reference voltage gignal. The expressions are
functions of frequency and controller, ldad, and transducer parameters.

Experimental measurements are presented to validate the expressions. ILimits

on the accuracy of the analysis arise through use of the classical assumptions

that constant coefficients can be used to provide a "good” model of the .
transducer parameters. It is shown that prediction accuracy improves when the -
parameters are calculated using a technique which includes the deleterious
effects of eddy currents occurring in various transducer components. However,
reascnable estimates are available by using even the simplest transducer
estimating techniques ("reasonable” by the standards for simulations of
Terfenol-D transducers). o

A nonlinearity of particnlar importance when using Terfenol-D transducers
is wave form distortion. The distortion is a result of nonlinear strain vs
magnetization relationships and the magnetic hysteresis occurring within the
Terfenol-b. The net result is varying amplitude integer harmonics present in
the transducer voltage, current, and output velocity. The amplitudes
typically increase with increasing excitation level. AsSuming the harmonics
to be disturbances, expressions are developed for predicting the change in
harmonic amplitudes of displacement and acceleration as functions of freguency
and parameters for the controller, load, and transducer. Experimental
measurements comparing controlled and uncontrolled output accelerations (at
the same drive-current level) are presented to validate the approach. Changes
in the harmonic acceleration amplitudes of from +2 to -30 dB (depending upon
the frequency of the disturbance input) are predicted and demonstrated. A
significant extension of the linear range of transducer behav;or, due to
feedback control, is also demonstrated.

INTRODUCTION

It is assumed that the reader has a passing familiarity with linear
controls. The same is not assumed about their knowledge of magnetostrictive -
transducers. -

Magnetostrictive materials are the magnetic analogs of the more familiar
piezoelectric materials. Magnetostrictives transduce strain and magnetic
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energies. Terfenol-D is a magnetostrictive material which was discovered at
the Naval Ordirnance Laboratory and it .is produced by alloying the rare-earths
terbium and dysprosium with iron. Thus, Terfenol-D stands for TPer(bium) + fe
(iron) + nol (Naval Ordinance Laboratory) + D(ysprosium). It has been
commercially available since the late 1980s. An authoritative discussion of
the physics of the material is available in reference 4. Terfenol-D was the
magnetostrictive material used in this study because of its relatively large
strains (compared with, for example, nlckel) and because it was readily
available.. ... -

Terfenol-D is typlcally produced in a cyllndrlcal geometry. The
manufacturer grows the crystals so that when solidified, most of the magnetic
domains in the material are oriented perpendicular to the axis of the rod. 2
magnetic field directed along the axis of the rod will cause the domains to
rotate (in an effort to align with the applied field)}, resulting in the rod
increasing in length (and decreasing in diameter). To a first approximation,
one can control the length of the rod by controlling the magnetic field within
the magnetostrictive rod. A popular implementation of Terfenol-D as a motion
gsource is to place a rod of the material down the bore of a wound wire
electric golenoid, thereby controlling the length of the rod by contrelling
the electric current in the solenoid. One end of the rod is usually “"fixed"
while the other end provides the motion/force output.

Engineering realities that should be observed when using Terfenocl-D as a
motion source follow.

1) TPerfencl-D filings are flammable.

2) Terfenol-D c¢an only be described as a "brittle™ metal. One should not
design a transducer in which the Terfenol-D rod will be drilled, threaded, or
welded.. It chips easily, thus mating parts must be closely aligned.
Fortunately, a rod which has been dropped can usually be glued back together,
especially if the fractures are perpendicular to the axis of the rod, without
resulting in a significant loss in the performance of the material.

3) Terfenol-D yields larger net strains if it is compressively prestressed.
The prestress translates to a prestrain which tends to improve the statistical
distribution of the magnetic domain orientations, i.e., it rotates more
domains closer to being perpendicular to the rod's axis.

4) Terfenol-D's compressive strength is much greater than its tensile
strength. For most practical purpcoses, the rod must be kept in an overall
state of compressive stress-another reason to prestress the rod.

5) Bidirectional motion from a Terfenol-D rod can be cbtained if the guiescent
state is defined as that of the rod when it is magnetically biased, typically
to approximately half of its maximuom low frequency strain. The magnetic bias
can be provided by permanent magnets placed somewhere in the magnetic c¢ircuit
or by running a 0 Hz electric current through a surrounding wound wire coil.

The first method is usually employed because of reduced power reguirements and

reduced heating.

6) Eddy currents can be a problem. Terfencl-D is a conductor, thus, varying
in time the axial magnetic field in the material induces large scale eddy
currents within the material (and other tranaducer components!) resulting in
magnetic shielding of, and heating within the material.

A schematic representation of the magnetostrictive transducer used in this
study is shown in Fig. 1. The view is that one would see if the transducer
had been cut lengthwise along its axis. As discussed above, the Terfenol-D
rod is positioned in the bore of a cylindrical wound wire solenoid. The rod

is kept in an overall state of compressive stress via the prestress adjusting

bolt and the prestress spring washer. Note that the rod butts against the

motion output and the prestress adjusting belt (no threads or welds!). As a
result, if a tensile force were applied to the motion output and it exceeded
the product of the prestress and the area of the Terfenol-D rod, the motion
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Fiqure 1. Schematic section view of the Terfenocl-D magnetostrictive .
transducer used in this study.

ocutput would pull away from the rod. Note, then, that the prestress and area
of the rod define the largest bidirectional force amplitude possible for the
transducer. Magnetic biasing is accomplished via the slit c¢ylindrical = e —
permanent magnet. The magnet was slit lengthwise (viewed from either end it
is "C* shaped) to physically disrupt a conducting path which otherwise would S
have been a major source of performance robbing eddy currents.Z The base is a
seismic mass. The input for the transducer is the oscillating electric
current. For the tests in this study, the base mass was adjusted so that the
base motion amplitudes were less than 5% of the amplitude of the motion
output. It was thus assumed that the transducer was a reascnable
approximation of a 1-DOF system.

Magnetostrictive transducers are traditionally considered as being
reasonable approximations of linear systems at low drive amplitudeslr2r4 and
as becoming very nonlinear at high drive amplitudes.® 4,5 fThese are all .
relative terms. A more concrete example is shown in Fig. 2 which displays
plots of percent harmonic distortion (%HD) and displacement from current
{|{u/I]]| as a percentage of the value measured when driven at 800 mA) versus
drive current amplitude (displayed as a percentage of 800 mA). The datums in
Fig. 2 were calculated from the information given in Table 5.1 of reference 2.
For the tests, the transducer was driven by 200 Hz sinusoidal drive currents
of various amplitudes using an amplifier with a current-control module. - : -
Acceleration auntospectral density functions (0 --2 kiz) were calcunlated for e
each of the 200 Hz drive-current amplitudes. %HD was calculated as the ratio .
of the summation of the harmonic amplitudes to that of all of the amplitudes
(the harmonics occurred at integer multiples of the fundamental, i.e., at 400,
600, 800, ..., and 2000 Hz). Displatéement from current values were those
corresponding to the 200 Hz component only, and all are shown as percentages
of the 800 maA value (11.2 pum/A). For the transducer in question, a "high"
drive current amplitude was 800 mA zero to peak.

As shown in Fig. 2, the measure of wave form harmonic distortion is a
minimum at the lower drive current amplitudes. If 20% harmonic distortion
were arbitrarily defined as the upper limit of the transducer's "low signal
linear range," one would be limited to drive currents below 100 ma for this
transducer (as loaded and operated at 200 Hz). Note, however, that this
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Figure 2. Percent harmonic distortion (%$HD) and percent of displacement from
drive-current amplitude (|]|u/I||) versus sinusoidal 200 Hz drive-current
amplitude. Current and u/I are expressed as percentages of their "high"

drive~current amplitude (800 mA} values. '

places a severe limitation on the possible output displacements in the
vlinear*" range. From the figure, for 13% drive current (100 mA), displacement
per ampere is about thirty-four percent of the 800 mA value. Thus, the
displacement at 100 mA is about one-third of one-eighth of that at 800 ma,
i.e., u(100 ma) = u(800 mA}/24. One would thus like to decrease the output
harmonics in order to increase the linear rangé of transducer operation. That
was the impetus for the investigation reported here.

Figure 2 shows two types on nonlinearities common to Terfenol-D
magnetostrictive transducers. Harmonic, or wave form distortion exists and
increases with drive-~current amplitvede. Another, more subtle nonlinearity is
the change in displacement from current with increasing current amplitude. &at
very low freguencies, u/I is proportional to the fabled magnetostrictive
linear coupling coefficient, aka, the "d constant.” As shown in the figure,
it increases by a factor of five over this drive-current range and exhibits
its steepest slope (highest sensitivity to current amplitude changes) in the
low signal linear range (below 10% drive current, i.e., 80 ma).

MODELING APPROACH
The magnetostrictive transducer will be modeled as a linear system
satisfying a pair of linear simultaneous equations. The harmonic frequencies
present in the state variables will be thought of as disturbances.
The canonical form of the transduction equations, as applied to a

magnetostrictive transducer, is:l

Ve Zel + TenV (1a)

0w Tl + 2V {1b)
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where: V = voltage over the transducer leads, volts;

Ze = blocked electrical impedance of the transducer (blocked
physically, i.e., the electrical impedance one would measure if the
output velocity were held at zero) = slg + Re, where s is the
Laplace operator, L. is the blocked electrical inductance, henries,
and Re i3 the dc résistance of the wound wire solenoid, Q;

I = electric current passing through the wound wire solenoid, amperes;

Tepm = the transduction coefficient, electrical due to mechanical,
v/(m/s); :

v = the mechanical output velocity of the transducer, m/s;

Twe = the transduction coefficient, mechanical due to electrical,
Newton/A; and

Zx = the mechanical impedance, based on wvelocity, of the transducer
and the load, which, in its simplest applicable form is given as:
Zx = Shy + by + ky/s, where my is.the sum of the internal dynamic
mass of the transducer plus the load mass, in kg, by is the sum of
the damping within the transducer and that due to the load,
K/(m/s), and ki is the combined stiffpess of the transducer and the
load, N/m.

It is shown in the literaturelr2:® that for magnetostrictive transducers,
ignoring eddy current effects, Tep = -Thme = a drive amplituode dependent
pseudo-constant. In this communication, T will be defined as: T = Tey = ~Tpe-
Using this substitution in Egns. (1), one can solve for some useful
fundamental input-output relatlonshlps of the transducer when operating in its
linear range. 1In particular:. .. -

v T
—_——— {(2)
I oz

2
V _ ZoZg+ T (3)
I Zx
v w V T (4)
— o e e e ——
v I I -Zezx+‘1'2
u 1v - T _ (5)
v sV s{zezx+'r2)
a sv sT- -

e — - — ©(8)

VvV V Zazx+ T2

where: u = transducer output displacement, meters, and

a = transducer output acceleration, m/s2,
All of these eguations will be useful when modeling the transducer as part of
the overall controlled system.

Feedback Models Using a Current-Control Amplifier

Figure 3 shows a block diagram for the system consisting of a PID
(proporticnal,. integral, and derivative)} c¢ontroller; a current-controlled
amplifier, of gain K, &/V; the transducer (expressed as displacement per
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Figure 3. . Bleock diagram of feedback system assuming a PID controller, a
current-controlled amplifier of gain K, a displacement sensor of sensitivity
S,, and disturbance displacements, ug.

ampere = Eqn. (2) divided by s); disturbance displacements, ug; and a
displacement transducer of sensitivity, S,, V/m. The reference signal is
shown as V.; it is the input for the controlled system. Using the definitions
for the impedances (2. and zy) detailed below Egns. (1), the system transfer
function u/vVy is calculated as:

o (skq+ kp+ zci/s)xafz;

R ki / 8} Kp—8q
: 52y

which reduces to:

a (32Kd+3kp+ k_.-L)KaT -
S 5311:5; + Sz(bx+ kgRaTSy) + s(kx+ kaaTSu) + ki KaTSy

This function has two, possibly complex zeros in the LEP (left half-plane)
given as:

81,2 = [-kp * (kp? - 4kaki)1/21/2kg

and the Routh-Hurwitz criterial® guarantees that it will have its three poles
in the LEP if:

Kbx + Ka(kx + KpKaTSy)KaTSy + KpkyEaTSy > Myk;KaTSy

This derivation assumes that the system parameters are constants, independent
of drive magnitude and frequency. ‘These are tenuous assumptions when dealing
with Terfenol-D transducers, as will be described later. (T, Re, Lo, Ka, and
ky are all of particular concern with these actuators.)

Other relations could be developed assuming one had a current-controlled
amplifier that was robust enough to be a reasonable approximation of the
constant K. That was not the case in this investigation. (These transducers
are very active loads and they gave the Techron current control module f£its.)
Therefore, the balance of this communication will deal with a voltage-~
controlled amplifier. In addition, emphasis will be placed on oscillatory
drive conditions using an accelerometer as the feedback transducer. This was
done for two reasons: 1) The equipment was available. 2) Small amplitude
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disturbance displacements are anticipated and using an accelerometer as the
feedback transducer exploits the w? signal amplification inherent to

acceleration measurements. For example, if u(500 Hz) = 1 pm and the first
harmonic is u(1000 Hz) = 0.0l pm, then u({l000 Hz) is "40 dB down." Compare

that with the acceleration case: a(500.Hz) = —(2n500)2p(5007Hz}, a(lood HBz) =
~(2m1000)2u(1000_Hz), and 20 1og[ (2n1000)2u(1000 Hz)/(27500)2u(500 Hz)} = 20
log{4u(1000 Hz)/u(500 Hz)] = -40 + 20 log[4} = -28 dB. Similarly, the second

harmonic (1500 Hz) would be 20 log[9] dB larger than the corresponding
displacement measurement.

Feedback Models Using a Voltage Contrel Amplifier .

Figure 4 is a block diagram of the feedback system assuming a voltage-
controlled amplifier.  (Voltage is much easier to control than is current when
driving a Terfenol-D transducer.) The transducer's transfer function for
acceleration per volt is given in Egn. {(6)}. Using the PID controller defined
in Fig. 4, the relations for the impedances detailed below Egns. (1), and Egn.
{6), the transfer function for the closed Iocop system, as a/V., is given as:

sT
(kds +kp+ ki/ S}Kv—"—'—z -
a 2,2, + T
v ST
Ve 1+(kd3+kp+ ki/s)KvSa—-—-——i
Z2a2y + T
which "reduces" to:
2
a s(kds +-kps-+ki)KvT
V% (Lem_,c + devSaT) 53 + (Lebx+ Rl + kvasa'r) s2 + (Lekx+ Reby + T2 + kiKVSaT)s + Reaky

(8)

The tranafer fanction for ocutput acceleration from a given input disturbance
acceleration is given as:

a 1
ad 1+(kds+kp+ki/s)xvsa T -
Zozy + T
a4
+ _}.c'...L a 1
Ve k48 kp “’S Ky v ——

Figure 4.  Block diagram of feedback system assuming a PID controller, a
voltage-controlled amplifier of gain Ky, an acceleration sensor of sensitivity
Sa, and disturbance accelerations, ag.
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which reduces to: L0 E

a mxs +(Lebx+Remx)s +( kx+be+T2)s+ka
ad  (Lemy + devSaT)s3+(Lebx+ R ol + kvasa'r)s +(Lekx+Rebx+T + kiKySaT )S+Rekx

(%)

Note that Egns. (8) and (9) have the same characteristic equations (same
denominators) and that the control parameters appear as coefficients of the
higher power& of s (which contains the fregquency). Thus, it can be expected
that derivative feedback will be most helpful at reducing harmenics at the
high frequencies. 'Similarly, kp will be most useful at medium to high
frequencies and kj will help in the low to medium freguency range.

Classical-stability analysis might be applied to these characteristic
equations. However, it was not done in this study owing to the variability of
coefficients with excitation frequency, excitation amplitude, magnetic. bias
point, material prestress, and even actuator load (T changes with different
loads in the presénce of eddy corrents?). Reasonable estimates of stability
criteria might be obtained by using empirical and/or analytical relationships
for La, Re: by, ki, and T, as functions of all of the parameters mentioned
previously, if they all existed. Awaiting further research into those
relationships, stability issues were resolved empiricalily in this study.

Models have been developed for prediction of magnetostrictive transducer
behavior using a PID controller in the forward loop. It has been assumed that
the transducer was a linear gystem which satisfied the pair of simultaneous
equations, Eqns. (1), with the harmonic freguencies (that are known to exist)
modeled as disturbance inputs. The primary goal of this endeavor is to reduce
the harmonic signal content of the magnetostrictive transducer; thus extending
its linear range to larger displacements, velocities, and accelerations. To
test the modeling technique, a PD controller was fabricated and experimental
measurements were performed.

RESULTS

In this section of the communication, experimental evidence is offered to
show that the control system generally improves the linearity of the
transducer, realities of the circuits and components employed will be
discussed (including procedures for obtaining transducer parameters), and
model predictions will be compared with experimental measurements of
magnetogstrictive transducer behavior. Emphasis will be placed on the voltage-
controlled version, i.e., the drive amplifier was a voltage~to~voltage
converter, as opposed to a voltage-to-current transdoucer.

An example of the effects of simple proportional feedback on the output
acceleration of the transducer is shown in Fig. 5. In the figure are two
different experimental measurements of transducer output acceleration as
functions of time. For both tests, the transducer was drivem by a 1000 Hz,
1/4 amp drive-current. As shown in the figure, the proportional feedback made
a significant difference in the output wave form. Note that the second
harmonic frequency component {3000 Ez) was reduced dramatically by simple
proportional feedback.

Figure 6 shows experimental acceleration amplitudes for two cases each of
three different drive-current amplitudes. The two cases are controlled
{simple proportional acceleration feedback) and uncontrolled. 1In all cases
the drive-current was oscillating at 1000 Ez. The other frequencies were
harmonics. Each set of data was normalized by its acceleration amplitude at
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Figure 5. E=xperimental time traces of transducer output acceleration versus
time for the case of proportional acceleration feedback control and the case
of no feedback contrcl. Drive conditions for both tests were 1000 Hz, 1/4
ampere (0 ~ peak).

1000 Hz (thus all show 0 dB at 1000 Bz). As shown in the figure, proportional
acceleration feedback control generally decreased the harmonic amplitudes,
over this frequency range, when compared with the corresponding uncontrolled
drive-current test. Kote that at 4 kHz for the 250 mA drives, the controlled
case is approximately 30 dB below the uncontrolled cage. Note also that for
this range of drivé-currents the largest harmonic for any of the controlled. -
cases is about 25 dB down; for the uncontrolled cases the largest is
approximately -12 dB. The data in Fig. 6 confirms the harmonic distortion
trend displayed in Fig. 2: harmonlcs grow disproportionately with increasing
drive~-current amplltude.

The datums in Table 1 were calc¢ulated from experimental measurements like
those shown in Fig. 6 {(the 250 mA high gain data is that shown in the figure).
For these tests, two different proportional gains (the "low™ gain was
approximately half of the "high" gain) were used at three different amplitude
1000 Hz drive-currents. In all cases increasing the proportional feedback
reduces the harmonic distortion and the distortions increase with increasing
drive-current amplitudes. The second trend is in agreement with that shown in
Fig. 2 and implied by Fig. 6. During the course of this study, the first
trend was repeatedly observed experimentally (until the onset of
instabilities). Note that the 250 mA high feedback case had lower digstortion
than that of the 80 mA uncontrolled case. It is.interesting to note that this
corresponds to. increasing the "linear range™ displaceménts by a factor of
almost 15 (assuming linear range implies less than 13% harmonic distortion).

The input-~output relationship for the Techron 7520 amplifier was measured.
(The amplifier was fitted with a 75A08 control module, set for voltage
contrecl.) The system behaved gsomewhat like a first order system with a -3 dB
peint at about 57 kHz. Unless specified otherwise, it was modeled as a
constant gain with a linear phase lag over the appropriate frequency range
(usually 0 to 6 or 10 kHz).
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Table 1. _Percent harmonic distortion of odtput acceleration as a function

of proportional -feedback status for a single transducer driven by three cee e
different 1000 Hz drive-currents. Percent harmonic distortion was calculated .-
as 100 x (X all amplitudes -:1000 Hz amplitude) / = all amplltudes. . L
e s = 4 R TR AT R TR T S wa a{w} ! -‘w') ?‘*, o
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Figure 6. Experimental ‘acceleration amplltudes resultlng from 1000 H=z
drive-currents at three differept amplitudes. "C" represents the case of
proportional acceleration feedback control:; "U" stands for uncontrolled.

Datums were taken from acceleration autospectral density functions.
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The control circuit was built in-house. Input-ocutput relationships for
each stage of the circuit were measured and compared with the theoretical
relationships. Theory and experiment were found tc be in excellent agreement.
However, difficulties were encountered. There was this pesky 47 kBz
oscillation (it turned out to be the mounted resonant freguency of the.
accelerometer). It was thought that the large number of ocutput frequencies
produced by the transducer almost always contained a component near 47 kHz,
which, in turn, excited the accelerometer.. It was necessary to place a band-
‘pasa filter between the accelerometer and the summing amplifier in order to
avoid feeding back and oscillating (it was also needed to block the low
frequency drift of the accelerometer signal conditioner). The transfer
function for this filter was:

Vout _ SR,Cy

: (10}
Yn SCZ{RI(SR2C1+C1/C2+1) +R2}+1

where: Ry = 30 kQ, Ry = 100 kQ, C; = 1000 pF, and C; = 0.1 pF. Its lower -3 .- -

dB freguency was 10 Hz; its upper was 7000 Hz. (This filter had a strong
infiluence on the behavior of the contrgl system. As is shown later, it
modified magnitudés and phases when compared with simulations from which it
was omitted. It is suggested that a better accelercometer/filter system be
located.) Since this filter was placéed in the feedback loop, it can be
thought of as modifying the sensitivity of the accelerometer. Therefore,
everywhere S, appears in Egns. (8) and (9), one should use the guantity: S, x
Egn. (10).

The differentiator built for this 1nvest1gatlon was Smely an active first
order band-pass filter with an adjustable gain. (See, for example, reference
7.) 1Its transfer function, assuming the op amps to be ideal, was:

v, sR,C
out. 21 .x-Adjustable Gain (11)
¥n ( sRoCp + 1) ( sR31Cy + l)

where: Ry = 2.2 kQ, Ry = 10 kQ, C; = 0.01 uF, and Cz = 470 pF. The phase on
the output was +90° at law frequencies, reducing to +45° at 5075 Hz, i.e., its
first -3 dB fregquency was 5075 Hz. The proportiocnal plus derivative summing
amplifier also included an adjustable gain.  Its effects on kp and kg were
included in the reported values. Since the differentiator was not a pure
derivative, skg values in Egns (B8) and (9) were replaced with:

ska/{(sRaCz +1) (8R1€C1 +1)}-
The reported values of kg were calculated as the product of RpC; x Adjustable
Gain x Summing Gain.

At this point, circuit parameters are known. For all tests reported in this
communication, the transducer was mass loaded such that the first mechanical
resonant frequency oc¢curred between 2500 and 4000 Hz. It was mentioned
earlier that the transducer in this study had a slit cylindrical permanent
magnet positioned around the wound wire solepoid:(recall Fig. l1). This magnet
was used to position the cap and base relative to. each other; bolts (not shown
in the figure) pulled the cap toward the base, compressing the magnet in the
axial direction. Unfortunately, slitting the magnet resulted in a radial mode
of vibration which affected transducer behavior arcund 7 kBz. As a result,
model values reported in this communication {which are based on a 1-DOF
mechanical model) will be limited to frequencies less than 6 kH=z.

Quantities applicable to the magnetostrictive transducer must be estimated
in order to meodel the transducer, thus the system behavior. One needs
estimates of T, the transduction coefficient, 2., the blocked electrical
impedance of the transducer, and zyx, the sum of the mechanical .impedances of

166




the transducer and the load.
material properties, or build a transducer and measure them.

One might consilt the literature for "nominal”
Typical results

from both methods are shown in Fig. 7 for the case of simple proportional

feedback control.

(X).

Also shown in the plots are the experimental measurements
The figure shows the product of Sa-and EQn. (6} = 8aa/Vy = Vage/Vy =

accelerometer over reference voltage, magnitude and phase, versus frequency.
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Figure 7, .Magnitude (a) and phase (b) of accelerometer voltage from reference
voltage for simple proportional feedback control of a magnetostrictive

{Terfenol-D} transducer.

Model 1 was calculated using "nominal" material.

properties. . Model 2 used properties/funétions measured and modeled (see
text).
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In the figure, Model 1 was calculated using published “nominal® Terfenol-D
parameters,® relations from the literature,® and the details of the control
circuit discussed above. The transduction coefficient was calculated as T = N
d 8 m r?/ 1, where: N = turns of the wound wire solenoid (N = 1300 turns); d
= the linear coupling coefficient of the Terfenol-D rod (d = 1.5 x 1078 m/a);
E, H = Terfenol-D's Young's modulus as measured at constant field strength (Ey, H
= 3.0 x 1010 pa); r = the radius of the magnetostriétive rod (r = 0.125 x
0.0254 m); and 1. = the rod length (1} = 2 x 0.0254 m). Thuos, T = 365 N/A.
The blocked electrical impedance of the transducer, Z., was estimated as the
dc resistance (Re = 6 Q) plus jwle, where j = V(-1), w = 2nf = frequency of
oscillation in radians per second, and Lg = pf n? 7 ry? 1z = 2.5 po 232642 o
0.003852 0.0559 = 4.43 mH (kf is the blocked magnetic permeability of
Terfenol-D = 2.5 kg, e = 47 X 107 Tesla meter per amp-turn, rg is the inner —
radius of the solenoid, and lg is the length of the solenoid). The mechanical .
impedance of the transducer, as loaded, was calculated using simple second
order mechanical relations®, i.e., ko = E A / 1y = E‘*n i/ 1y = 18.7 MN/m, my
was measured = mas3s of the load plus some attaching components plus 1/3 the
mass of the Terfenol-D rod (my = 0.086 kg}, wp = (ke/my) /2, and b, was
estimated based on a four-percent damping coefficient, i.e., by = 2 x 0.04 Wp
My - .

Model 1 ignores the presence and effects of eddy currents within the
magnetostrictive rod, and it uses simple formulas from physics and published
values for material parameters. Considering those gross simplifications and
migsplaced trusts, the Model 1 simulation shown in Fig. 7 was thought to be
surprisingly good. Model 2, however, did a better job of matching the
experimental measurements.

Model 2 in Fig. 7 was calculated using the electrical impedance modeling
technique developed in reference 2. A brief outline of the technique follows.
Transducer and material parameters are measured/inferred by electrical
impedance and admittance analyszis performed on experimental measurements of
the transducer's electrical impedance and dlsplacement from electric current
functions. These functions are measured using a current~control driver since
material parameters are very sensitive to magnetic field strength drive
levels. Thus, V/I and a variation on v/V are measured. From these
measurements and knowledge of the mechanical aspects of the transducer under
test (i.e., my, solenoid specifications, the stiffpess of the prestress
mechanism, electrical conductivities, and dimensions), one can calculate E

magnetomechanical coupling (aka, k2), the "d constant, " the mechanical damplng
coefficient (aka, ¥), and the magnetic permeability at constant stress and/or
constant strain. BAll of these parameters are used to calculate analytical
solutions (a plethora of modified Bessel functions) for Maxwell's Equations
using a complex valued, frequency and load dependent “"dynamic magnetic
permeability" for the magnetostrictive material within the transducer. 1In
this way, the effects of eddy currents in the magnetostrictive rod (and
housing, if applicable) are included. An analytical solution for the
electrical impedance is then calculated, i.e., one performs a simulation to
calculate V/I including motional and eddy current effects. This is the same
V/I as Egn. {3} and it should be a reasonable approximation (%x10% in both
magnitude and phase) of the experimental measurement performed earlier.
Recall that Egqn. (3} was derived by substituting Eqn. (1b) into (la).
Therefore, the pair of simultaneous eguations have now been solved. What
remains to be done is to calculate the yet unknown coefficients, Z. and T,
which are presently needed for the controls modeling. One can calculate Ze,
the blocked electrical impédance of the transducer, including the effects of
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eddy currents, by calculating V/I again. Howdver, this time through, use the
measured/calculated value of the blocked magnetic permeability of the

magnetostrictive material instdad of the "dynamic magnetic permeability" which -

was used the first time through. The transduction coefficient, T, can now be
calculated—including the deletericus effects of the load and frequency
dependent eddy currents—by solving Bgn. (3) for T, i.e., [(V/I - Za)zxkll? =
T. .
The procedure outlined -above was carried through one time with the
transducer operated at a representative drive-current amplitude and with a
representative load. The process would likely need to be repeated if the
magnetic bias point or the prestress of the transducer were changed. However,
they remained constant for the experiments which are compared with model
calculations in this communication.

It should. be mentioned that a third method of estimating Ze and T was
tried, and it resulted in fairly reasonable approximations of the feedback
control system behavior. One can measure V/I for the transducer, as run,
perform a linear curve fit to the real and imaginary parts separately, and use
the resulting empirical relations for 2,(f). These relations will include an
approximation of the eddy current effects, i.e., the real part will be a
function of frequency. One can then estimate T by solving Egn. (3) as above,
only this time using the experimental measurement of V/I. It is a small
peint, but when using either of the latter two methods of transducer parameter
estimation, one would likely use the "unreduced" forms of Egns. (8) and (9)
for their model calculations. .

Attention will now be paid to the effects of the feedback control system on
the amplitudes of the harmonic accelerations. (Recall Egn. (9) for afag.)

For the expérimental "measurements* of this function, one test was run at a
given current amplitude at a single frequency (e.g., 0.15 A € 1000 Hz) without
feedback control, followed by an otherwisSe identical test with feedback
control. In each case, acceleration autospectral density functions were
calculated over an extended freguency range (e.g., 0 - 10000 Hz} in order to
measure the harmonics. The experimental "measurement” of a/ag was calculated
as the difference, in dB, between the uncontrolled and the controlled
experimental measurements.

Figure 8 displays experimental measurements (X) and model predictions
{line} for simple proportional feedback control of the transducer. The model
used was that of Egn. (9) for the reduction in disturbance (harmonic)
acceleration amplitudes. Transducer parameters used in the simulation were
obtained by the method of reference 2. For both experimental measurements
(controlled and uncontrolled), the transducer was driven with a 0.25 amp, 500
Bz sinusocidal current, thus, the first disturbance/harmonic would be at 1000
Bz, the second at 1500 Hz, the third at 2000 Hz, etc. The largest
discrepancies between model and experiment occurred at 4000, 5000, and 6000
Hz. The experimental measurements at these frequencies were in excess of .60
dB below the fundamental's amplitude; thus, while still above the noise flcor,
they are suspect due to the instrumentation's dynamic rangeé. For this test
the mechanical rescnant frequency was approximately 3200 Hz. Note the 15 dB
attenuation near resonance and the increase in amplitude of the disturbance
accelerations for 5000 Hz and above, and for freguencies below 1000 Hz.

The effects of including a derivative controller are seen by comparing
Figs. (9) and (8). Note that the differentiator improved the high freguency
disturbance attenuation of the system. This trend was anticipated in the
discussion below Eqn. (8)- As in Fig. (8) the 4, 5, and 6 kHz experimental
measurements in Fig. 9 were more than 60 dB down, thus they are suspect.

Wote, however, the substantial agreement between experiment and the model
simulation.

Figure 10 shows the difference in system behavior (|[a/ag|[) at two
different values of differential feedback. For the figure, models were
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Figure 8. _Output acceleration due to input disturbance accelerations for the
case of simple proportional feedback control of the magnetostrictive

transducer, kp = 2.73 V/V. Model predictions are shown by the line,
experimental measurements are indicated by Xs.
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Figure 8. PO feedback control of magnetostrictive transducer, ky = 6.2 V/v,
kg = 90 x 1076 vs/v.
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Figure 10. Model predictions (line} and experimental measurements (X) of the
change in acceleration amplitude attenuation of harmonic frequencies due to a
change in differentiator gain, kg. Datums displayed were calculated from kg =
90 x 10~® simulations.and measurements minus the values from kq = 8 x 10~6 vs/v
simulations and experiments. For all cases, kp = 6.2 V/V,

calculated for two different differentiator gains (kp = 6.2 V/V for both
tests), then the model for the low gain was subtracted from that for the high
gain (the high gain version is shown in Fig. (9)). The experimental values
were calculated in a similar fashion. ¥or this plot, suspect experimental
measurements (low original acceleration amplitudes) were, again, at 4, 5, and
6 kHz. BAs shown by the figure, there is substantial agreement between actual
system behavior and the predictions of the modeling procedure developed in
this communication. It is also apparent from the data that increasing the
differential feedback increases the harmonic distortion at the lower
frequencies and decreases the distortion as frequencies increase.

DISCUSSION

Now that some confidence exists that the models developed in this study
yield predictions which resemble actual system behavior, some trends predicted
by the models will be examimed. It was mentioned previously that the filter
on the accelerometer effected the system response appreciably. Its effects
will be investigated. There was not an integrator in any of the implemented
control systems of this study. The effects of adding an integrator will also
be investigated. Figures 11 and 12 display the results.

The curves labeled "starting point” axre for the PD system shown in Fig. 9.
The "no filter" curves correspond to system hehavior if the band-pass filter
of Egqn. (10) had been removed (as if a low drift, low noise accelerometer and
conditioner were used). The curves labeled "with integrator" show the effects
of adding a modest amount of integration to the "no filter" control .algorithm.
{(Integrators are usually high gain, first order low pass active filters. The
integrator modeled here had the transfer function: 1/(s x 2.2 kQ x 0.1 uF +
2.2 kR / 22 xQ) x Summing Gain. The -3 4B point for this circuit was
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approximately 90 Hz, i.e., it resembled an integrator (1/s) for frequencies
greater than 90 Hz. As presented, k; = 16,500 V/(sV).)

As shown in the figures, removing the filter would help immensely. It has
the net effect of restoring the high frequency feedback signal. Incorporating
an integrator into the controller would improve the system behavior at the
lower frequencies. As shown in Fig. 12, the addition of the integrator and
removal of the filter ensures that harmonic frequencies will be reduced over
the whole frequency range of the study (it removed the characteristic hump
below I kHz of the previous implementationsg).
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Figure 11. Magnitude (a) and phase (b) for models of a/V, showing the effects
of a cleaner accelerometer/conditioner and then adding an integrator to the
control algorithm.
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Figqure 12. .Model predictions of the output acceleration magnitude due to
input disturbance accelerations. 0 dB = 1 m/s2.

CONCLUSIONS & RECOMMEKNDATIONS

The addition of an acceleration feedback control system improves the
linearity (reduces harmonic distortion) of the output of a magnetostrictive
transducer. In one case, 32% harmonic distortion was decreased to 9% via
simple proportional feedback.contrcl. This improvement translates to
increasing the magnitude of the low distortion, linear range displacements by
a factor of approximately 15 (when compared to the uncontrolled transducer).
Thus, simple feedback control has been demonstrated to increase the "linear
range” of transducer outputs. Harmonics occurring at frequencies near the
mechanical resonant frequency of the loaded transducer show the greatest
attenuations (approaching 30 dB in this study). Differential feedback tended
to increase harmonics at the lower fréquencies and decrease those occurring at
the higher frequencies. Modeling implies that adding an integrator to the
control algorithm would tend to reduce the low fregquency harmonics.

A method for modeling analog feedback control using magnetostrictive
transducers was presented. The method assumed the transducer to be a 1-DOF
linear system described by the classic pair of linear simultaneous
transduction equations. These equations were used to derive input-output
relationships for the transducer. - These relationships were then used in
elementary linear systems control theory to formulate models for the c¢losed-
loop system. The harmonic frequencies present in the transducer's output were
assumed to be disturbance inputs. Emphasis was placed on the case of driving
the transducer with a voltage-control amplifier (45 opposed to a current-
control amplifier). Relations were developed for modeling output acceleration
per input reference volt and output acceleration due to input disturbance
accelerations. The first was shown to offer reasonable approximations of real
system behavior. The latter was useful for predicting how the harmonic output
accelerations behaved in response to control system effects. In both cases,
the models were shown to agree with experimental measurements to withion * 3
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dB. Larger variations occurred between models and éxperiments when the -
experimental measurement became suspect, i.e., when the measurements
approached the limits of the dynamic range of the instrumentation. )

In this study, parameters pertaining to the control circuitry were well e
defined. The same cannot be said for transducer parameters. As with most
modeling endeavors, thé better the input, the better the output. The best
model results were obtained using parameters derived from a magnetostrictive
transducer modeling technigue that included the deleterious effects of eddy
currents in its estimates of the blocked electrical impedance and the
transduction coefficient. However, reasonable closed-loop system performance . R
estimates ("reasonable” for simulations involving Terfenol-D) were obtained
even when transducer parameters were estimated by the gimplest of methods.
Thus, closing the loop has improved the guality of the predictions of system
behavior—-especially when compared with attempts at predicting behavior of an
open-lcop transducer. It is recommended that any application involving
Terfenol-D as the motion source include a feedback system. It improves the
behavior of the system and it improves the engineerinyg predictions of system
behavior, when compared with the predictions of open-loop transducer systems.

The technigues developed in this study are applicable to general vibration
control applications that employ magnetostrictive transducers. For example,
if one were trying to isolate a platform from vibrations, the reference
voltage in this control system would be set at zero (no accelerations are
desired) and the actuator system would attenuate accelerationhs as shown in
Figs. 8, 9, and 12.

Other feedback systems can be deslgned using the approach detailed in this
communication. It has been demonstrated here that one can use Egns. (2} -~ (6)
to model the transducer's behavior in the closed-loop system.
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Abstract:

The mosl hazardous operation pertormed ot Kennedy Space Center is the
loading of liquid Hydrogen onto the Space sShuttle and External Tank.
One of the most valuable systems used to monitor this hazardous opera
tion is the Remote Hydrogen Leak Detection System. The current system
ig an enhanced second generation design. This design is the result of
the past fourteen years of lab testing and field experience. The design
incorpbrates both technology changes and improvements and increased
system requirements for real time troubleshooting.

The Remote Hydrogen Leak Detection System design allows for the
detection of Hydrogen from purged umbilical cavities connected to the
Space Shuttle.. These umbilical cavities because of their design and
location make it impossible to physically mount detection hardware into
the areas of concern., This system's leak detection technology requires
the preserice of Oxygen for the Leak Detectors to operate. The umbilical
cavities use Helium and Nitrogen as the purge media. This situation
created the need for the Remote Hydrogen Sensing System. The system
uses sample lines from the various purged umbilicals to transport a
sample to a fixed location where .the sensing ingtrumentaction performs
the analysis. The result of the analysis is transmitted to the Engl-
neering control room for real timé monitoring during actual Cryogenic
loading operationis. o

The original design primarily was based on Lab results from tests
performed to determine ranges and mixing ratios for optimum leak detec:
~tor operation. = Two ~Trang&s for Hydrogen detection were selected. These
detection ranges were based on safety factors used to contrel the hazard
level of Cryogenic loading and the Lower Flammability Limit(LFL) of

Hydrogen. One range selected for operation was zerc to four percent. .

This range is o®ed by detectors that are sampling for Hydrogen in Air or
Nitrogen environments. The second range selected for operation was zZerc
to six percent. This range is used by detectors that are sampling for
Hydrogen in~a "Helium envirconment. The same Leak Detector is used for
both ranges (4% and 6%} where the signal output is mathematically

treated to allow for the range differences. Mixing ratios became the.

hardest technical! hurdle to overcome. The mixing ratio ig the volumet-
ric ratio of sample gas mixed.with ambient air. ~It was discovéred that
certain mixing ratios c¢ould produce incorrect  responses. From Lab
testing and field uses it was determined that the composition of the
sample and sampling pressures had significant impacts on the performance
of the detrector. Tt T | -

The current design incorporates the original lab testing results and
the practical field experiences and knowledge gathered during the past

fourteen years. Most of this practical knowledge helped determine  how.

much and what kind of control and health measurements were required Lo
aid System Engineering in real time situvatipns. Controls were imple-
mented ~ that allow. for Calibration "and Test Gasses Lo be remotely
selected to verify instrumentation accuracy. Health measurements were
implemented that allows System Engineers to evaluate the sampling gual-
ity in real time for determination of data accuraty. Lastly the design
incorporated. remote control for real time ‘manipulation and trouble-
shooting of the system during Hazardous Operations (Cryogenic Loading
Operations) ; this prevents exposing persormel to a hazardous
situation(Red Crew operatlion) . i

. _._The Remote Hydrogen Leak Detection System "in usé at Kennedy Space
Center is a significant tool to aid in monitoring the most hazardous
operation performed in launching the Space Shuttle. The current system
is the result of extensive Lab testing and fourteen years of field
experience. New data and knowledge are still being learned as this
system continuves to fulfill its mission. ’ ) o
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System Overview:

The Remote Hydrogen
Leak Detection System is
comprised of four indi-
vidual cabinets. Two of REMOTE LEAK DETECTOR /| HUMS UNE SCHEMANC
thege cabinets are located
on the Launch Pad, one
each on the Fixed Service - toaa R
Structure(FSS) and Rotat- -
ing Service I-wu

structure(R85) . The
remaintng twh cabinets are
located inside a Mobile
Launch Platform(MLP). The
6145 cabinet on the PSS
samples the External Tank
Ground Umbilical Carrier [——

Plate(ET GUCP). The 6292 preerr K_/ s
cabinet on the RSS samples

the Orbiter Midbody [_ﬁ -
Umbilical Unit (OMBUU) . LH TRet
The two cabinets -inside ol CABeRET TooT ChameET |
the MLP sample various {Eny-fre) —e
areas within the LH2 Tail L

LI D)

Service Mast{TSM), the LH2 D) - Haraha
- . ]I“Hll:‘

~fwrar @

L) 11" b Lozes nx

17 inch External Tank
Orbiter Disconnect, and
the LH2 T-C Umbilical G- ot ——
Carrier Plate. The. 6407 r
cabinet samples two dis- s« T
tinct areas within the LH2 | = |
-0 Umbilical Carrier 1
Plate. . The 6660 cabinet - 2
samples two distinct areas [
within the TSM and two e
specific positions on the

et

MLF COMFT TA
- oo

LH2 17 inch ET/0Orb Dis-
connect. . Three. cabinets :
are specifically  used Lo support ET Cryogenic Loading
operations (Reference the above Figure). The three .cabinets are the
6145, 6407, and 6680. 7 A fourth cabinet{62%2)not shown is used only to
support Fuél Cell Cryogenic Loading operations.  The 6145 c¢abinet and
6407 cabinet leak detectors are zerc Lo _six percerif detectors Gthat
sample Hydrogen f{rom a Helium purged cavity. The 6660 cabinet leak
detectors are zero to four percent_ detectors that sample Hydrogen Erom
both Air and Nitrogen environments. These three = cabinets are activated
prior to beginning the ET Cryogenic loading of Hydrogen.

Each cabinet operates independently, but together completes the
entire deétection system. Cabinet activation involves turning on the
sampling system, verifying leak detectors have power, and verifying the
system indicates nominal responses. Activating the sampling system
includes powering the Mass Flow Controllers and allowing a minimum five
minute warm-up "followed by activating the sample pumps. Each leak
detector has twp associatied Mass Flow Controllers that control the mix-
ing ratio of the sample and air. The reliability and data accuracy of
the operation depends on the mixing ratio. The sample is drawn from the

umbilical ©r cavity to the cabinet and then mixed with air prior to.

entering the leak detector's mixing hamber. The leak detector responds
to the mixture within the mixing chamber. Each leak detector provides
continuous data at a frequency of one sample per second. From continu-
ous sgampling a Standard leak signature 1s recorded and data analysis
provides correlation to an event.
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Cabinet Operation: .
The cabinets all oper:
date by drawing a known
amount of sample through -
one guarter inch stainless
steel tubing (0.251in OD by
0.187in 1ID). The sample
is drawn from a purged
cavity at a volumetric
flowrate of 4.0 slpm per
sensor. . The purged cavi- []
ties are all! at O to 5 .
inches of water positive
pressure. The sample is
drawn by a vaguum pump
from the sample point
within the purged cavities

\

to the cabinet atr dis: _
tances ranging from 50 ]
feet. to .150 feet. The - é? ) il

sample enters the cabinet

Ltk Bt

and is controlled by the e
sample mass flow control- S
ler which is then allowed ——

to mix with the eguivalent
volume of air. This com-
bination is mixed in the

ez ity Py o, Fes

s S l

1

mixing chamber at the sensor. The sensor reacts to the mixture and
generates a response... The mixture is continuously renewed by the influx
of new sample and air. The old mixture is eévacuated and dumped external
of the cabinet through the exhaust system. All of the leak detectors
used to monitor the purged cavities are sensor redundant. This means
the same sample source is analyzed in parallel by two sensors at the
same time. The sample is split at the ¢abinet input bulkhead. The
total volumetric flow through these one quarter inch sample lines is 8.0
slpm. Two of the four cabinets have redundant sensors.. The 6145
cabinet that monitors the ET GUCP and the 6407 &abinet that monitors the
LH2 T-0 Umbilical Carrier Plate are the two cabinets. The remaining two
cabinets 6292 and 6660 have four separate sample inputs for four sepa-
rate sSensors.

The mixing chamber is a KSC design to minimize dead volume and maxi-
mize response time. The sample pumps are Gast Model PN:DOA P101-FB with
a pumping capacity of 1.8 Standard Cubic Feet per Minute. This combi-
nation of mixing chamber design, Sample Pump, and sample tubing enhances
the mass flow controllers operation thus increasing the data accuracy
and reliability of the sensor. The sampling system design is low cost
and low maintenance with high reliability.

Leak Detector:

The leak detector is a Detronlcs Model 400N Combustible Gas Detection
Transmitter with a Detronics Combustible Gas Sensor. The leak detector .
technology is a catalytic reaction on an electronic RTD element within a
wheatstone Bridge confiquration. The Detronics Combustible Gas Sensor
Element contains two legs of the Wheatstone Bridge. The sensor contains
an active electronic element and a matched reference element. The
active element contains Platinum that creates.the catalytic reaction in
the presence of Hydrogen. This catalytic reaction causes the resistance.
of the electronic element to increase. This increase creates an imbal-
ance 1n the Wheatstone Bridge thus creatlnq a current 81qna1 The
400N Combustible Gas Detection Transmitter. The transmltter contains
all the signal processing and transmitting functions. The model 400N is
designed specifically for NASA. The "N" designation identifies addi-
ticnal signal processing and voltage isclation that is required in a
launch environment. The additional signal processing simply converts
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Lhe standard 4 ta 20 mA signal generated by the sensor to 0 Lo 9 volts

De. The voliage isclatlien is in place to prevent sensor and system
crosstalk. The leak detector supports two different operating ranges
wilth the same sensor and the same outpul signai. The two different

ranges are created by a mathemacical interpretation of the signal output
The 0 Lo 4 percent sensor uses the conversion tactor @ 1 VDC is egual to

10,000 ppm{? percent). The 0 to 6 percent sensor uses the conversion
factor : 1 VBT is equal to 1%,000 ppm{(i.5 percent). ALl gsensors use a 1
volt oliset where 0 ppm is egual to 1.00 VDCT. The full operating range
af che ) to 4 percent senser is -10.000 ppm to 40,000 ppm with a data
resolution of 200 ppm. This data resclution 1s limited by the data
interpretation capabilities of the Launch Processing System(LPS). LPS
allows the user 250 biLs per data measurement which for Lhe 4 porcent
sensor converks Lo 200 ppm per bitc. The 6 percent sensors have data
resolution of 300 ppm per bit with an operating range of 15,000 ppmn to
60,000 ppm.

The basic operation uses the transmitter legs of the Wheatstone
Bridge to set the calibration points of the sensor in reference to the
sensing element and reference element. Once this is set the unit is
operational and data is considered real. The vendor recommends that each
leak detector be calibrated every 60 to 30 days depending on the oper-
ating environment. Standard operating procedurg at KSC reguires that
each leak detector be calibrated within 4 to 6 weeks of their support

operation. -~ This is reguired due to the operating environment at KSC. -

If either component iIs changed, calibraticn must be performed to balance
the new Wheatstone Bridge. Lastly, it is critical to calibrate the leak
detector in the media from which the sample is composed i.e. Helium,
Nitrogen, or AIY.  The difference between Air and Nitrogen is negligible
but, the difference in sensor response between Air and Helium is enor-
mous. The sensor elements are computer matched by the vendor to
provide optimum performance with maximum stability and minimum drift in
the desired sample media. The leak detector has to be calibrated in the
desired samgle media for any sampling affects to be eliminated.
Mass Flow Controllers:

The Mass Flow Controllers are Sierra Model 840 LOW Flow Body 0 to
10 Standard Liter per Minute units. The Flow Contrellers perform three
primary fuictions For the Remote Hydrogen Sensing System. The first
funcrion is the control of the sample to air mixture ratio. The second
function is to minimizé input sample pressure affects on the sensor.
The third function is to provide redl time monitoring of the actual flow
during operations. “The first function of the flow controllers ig the
most critical to the operation of this system. There are several oper-

ating factors that have to be accounted for the Mass Flow Controllers to

operate properly. '~ The input pressure or the differential pressure
across the Ilow controller must be known. If the input pressure or
differential pressure is not gufficient the solenoid valve within the
mass flow controller will not regulate the sample or air flow properly.
The solencid controls the flow accurately when its control voltage is
between -5 to-10 volts DC. The full control voltage is 0 to 15 volts
DC where 0 volts is full c¢lose and 15 volts is full apen. With the
contrellers powered on without flow, the controi voltage will be 15
volts DC. Once flow is established the control voltage should drop to

the -5 to -10 volt DC range. If rhe control voltage is not within
range, then one of two conditions exist. First, the input pressure Lo
the Mass Flow Controller may be insufficient. Second, there may be

insufficient flow to the flow controller for it to control at the
desired set point. For example, the flow controller is set to regulate
flow at 5.0 slpm and the total flow being provided is egual to or less
than 5.0 slpm the flow controller will drive the solenoid full open(-15
volts DC) trying to control at the desired flow rate. With the con-
troiler full open the Hydrogen sensor 1s responding more to variations
in the sample pressure ‘than actual changes in Hydrogen concentrations.
With the controller trying to control flow right at the set point, its
response will "stHow up as an oscillation of the Mass Flow Controller's
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signal out and possibly as a shift of the Hydrogen sensor s baseline.
This information and knowledge - ts critical in multiple {low situal ions
where sample Or air 18 comman to more Lhan one Flow controllor .

Mixing Ratio:

The system's detection limits, accuracy, reliability, and stability
are largely dependent on the Mixing Rario. The mixing rabio |8 the
volumetric ratio of sample tao air. Extensive testing of various ratios

and varying sample concentrations at a constant mixing ratio generated
empirical graphs that were evaluated te determine the besl operat.ing
mixture for NASA's application. The data generated frum this testing
paralleled testing later .performed by the vendor on different gasses.
Referencing Graph 1 there is a distinct point where the mixing ratio
will negatively affect the sensor's output thus its_data accuracy and

reliability.
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Graph 1
As shown on Graph 1, the optimum mixing ratio is between 2 to 3.5
parts sample to 1 _part air. This is one hundred percent operating

efficiency of the sensor with the gensor operating at its lowest gain
setting. This would provide the sensor its. best 8Signal. . The problem

with operating the sensor at the optimum mixing ratio is falling on the

right side of the curve due to [low measurement error. The effect of
sampling on the right side of the curve .in Graph 1 could be disastrous.

A high Hydrogen leak could occur and the sensor would only reflect a
small increase in medsured leakaqe ~ The right side of the curve shows
where the sgensor loses its ability to correctly measure the amount of

Hydrogen present in the sample. As shown on Graph 1 the further right.

the data goes the less response the sensor generates for the same sample
source. ~ From Graph 1, the mixing ratio determined to be the maximum
allowable for use was 3:1 sample to air for the sSix percent $ensors in a
Helium background. Further testing was completed to determine how far
to the left of the optimum mixing ratio would bé of best use for the

Space Shuttle's application,
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Ag shown on Graph 2 there is a distinct . breakover point in the sensor's
response between the 1:1 to.the 1.5:1 sample to air ratio. This break-

over peint 1is significant because the indicated voltages for the

3SA:2A1r, 28A:1Air, and 3SA:lair flow ratios are nobt representative of
the actual Hydrogen concentration present at the Hydrogen sensor once
the actual concentration exceeds 4 percent. From this graph the 1:1
mixing ratio appears to.be the best suited for the application. Lastly
from Graph 3 further testing with varying sample. concentrations shows
that the 1:1 mixing ratio was acceptable for NASA KSC's application.
During the testing and later data analysis different mixing ratios could
have been chosen. Any of the mixing raticos that were less than 1:1
sample to .air, where the sample volume was decreased, would also be
acceptable. The reasons for choosing the 1:1 ratio ties back into the
sensor, Mass Flow Controllers, and the sampling system operation. The
following is a list of advantages to using the 1:1 mixing ratio. This
ratio provides the most stable data over the sensor's operating range.
The ratio provides a safety margin for Elow measurement error that will
still keep the sensor operating on ‘the left side of the curve in Graph
1. By using this higher sample ratio it increases the overall input
pressure and flow into the Mass Flow Controllers.
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Summary: ) . . .

The Remote Hydrogen Sensing System in use_at the Kennedy Space Center
adeguately serves to monitor the hazard level of the Cryogenic loading
of Hydrogen. The system is the result of many years of lab and field
testing and practical experience. The system has optimized the best of
each of the individual components. Testing is stilil ongoing to continue
the improvements and innovations possible through this type of system.
This type of system can be used for many applications not pertaining to

-Hydrogen. The knowledge and lessons learned during this system's evo-

lution should make the conversion Lo . other applications fairly easy.
The existing system is accurate, reliable, durable, and low cost. This
gystem provides a simple means for continuous monitoring of a hazardous

operation.
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SIGNAL CONDITIONING FOR RESISTANCE-BASED TRANSDUCERS

L by Peter K. Stein, Director, Short Courses
The Engineering and The Dynamics of Measurement Systems for Test & Evaluation
5602 East Monte Rosa, Phoenix, AZ 85018

Telephone & Telefax Numbars: (602)-945-4603. (800)-MEASurement SYStems, in the U.S.

0.0 INTROQUCTION

The type of signal conditioning and the
manner in which a test is conducted will totally
determine the data which are harvasted. This briaf
survey hits the high points of how the test
procedure and the choice of signal conditioning
will affact the data. _

Some conventional definitions and concepts,
even though raised to international standards, may
be pure nonsenss, obscuring rather than clarifying
these questions.

Thus the definition of Thermal Qultput is totally
inadoquate. For the same process being observad
with the same transducer the choice of signal
conditioning will yield totally differant character-
istics for Thermal Qulput, which tmay be apart by
orders of magnitude. The Unifisd Approach
presented here will clearly identify the reasons for
the discrepancies.

Three main features which distinguish signai
condition for impedance-based transducers from
other types of signal conditioning ara:

1.0 THE INTERROGATING INPUT
(BRIDGE SUPPLY):

Impedance-based transducers and strain
gage-based ones in particular are non-self-
generating and require an external, design-
controlied input to interrogate the impedance-
changes stimulated by the Measurand. This input
is often callad the bridge supply if a hridge circuit is
used.

1.1 Amplitude:

The amplitude of the supply voltage affects
the self-heating of the transducer. For utmost
vorsatility this amplitude should be variable to
accommodate strain gages or resistance
thermometers on bad heat conductors such as
composite materials, plastics, wood, or very thin
sections of aluminum, steel, etc., or very small
transducers where space limitations prevant good
heat transfer. It is preferable if such controis ara
recessed so that inadvertent changes in bridge
supply can be avoided.

Since it is the amplitude at the transducer
bridge input terminals which must be kept
constant, six-wire arrangemsnts are possible,

which include two Remots Sensing leads. Their
function is to keap the signal conditioning output
amplitude at whatever level is necassary to
maintain the transducer input amplitude constant.
This is one method of suppressing the effects of
long lead wires.

A Zaro Amplitude or Bridge FPower Defaat
position on the control should be available, either
manually adjustable or computer programmabie.
When bridge excitation is zero and the transducer
still shows an output, then seif-generating voltage
noise levals have been documented and must be
suppressed before any data are acquired.

Amplitude Polarity Reversal is an altemate
method of documenting such voltage noise lavals.
When both input and output polarities are
ravarsed simultaneously, any changes in output
represant such noise levels.

1.1.1 Constant Voltage: Constant volt-
age excitation is most commonly used for strain
gage based transducers. The voltages typically
vary from 0 to 15 volts for transducer resistances
irom 120 ohms to 5000 ohms.

1.1.2 Constant Current: Constant cur-
rent excitation is often used to avoid problems with
long lead wires when the Remote Sensing oplion
is sither not available or not desired,

- 1.1.3 Internal Impedance: A variable
rosistor in series with the bridge supply voitage is
sometimes used as a Gain Control, which makes
the equivalent internal impedance of the bridge
power supply variable. For pracision transducers
temperature compensated for sensitivity with
temperature transducers in serigs with the supply
voltage — i.e. Modulus Compensated, the internal
impedance of a voltage supply must be close to
zero and not variable, or else the compensation is
compromisad. The saties-resistance gain-control
technique must be avoided for such transducers.

For current supplisas the internal impedance
should be close to infinity. This feature is important
for pracision transducers temperature compen-
sated for sensitivity with temperature transducers
in parallel with tha current supply. Any gain control
mechanism which produces a variable equivalent
intarnal rasistance of tha current source should be
avoided for those types of transducers.
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1.2 Wave Shape.

The wave shape of the bridge supply voltage
or current is critically important to the performance
capabilities of the transducer and signal condi-
tioning. S

1.2.1 DC: The majority of signal condi-
tioning powear supplies are DC. They suffer from
ong major disadvantage which can be circum-
vanted if the recommendations in 1.1 are followed.
The problem is that voltages generated within the
transducer due to thermal, electrical, magnetic,
tribcalactric, or strain-induced causes cannot he
separated from the voltages due o the interro-
gatad resistance changes. This problem is particu-
larly severe in vibration tests involving electro-
magnetic exciters and in all pyroshock, explosion
and impact tests. In all of those tests there are
noise-voltages stimulated which occupy the same
{requency range and time scale as the signals and
are correlated with tha signal. Unless tha Zero
Amplitude control on supply amplitude is invoked
during the test, such noise levels can neither be
documented nor suppressed.

1.2.2 Sinusoidal: Sine wave excitation is
commonly used for capacitively and inductively
based transducers, but also oftan with resistively
based ones, The main advantage of sine wave
excitation is that all voltage .noise levels can be
suppressed with appropriate output filtering so
that strain-inducad voltages, thermally, magneti-
cally, electrically, etc.-induced voltages are auto-
matically suppressed.

Thus in all strain-gage-based transducers the
so-called Thermal Output will be quite different for
sine-wave-fed transducers than for DC-fed trans-
ducers since tharmoelectric and other voltage
stfects are suppressed by the sine-wave carrier.
This makes the definition of Tharmal Output as
commonly accepted, uselass.

The disadvantags of sine wave fed systems is
their sensitivity to capacitive unbalance as possibly
produced by cables during a test unless rather
sophisticated carrier systems are ussd.

1.2.3 Pulse Train: Pulse-train-fed bridges
are far less sensitive to cable capacitance effects
than sine wave systems, and also permit the
filtering of all voltage noise levels of the types
menticned above. Furthermore their peak-to-peak
to rms ratio is [1/duty cycle of the pulse train] and

hence adjustable. For self-heating problems such

as in resistance thermometars, very small strain
gage based transducars, strain gages on bad heat
conductors, stc., pulse-fed signal conditioning is
ideal to avoid heat generation while maintaining
output lavels.
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In some commercial signal conditioning the
choice betwesn DC-fed, Sine-Wave-fed and
Pulse-fed bridges is computer programmable as is
the choice betweean constant current or constant
voltage excitation.

1.2.4 Frequency: The frequency of the
sine wave or pulse train will be dictated by the
frequancy response requirements of the
measuremean! system. The usual Sampling Criteria
also need to be obeyed. In general, the carrier
frequency needs to be higher than 3 to 10 times
the maximum signal frequency of interest. Some
commercial signal conditioning have provision for
changing the carrier frequency.

2.0 THE BALANCING CIRCUIT

Signal conditioning units divide into two major
groups: those with provision for initial balance and
those with no such provision.

2.1 No Balancing Circuit

in large, multi-channsl data handling systems,
the systemn often stores the initial unbalance of
each channel and then subtracts that value from
subsequent readings to acquire the data. Such
systems sutter from the problem that any changss
in excitation voltage or current, producing changes
in system gain (sensitivity, transfer ratio, calibration
factor} will produce zero shifts. An interactive link
bstween gain controls or amplitude conirol of the
interrogating input and the stored initial zeroes is
required to avoid that problem. Some commercial
units exhibit this feature.

To avoid excessive salf-heating of transdu-
coers, the excitation voltage or current must some-
times be changed during a test, which is when the
above problem is the most severe. '

2.2 Balancing Circuits

There are two major families of balancing
gircuits each suffering from its own disease. All
balancing circuits should have a disconnect switch.
in Autozero systems, which automatically maintain
balance, an Autozero-defeat switch is desirable.

2.2.1 Resistance Injection: A resistive
balancing network such as the common T-type
(slide wire and limiting resistor} for example, will
shunt two arms of the transducsr bridge and may
produce calibration changes (gain changas) during
the balancing operation. They may also produce
changes in linearity, zero shift vs. temperature
compeansation, transverse sensitivity, and common
mode rejection ratio. This effect varies from 0.1%
to 5% in commercial units and should be




ovaluated. A switch which disconnects the
balancing circuit will prevent such etrors in) cases
where the utmost data validity is desired.

2.2.2 Voltage Injection: Instead of
balancing the Bridge itself, as the Resistance
infection scheme doas, the Voltage [njection
scheme balances the System by injecting a
voltage in series with the bridge output to produce
a not zera output from the System. The voltage
source for such an injection should be linked with
the system gain control or bridge supply ampilitude
so that any changes in those will not produce zero
shifts. See also 2.2, and for the same reason. '

2.2.3 Documenting Overloaded
Transducers with Disconnected
Balancing Circuits

The first sign of an overloaded transduceris a
zoro shift. Such transducers will have degraded
performance such as for zero vs. temperature
compensation, stability, creep, linsarity etc. The
best way to detect ovarloaded transducers is to
check their output for zero input. This can only be
done if the balancing circuit is disconnected or is in
exactly the same position as when the original
transducer zero was determinsd, a more difficult
raquirement. It is also necessary to determine the
as-delivered initial zero for each serial number
transducer since transducer manufacturers usually
do not provide serial-number-specific data.

3.0 Step Input "Calibration”

System "Calibration" should be possible by
means of step inputs. These serve two distinct
purposes: Amplitude Calibration and Frequency
Response Documentation.

3.1 Amplitude Calibration:

Two major methods of injacting signais which
serve to calibrate the measurement system are
commarcially available,

3.1.1 Resistance Injection: Shunt Cali-
bration is almost universally used for resistance-
based transducers. A precision resistor of known
value is shunted across one arm of a bridge or
across the strain gage or resistance thermometer
or other known rasistance. The known resistance
change thus produced serves as a "calibration
signal” and produces a step output from the
measurement system. From this calibration signal
when combined with the transducar calibration,
which must be available, a system calfbration can
then be determined.

it possible three such resistors should be
available. It is then possible to verify system

performance not only for amplitude response
{calibration) but also for linearity since three
"calfibration” points are availabla. Resistance
infjection can produce positive and negative
outputs. Both should be available to check tha
system calibration and linearity from the operating
point both down into the region from which one
has just come, and up into the region into which
one is headed, warning, perhaps, of up-coming
non-linearity problems before the are actually
encountered during a test.

3.1.2 Voltage Injection: Injection volt-
age steps or square waves (i.e. repeated steps)
are another popular calibration method. It is one
step further removed from the transducer
calibration than the resistance-injection and hence
burdened with higher tolerances. The system
frequency response determination is also more
difficult since it depends on the location of the
voltage step injection.

3.2 Frequency Response
Documentation:

Tha response of the enftire measurement
systsm except for the input transducer itself, can
been documented by the Resistance Injection
procedure. For the voitage Injection procedure,
the fraquency response ot the bridge circuit itself
and any interconnecting cables from the input
transducer up to the point of voltage injection are
not includsd in the step response and must be
factored in separately.

3.2.1 Upper Frequency Limit: The
response of the measurement system forward of
the input transducer has been documented. The
10%-90% rise-time of the response of that portion
of the measurement system to a step will permit
calculation of the upper 3dB point of the system.
The rise-time of the transducer itself can then be
factored in by established fechniques.

3.2.2 Lower Frequency Rolloff: The
long-term response of the measurement system
forward of the inpui transducer has been
documented. From the number of zero-crossings
in that response it is possible to determine the
ultimate roll-off of the low end of the frequency
responsa curve for magnitude and fo evaluate the
system behavior for undershoot due to transient
axcitations. :

4.0 CONCLUSIONS

It is seen that a number of factors in the signal
conditioning design will affect different
performance characteristics of the ovarall
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measurement systems. Depending on the Figure 1:

combinations of the features in commercial  Typical Signal Conditioning showing bridge supply
hardware, a wide variety of perfor mancs dtsconnect switch and thres resistance-injection
charactenstlcs can ba achisved. - ~ "~ shunt calibration resistors
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INTRODUCTION
by Peater Stain (from [94])

The performanca coefficiants or paramatars of all
systems and system components are functions of signal
fraquancy. Flots of magnitude and phase of such coefficients
with respect to fraquancy are known as Fraquency Resporise
Curves. Spacial prasentations of such data are variously
known as Bods, Nyquist, Pola-Zero, Co-Quad, Nicholls charts
or plots and serve important functions in systam design,
control, performance and stability studies.

The detarmination of such fraquency-rasponse curves is
usually assumed to be under steady-state conditions, i.ea.,
dwaelling at each frequency an Indefinite length of time until all
transiont responses have decaysd to negligible lavals. In
practica, such a procedure is aither impossible or undesirable
and test frequency is varied with time. The rate of change of
signal frequency with time is known as the Sweep Spesd,
Fraquency Velocity or Angular Accelerafion and represants a
special case of a system under frequency-modulated
excitation.

Characteristics determined from such swept excitations
will, in ganaeral, differ from steady-state characteristics. This
offact is known as the Sweep Speed Effoct, which, like all
other effects, may be advantagecus or detrimental. The
effect ocours in systems of all kinds, processing energy of all
typas. Thus examples could be drawn from acoustics,
electrical engineeting {communications, signal analysis),
optics (filtering), chemistry (infrared anaiysis), mechanical
vibrations (reciprocating or rotational), etc. The common
tactors for systems to exhibit such sweep speed effects are:

»  Underdampad resonant conditions of any degree of
freadom

»  Excitations for which the frequency is time-
dapandent.

The differences between system responses to swapt
inputs and to steady-state excitations are: (Figure 1)

= The maximum rasponse {dynamic magnifier, transfer
ratio, ("Q") is lowar for swapt-fraguancy excitation
than for steady state. The effect also depends on
whether frequency velocity is positive {increasing
in frequency through resonance) or negative. The
effact is not symmatrical around the resonanca.

*  The indicated resonance moves in the direction of
the swaep and is different from (either higher or
lower than) the steady state resonance.

- Under swapt conditions thera are indications of
numerous rasonant fraquencies othar than the ones
shown for steady state conditions, These spurious
indicated resonances occur after the main
resonance on a timea scale. Thay may be at
lraquencias higher or lower than the main resonance
depanding on whether fraquency velodcity is
positive or negative through the main resonancs.
The effact is not symmatrical about the main
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resonance.

+  The apparent bandwidth of the swapt resonance
increasas over the actual bandwidth of the steady-
state resonanca. In othar words, the apparent
damping under swept conditions appears highar than
the actual damping is under steady state conditions,
which may iead to sarious data misinterpretation

i system properties are determined at sweep speeds
other than those which will excite the system in use,
erronecus “properties” or “calibration curves" wilt resuft irom
the frequency response test. Thus "quick” vibration tests may
reveal resonances much higher than intended operating
frequency, with peaks which appear acceptably low. Steady-
state operation can then result in system dastrction.
Nurnerous cases of this type have been documented in the
engineering literature.

However, sweep speeds of high vaiue can be usad to
avoid the effects of serious resonances through which one
must pass to reach operating conditions, This procedura is
comman practice in rotating machinery such as turhines,
where the effacts of saveral critical speeds can be minimized
by accelerating through them fast enough. If your car
shimmies at 40 mph you can still drive at 60 mph if you just
accelerate through 40 mph fast encugh. An interesting
application is provided by [87], an instruction manual for a
helicopter which emphasizes:

CAUTION: Avoid continuous rofor rpm in a range betwean 200

and 230 rpm because of stabilizer bar resonance,
Tha sevarity of the sweap-spead effect depends on system
undamped natural frequency, the system damping ratio at
each such frequency, and the frequency velocity of tha
excitation during passage through a system natural
traquancy,
Figure 1

Effects of Sweep Speed on the Apparent

Frequency Response of Resonant Systems
From Wright [95). See also Figura 10, p. 16 from Trull [72)
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Sweap Spead Effects in Resonant Systems: A Uniﬁed Approach

Past theoretical solutions attempting closed form
mathamatical solutions are listed. and discussed in this
survey (mostly from Zimmermann [97] but also from Trull [72],
[73]. They include Lewis [41], Dimentbarg [21] and Cronin
(18}, [19]. Lewis presents a graphical and nomographical
solution to the problem; furthermors, the input data required
for use of the solution are not readily available from the normal
formulation of any real, physical problem. Dimentberg formed
his solution with the use of Frasnel Integrals ot which tables
for complex arguments are not readily available, Cronin's
solution uses Emor Functions, and his equations, though
complicated, are usable. He requires different equations for
increasing and decraasing sweep speed. )

The solution proposed by Trull is based on the Auxiliary
Function of the Error Function and has many advantages over
past solutions. It is simple, it fits the standard vibration
solution format, and the functions involved are readily
accassible in tabulatad form. The solution is in the form of a
steady-state FM response for which a computer pregram was
designed, and a transient FM response which, for most
mechanical engineering applications has died out by the time
the system passas thorough iis first rasonance. Furthermora,
it usas the same equation for increasing and decraasing
swaap speads.

Zimmermann [97] conductad the first thorough study of
the literature and tied it all together, as is shown in this
survey, He also extended Trull's solution to include the
transient response with computer programs. Quofing from
Zimmermann, whose unpublished Master's Thesis was
completed in April 1973, but whose conclusions are still
timaly:

*Quantitativa methods of analyzing enginsering problems
associated with sweep frequency excitations are availabls,
but, based on the tachniquas used in the racent literaturs, the
availability of these methods does not appear o be vary
widely recognized. Because the problems can be
encountered with fiterally any physical systern, papers which
have dealt with the topic have been published in the joumnals
of many different technical disciplinas, and cross-raferencing
batwaeen thase disclplines has been limited. As a result, some
tachniques have been re-derived several timas while others
have never baen appliad in areas where they would ba most
usaful. Also, many of the approaches to the problems have
been very specific in natura, with the result that they were of
limitad usefulnaess. For example, a solution for the
transmissibility of a mechanical system is the sclution to a
single problam, while the solutions for the responsas of the
threa elements of a sacond order linear system (which is what
Zimmermann did) can be usad to solve a multitude of
problems.

*While tha qualitative effects of sweep freguency
axcitations on the response of resonant systems are
commonly known, effective quantitative means of daaling with
tha problem have not been readily available due to the fact
that the solutions to the diffarential equations describing the
rasponse of systems subjected to sweep frequencies ware
not expressibla in tarms of functions commonly used in
enginearing analysis. SR )

“Apparently this thesis represents the first attempt at
organizing the literature relaled to the resonant response of
swaap fraquency excited systems into a systematic body of
knowladge. Since the classifications appeared quife
definitive, and since the methods tor dealing with them are
quite diffarent, three types of problems were identified.

“There are actually three typas of associated problems,
as shown in Table 1. All three of these problams are
complicatad by the presance of a swaep frequency input, and
the tachniques for dealing with the three problems varies
considerably.

“The three types of enginearing problems associated with

sweap frequancy axcitation of resonant systems are
identified by the unknown guantity involved: (1) The QOutpuf,
(2) The System Transfer Function, (3) The Input. It is seen
that the lechniquas used to solve the thrae types of problems
differ considerably.

Engineering Objective #1: (Table 1)

“The first problem: Determnination of System Output, is
gensrally encounterad in design, and is mathematical in
nature: given a model of a system and a specified input,
delarmine the nesponse of tha system Means of dealing with
the problem mathematically are discussed at tength in
Chapter [la (of the Zmmemann Thesis [97]). If mathematical
analysis fails, as it often has in the case for these problems,
analogs are usually constructed, and this approach is
censidered in Chapter iilb. The problem is of a mathematical
nature and can be solved, in general, only by numericai
methods. Closad-form solutions for linear sweeps are
obtainabie for Gaussian systerns, compression filters and ait
second order linear systems. Emphasis is placed on solutions
for the response of ail elsments of a second order linear
system, and the solutions obtained are shown to be easily
evaluated. The response of each portion of a sacond order
linear system is also evaluated for a logarithmic sweep.
Refarences are citad for solutions for other systems,
including nonlinear systems. Analogs are also discussed.

Engineering Objective #2: (Table 1)

“*The second problem: Determination of System Transfer
Function, is experimental. In that type of problem, a piece of
hardware exists, and ils response to a range of input
frequencies is dasirad What is really wanted is the envelope
of all the responses that would be obtained if each individual
fraquency were appliad separately, at steady state. in
practice, a response is usually obtained by sweeping an input
across the frequency spactrum. Obviously, if the sweep is
too rapid, nothing resembling the desired objective results.
Means of dealing with this problems are discussed in Chapter
IV. They include techniques for limiting the sweep rate to
accaptably low leveis and means of infarring by numerical
mathods, the steady state transfer ratio, or function, from
outputs due to rapid sweeps. References using both
approaches are discussed.

Table 1
THREE TYPES OF ENGINEERING OBJECTIVE [68]

ENGINEERING OBJECTIVE
1 2 3
SYSTEM DESIGN FREQUENCY | SPECTRAL
PARAMETERS RESPONSE | ANALYSIS
SYSTEM KNOWN KNOWN UNKNOWN
INPUT (Specifiad) (Spacitiad)
SYSTEM KMNOWN UNEMNOWN KNOWN
THANSFER (Specifiad) ’ (Spacified)
RATIO
SYSTEM UNKMOWN KNOWN KNOWN
ouTPUT {observad) {obsarved)
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Engineering Objective #3: (Table 1)

"The third problem. Determination of the Input, also
experimental, can be dealt with by using the techniques
associated with the second problem, but more effactive
methods are available. They consist of designing the system
to respend to the input in a manner independent of the sweep
velocity encounterad, Chapter V briafly considers the third
type of problem, where the frequency spectrum of the input is
desired. This generally involves tha analysis of some signal
other than a swaep fraquency, but the analysis of its
fraquency content necessitates sweaping a fliter across the
fraquency spectrurn, or hetarodyning the frequency spectrum
itself across the bandwidth of thg filtar. The latter tachniqua is
generally used, but, in either case, the problem bacomes a
sweap fraquency problem.

"The B5S references which are reviewed give numerous
examples of physical systems assoclated with the three
types of problems.

“The partial collection of literatura presentad in this thesis
demonstrates that a considerable amount of theory and
technique relatad to sweep frequancy aexcitation of resonant
systems, exists. Unfortunately it is antirely unorganizad and,
as a rasult, there is very limited awareness of its existence.
Since sweep frequency axcitations are so commonly
encountered in various physical systems, the analysis of tha
associated problems should become commenly racognized
and fully developad engineering tachniques. The first step in
this direction should be a more complete collection and
organization of the pertinent literature. The importance of this
is well illustrated by the repeated re-discovery of the quasi-
steady-state criterion discussed in Chapter IV.

Table 2
ANALYSIS TECHNIQUES
PARAMETER TECHNIQUE OPERATES ON

UNKNOWN
SYSTEM OuUTPUT TRANSFER | INPUT
PARAMETER FUNCTION
Closed form | Closed form
mathematical | mathematical
solutions solutions
QUTPUT
Numerical Numetical
methods methods
Analogs Analogs
Diract Fourier Quasi steady
TRANSFER | analysis state
FUNCTION approxi-
Auto- mation
cofralation
Direct Fourier | Increasa
analysis bandwidth
INPUT
Auto-
correlation
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“Secondly, the theory should be extendad where it would
be useful; for example, the sweeping of other wave fonms
might be considered. The history of the development of tha
sofution for the response of a linear sacond order systamio g
linear sweefi as discussed in Chaptar {ll suggests that the
necessary effort to accomplish this may be greatly reducad
by initially enlisting the participation of mathematicians.

“Finally, successful theories and analysis techniquss
should be given the widest pessible dissemination. This
should include publication in large circulation journals of
various engineering disciplines and perhaps a collection of
the material in a text for engineering students.”

Woell, over 20 years ago Zimmarmann's thesis was sant to
a major organization in the field of shock and vibration and
was refused as an efegant solution to a non-existing problern,
As aditor of this small piace, [ do not believe things have
changed substantially in those 20 years.

SWEEP-SPEED AWARE ENGINEERS
FROM QUR CAMPUSES
by Peter Stein

The Sweep-Spead, Fraquency-Velocity, Angular-Accel-
eration effect was considared so vital that since the earliest
days of the Laboratory for Measurament Systems Engineer-
ing (LI/MSE) it was incorporated into the first, Junior lavel
course in Measurement Systems Engineering. The discussion
and the experiments were purely phencmenological since the
mathematics have defled even many a doctoral student. Two
case studias wers included among tha experiments, [92],
[94], [93] starting in 1560,

Case Study #1: Mechanical System

A mechanical system in the form of a cantilaver beam,
Figure 2, [92] was presented. The students had done
sufficient experimental work on thal beam to predict the first
two modes of vibration. Step Inputs {(beam deflection) and
Impulse Inputs (hammer biows) werg usad as excitations.

Figure 2

Frequency Response of a Cantilever Beam
{The Instructoris a strain-gaged Cantilaver Beam design, with
supporting stand, on which a large number of static and
dynamic student experiments can be performed. There are
more strain gages than shown here, for other experiments.)

BEAM - TOP VIEVW

1 o
. L, 3 _
MONQPOLE DEAM 11, 137
PICK-
UP
INSTRUCTOR STAND
SHAKER SRR
TABLE

The results of those transient tests permitted prediction
of the values of the undamped natural frequencies and the
damping ratios for the first two modas of vibration. These in
tum permitted prediction of the Resonant Frequencies, Band-
widths, Maximum Transfer Ratio ("Q", Dynamic Magnifier) and
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panmissible Sweap Speads threugh those resonances so that
bahavior close to steady state response couid ba avaluated.

The commonly-used Figure of Merit also found by Trull [72],

[73] and Zimmermann [97] was smployed o determine
parmissible sweep speads.

Thé Maximum Transfer Ratio, plus rasults from an aearlier,
static expariment on the beam relating beam deflection and
maximum strain at the clamped end, permitted pradiction of
tha maximum input deflaction at low frequancies so that the
beam, whan excited at rescnance, would not be destroyed by
a fatigue failure. Sinusoidal excitation was then usad.

in other words, the experiment included a complste study
of how vibration tests can be completely planned by first
obtaining transiant response information.

The beam was placed on a mechanical vibrator with
excitation fraquency varying linearly with ime by means of a
cam driva, Frequancy could also be varied manually, slowly
enough lo determine the maximum Steady State Transter
Ratio.

Strain gages on the beam, as shown, were used fo
measure the sirain as the beam Response and a Monopole
Magnetic Transducer measures vibration fraquency. The
baam vnbratory input displacement is constant so that the
Transfer Ratio is in Strain per Unit Displacement.

The assumption that each of the beam modes acts as its
own second order system is common in all modal analyses.

The results from the transiant tasts were:

First Mode:
Dampad natural fraquency: fqg =853Hz wy=535radk
Time constant of decay: T =608secs

rorm which one can compule the systemn characteristics:

Damping ratio [(reh)=1 h =0.0028
Undamped natural frequency f, =8.53Hz
Predicting steady stale response:

Maximum Transfér Ratio, "Q". T =182 [T =1/2h)}
Resonant frequeancy: f, = 853Hz
Bandwidth  [Am = 2.hawy)] Af =0.05Hz

Maximum sweep speed - dfidt = 550x10° Hz/ac

or a half an hour per Hr through that resonancel That is not an
unusual requirement for high-"* systems unless the
techniques discussed later in this paper, are used. For turbine
biade resonant frequency determination, Glober [89] repors
the use of 1 Hz/min sweep speed.

Second Mode:
Oniy the pradictions for Steady State response afe given here

Resonant Frequency fp =52Hz
Bandwidth Af = 1.3Hz
Maximum Transfer Ratio, "Q° T = 41

Parmissible sweop spead di/di= 0.4 Hzfsec
or 2.5 sec/Mz, much faster than permittad for the 15t mode.

Figure 3 illustrates typical test rasults from the
meachanical case study with the cam-driven linear frequency
sweep from 5 Hz to 60 Hz in about 30 seconds, hoth
incraasing and dacreasing.

The Maximum Transfer Ratio deprassion, the spurious
after-resonances in the sweep direction and their non-
symmetry for up and down sweeps arae well illustrated in that
experiment. The frequency scale doas not permit sufficiant
resolution to determina the resonant fraquency shift involved.

Figura 3

RESPONSE OF A CANTILEVER BEAM TO LINEARLY SWEPT FREQUENCY EXCITATION
TOF : Beam raesponse through the strain gages CENTER: Frequency BOTTOM: Time in 1-second increments

e ﬁ 'DOWN SWEEP FROM 60 Hz T0 5 ez
-‘.,."fs'!s:--'l'f L
| NOTE THE ASYMMETRY OF SEEP DOWN vs.
' SO N R I

: I‘r :! '

l]:.j i K .
WEEP FROM 5 Hz to 60 Hz

o :
UP THROUGH THE 1st MODE |-}

b TE
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Figure 4 {from [68])

THE EFFECT OF SWEEP SPEED ON NARROW-BAND FILTERS
Tha pairs of figures such as 1 & 2, 3 & 4, elc,, fllustrate the eifect of sweep spead.
In Fig. 5 avan the "stow” sweap is already too fast.

Expyrimental

Question: The stsady stats
predictions from the transien! tasts
show only 2 modes of vibration in
that frequency range, and the
Transfer Ratio for the first modeas
over 4 times that for the second
mode. The “slow” test of about
2Hz/sac shows the second mode
Transfer Ratio about 30% higher
than that for ths first mode, and
numarous apparen! resonances.
What is wrong: the predictions or
the actual swept expariment?

Case Study #2: Electrical
System (from [68])

In the experiment on Fraquency
Selective Filtaring [94], [93], an

Arranpogent

N R et electrical example was presented
1ok by sweeping iraguency linaarly
w | 2 dfiat through lilters ot various
KRzl < Kc/sec percentage-bandwidths at various
1 ol 28,9 spoeds. Figure 4 iliustrates the
2 406 176.9 experimantal set-up and the data.
3 s ]2 28.9 Filters of 6% and 29% bandwidth
4 Ll Ea 176.9 with center fraquencies at 1 KHz
5 Ly & 28.9 and 4 KHz were swept through
6 L 176.9 “slowly” and “rapidly” illustrating the
T 129 2.9 sweap-fraquency sffects.
R . 5 o= 176.9 Students werg expected to

]
[REITIT [TV ITITE P AN

7
tlough~Brengle 2B2A Audiomatic Generator #2037 swept from 3 Kilz ~ }iKHxz (photos
1-4}, and from 100 Hz - 10.1 KHz {photos 5-8) through B & K-2I07 Filter #73243
vith center frequency, [_, =od band-widik, AL/f. Obaerved. with Taktronix 302

(modifind) -ogcilloscope,"on Lhe Yy vs- T3 display mede.

.ox
Pa—— . . -

DETERMINATION OF A SYSTEM STEADY STATE
TRANSFER RATIO FROM SWEPT FREQUENCY
TESTS (From Ref [97])(See also Table 1)

The problem considered here is axperimantal in nature. A
physical system exists, and the transter or output-to-input
ratic of the system is desired as a function of frequency.
Otten the phase of the output with raspact to the input is also
dasirad. Cleariy the transfar ratio and phase of the system
depend not only upon the frequency but also upon the rate at
which the frequancy is changing.

And, in any raal system, they are also a function of
amplitude. In order to simplity the problem to the extent whers
usable rasults can be obtainad, the system is considarad to
be linear, at least for soma range of amplitude, and tha inputis
considerad to be discrate constant frequencias. The Transfer
Ratio is then a function of fraquency only, and is tarmad the
Steady State Transfar Ratio since it is the envelope of alf the
rasponsas that would occur if the system were excited at
aach of the individual fraquencles.

There are saveral mathods for getting the approximate
Steady State Transfar Ratio from Swept-Fraquency tests. 195

determine whathar the Sweep
Spead Figure of Merit parmitted the
interpretation of any of those
responsas as Steady State..

" Tovey~& 'Nettley, Dec. 68 '

1. Quasi Steady State Approximation
{Adapted trom [97) with aditorial commeants)

The determination of the steady state transfer ratio can
be troublesome. ideally, it should be detarmined by exciting
the system at discrete frequencies until the envslope is
obtained, and this is actually done at times. However, time
requirernents and the endurance of the system usually
eliminate such a direct approach. Usually the frequency is
swapt at a rate low enough to allow the response 10
approximate tha steady state response envelope. This quast-
steady-state assumption requiras some criteria for
determining the maximum allowable rate of sweep, and a
number of papers in the literature were devoted to
determination of such critaria.

Estimation of the Sweep Speed Effect:

Based on analog studies of the response of second order
linear systems to linear and logarithmic sweep frequencies,
Cronin [19] determined that the amount of peak attenuation
and broadening (higher indicating damping) depended upon

e ————————————
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the natural frequency and damping ratio of the systsm and
upon the rate of sweap: -

‘C(f h& 12' in units of 1/cycies
-

a Figure of Merit and a measure of the peak
attenuation or raduction of the maximum
transfar ratio or rise in apparent damping.
undampad natural frequency in Hz
damping ratio

whera, n

0

r -
Inou

It is interesting that the bandwidth of the system, for low
values of damping ratio, h is:

Al = 2th o
so that the Figure of Merit depends only on the system
bandwidth. But see also comments below.

For Cronin's Figure of Merit [18):

it n<cd results are close to steady state.

f 1<n<3 the primary effact of sweeping is peak
dapression and broadening

it n>4 More and more, the spurious after-

resonances also occur

Qthar invastigators cited in [37] obtained Figures of Merit
in the same form but differing by factors of 2 or 2x from
Cronin's sspecially if natural frequencies are used {radians/
sacond), but then the critera for n alse changa. .

A plot of Cronin's result is shown in Figure 5 for peak
depression, in Fig. 6 for increass in apparent damping and in
Fig. 6A for movament of the apparent first resonant
fraquency. Within about 2% Fig. 6A is symmetrical for q.
Several years later, Drain [22] obtained a similar result for the
peak depression, also by analog means, and applied it in the
datarmination of the frequancy response of jet aircraft
angings, Drain referencad the works of Lewis, Hok and Feed
and reported agreement with Lewis but not with Reed.

Cronin's Fig. 5 implies symmetry of the peak depression
with raspect to the sign of the sweep {(Up or down). This is not
really the case and Trull [72), [73]) and Zimmermann [97]
developed solutions in which the same equation can be used
for increasing and decreasing frequency sweeps.

Mathematical derivations for the gquasi-steady-state
critaria were published 20 years bafore Cronin and Drain
studied the problam, but they are found in the electrical
engineering literature and have never been referanced in the
mechanical engineering literature. Tha solutions by Van dar
Pol [76] and Clavier [15], resulted in a seties solution for the
swoep frequency transfer ratio in tarms of the staady state
transfar ratio.

Clavier showed that for the anergy dissipating, response
across the R in an RLC circuit, the Figure of Merit is 1/4
Cronin's, and for the potential enargy storing response it is
1/8 Cronin's. Chang [14] developed the criterion for a
Gaussian transfer function as 1/8 Cronin’s,

it is interasting that the Figure of Merit is independant of
the potential energy storing responsd y, for a second order
systam:

52Q

*Q 8Q
512

3 ot + +1.Q 4]

whera Q is whatever parametear is being studied,

1 e

B

B oohey whew L = a?
e o

so that only a and B enter into the Figure of Merit.

w = f{requency in radians/sec = 2xaf

The choice of a suitable sweep rate is more difficult for
muttidegrase of freedom systams since the multiple damping
ratios may be unequal and difficult to determine. Granick [29]
determinad empirical formulas for selecting sweep rates for
such systems.

2. Bldirectional Sweeps

(From [97] with editorial comments)

Another technique for analyzing multidegree of freedom
systerns is to simply sweep in two diractions as was done by
Lukens [45]). If the resonancas dus to both sweeps occur at
the same frequencies, it can be concluded that the sweep
was slow enough for the response anvelope to approximate
the steady state response envelope.

For reasons not apparent in the published litarature, the
frequency at which the upward and downward .swesp
envelopes intersect coincides with the true resonant
frequency of the system. But the true response peak cannot
be easily derived from tha swept data.

For non-linsar systams, response data taken for
increasing trequencies wili also differ from data taken for
decreasing frequenciss, but there will be clearly marked jump
phenomana due to the hooked frequency rasponse curves for
non-linear systems, so that a confusion betwaen swaep
spaed effocts and non-linsar system behavior is unlikaly,
unless a non-linear system is subjected to swept excitation.

3. Feed-Back-Controlled Sweep Rate

({From [97] with editorfal comments)

If the maximum allowable sweep rate cannot be
calculated, the system c¢an be designed to select a
sufficiently low sweep rate. Lorenzo [43/], {(44] reports using
test apparatus which applied a variable sweep rate for
vibration testing at Lewis Research Center. Feedback control
was applied to the sweep generator so that the sweep was
slowad in the region of resonant rasponse only, and a 7 to 1
reduction in test time was achievad on a particular test.

it has baen the conclusion of several of the researchers
rafarenced in this survay, that it is the sweep rate through the
resonance which is important, and tha feedback concept,
slowing the sweap rata according to the slope of tha Transfer
Ratio vs. Time or Frequancy curve accomplished that aim.

4. Direct Fourjer Transformation {from [97])

Anothar means of dealing with the errors due to sweep
rate in vibration tasting is to record the data from an arbitrary
sweep and analyze it as a ransiant to detarmine the comrect
fraquency rasponse. This is generally done with Fourier
transformations determined by numerical analysis, the
transfer function being simply the ratio of the Fourier
transform of the output to the Fourier transform of the input.

Reed, Hail and Barker [59] applied this techniqua to the
vibration analysis of aircraft wings. They determined tha
frequancy rasponse by both steady state and transient
methods and compared the results, which they found to be
very close. White [80], [82] reports applying this method to a

- systam with a cubic nonlinearity.

5. Autccorrelation (From [97])

As an afternative to the Fourier transformation technique
]é%* the determination of system frequency responsa, Skingle
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Figura 5, Top
THE EFFECT OF SWEEP SPEED ON PEAK
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[64] described a correlation technique. The methed utilizes
the fact that the auto-correlation of the system output is a
sanies_summation of exponentially decaying functions, the
demyﬁtes and osclilation freguancies of which are dehned
by the damping and rescnant frequencies associatad with the
various modes of the system. Skingle presents mathematical
justification for this assartion, and presents some actual test
results. By selective filtering, correlograms for the various
modes are obtainad from which resonant frequencies and
damping can be determined. Appandix C of Skingle's paper
contains a derivation of the autocorrelation function of a linear
sweep function,

The reason for using a linear sweep is because, as shown
by Reed [59], it produced an impulse-like autocorrelogram, a

:condition which is necessitated by approximations made in

the developtnant of the technique. The primary advantage of
this method is that it can be used successfully with low signal
to noise ratios, But see the section near the end of this
survey on Other Systern Parameters for disadvantages.

White [80], (82], applied this technique to the analysis of
systems with, nonlinearities and found that it yielded a
response curve with less distortion than the direct Fourier
analysis mathod. He also applied tha autocorralation
tachnique in the study of the frequency rasponsa of a ship's
hull [79]. The alwtocorrelation of the response was formed via
digital computer, and ths computer was then also used to form
the Fourier transformation of the autocomaiation function,
thus producing the frequency response characteristic of the
hull. The mathod was used with rapid linear sweeps of several
seconds duration and also with excitation provided by
turbulence as the ship moved through the water.

DETERMINATION OF SYSTEM INPUT (From [87])

The prob[am con51dered in this chapter is generally

- .assodiated with measurement or instrumentation systems.

The calibration of the system establishas the transfer
function which is thus a known quantity, the output is
observed, and inferences are made about the input to the
system - ses also Table 1. Obviously the input is not
necessarily a sinusoidal wave form. Since calibration
procedures generally establish a steady state transfer
function for tha system, considerable difficulty can resutt if
the inputis a sweep frequency.

A prime axample of a system suscaptible to this difficulty
is a spectrum analyzer. In principle, a spectral anaiysis could
be parformed by thras methods:

* A comb of filters over the spactrum of interest
« A single filter with variable center frequency
« A single filter with constant center frequency used i in
- T conjunction with a variable frequency oscillator to
heterodyne the signal frequencies across the
canter fraquency of the filter.

Tha first systam would be immune to the problem, but is
somatimes impractical. As noted by Van der Pol [76] and Hok
[35], the second and third methods are mathematically
equivatent and would present identical problems. In practice
the third mathed is frequently used.

if the heterodyning procedure rasults in too rapid a
sweap, the filter response will be decreasad in amplitude and
increased in bandwidth. Thus the amplitude of any particular
frequency component will be in error, and the ability to
distinguish betwesan distinct, individual fraguencies will be
diminished. The lalter characteristic is known as resolving
powaer, and it has long been racognized that tha resolving
power of such a systam is proportional to the square root of
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the ratio of the bandwidth to the time required to sweep
through that bandwidth [83]. Thus an abvious means of
insuring accurate results from a spectrum analyzer is to limit
the rate of sweap by the same criterion as used to establish
the quasi-steady state approximation.

Unfortunately, the expadient method of raducing the
sweap rate until an accurate response is obtained from the
filtar often rasults in unacceptably long analysis time, just as
tast time became too long for the Transfer Ratio Determination
application,

The methods used to circumvent this difficulty can also
ba usad to advantage here. However, there is an important
differance between the problems encountered here and the
one praviously considered; in this case the system may be
arbitrarily specifiad. The freedom to specify the system can
be usad to advantage to limit the problem cause by the
velocity of the swaep,

1. Variable Filter Bandwidth

Ona means of taking advantage of the freedom of
spacifying the system is to use a filtar of variable bandwidth.
If the bandwidth is increased, the amount of peak attenuation
due to sweep speed will be diminished. The absolute resolving
power will unfortunately be increased, but it is possible to
maintain the same percentage rasolving power and still
increase the allowabla sweep rate,

2. Time Domain Compression

A more poweriul method of coping with this problem is to
move the center fraquency of the filter to a higher frequency
and to move the frequencies of the input to a higher frequency
range by compressing the signals in the time domain. An
understanding of the advantage obtained by this technique is
easily deduced from the quasi-steady-state criteria shown
eariier:

(f-f1)
Tt )2

_ dtidt
NGRS

where the frequency is swept from f; to f5 in time T.
If all frequancies are multiplied by a factor k, then:

ng = n/k

it is now possible to sweep k times as fast for the same
Figure of Merit, n. Even in the 1970s commercial frequeticy
analyzers used factors of k = 250,000 for *real time”
frequency analysis. Extensive litarature on the subject of
data compression is available [86].

An extansive analysis of scanning spectrum analyzers
was conducted by Kinchelos [37]. The most remarkable result
of his efforts js that the degradation in sensitivity and
resolving power of a filter due to sweep speed is not
inevitable, but can be eliminated, at least theoretically, by
properly matching the phase of the filter and sweep generator.

BRIEF HISTORICAL SURVEY [97]
(In tha following excerpt from Zimmermann's master's
thesis, the mathematical formulations have been omittad.
Thay are contained in full in the original document.)

Mathematical Solutions

The problem of predicting the response of resonant
systems to swept fraquency axcitations has inspired an

X
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abundance of [iterature which has accurnulated for over 40
years (written in 1973). One of the eartiast, and probably the
most well known paper so far as mechanical engineers are
concerned, was published by F. M. Lewis in 1932 [41). He
used variation of parameters which yieldad a solution in terms
of four integrals which could not be reduced to any function
which had been evaluated in 1932, The rapid oscillation of the
integrand made numerical evaluation impossible so0 Lewis
applied contour integration. He selected a transformation so
that the troublesome integrals were more tractable with the
path of integration a section of a parabola in the complax
plane. He was then able to apply the residue theorem to
avaluate these integrals using asymptotic expansion for large
values of the varlable, a convergent saries for smalf valuas,
and graphical methods for intammediate values.

The evaluation of thesa integrals was no doubt extremely
tedious, but Lewis produced a series of response envelopes
in terms of nan-dimensional parametars which were useiul to
designers and arae still. being referenced in cument papers.

The design of a spectrum analyzer for ocean waves led
Barber and Ursell [6] to consider a gliding tone excitation in
which case the frequency decreases axponantially with time.
They then approximated the exponentiaf function by the first
three terms of its saries expansion, so the form of the
excitation was the same as for a linear sweep. Using
Duhamel's integral they ended up with an infegral form for the
solution, which they found advantageous since it had been
evaluated by the Admiraity Computing Servica.

A graphical technique was developed by Bishop and
Johnson [8] which, though perhaps not practical in view of the
available analytic sclutions, is interesting and provides
insight into the physical process. The method consists of
assuming the input to be a set of successive sine wave
cycles, each with a petiod shorter than that of the precedimxg ~
oneg, rathar than a continuously time varying frequency.

Temporarily neglecting damping, they computed the
response to a single frequency acting over one cycle by
Duhamel’s integral. After further mathematical manipulation
they arrived at a vector diagram that could be plotted. The
method was axtended to include damping.

Dimentberg [21] published a text on rotating shafts in
1961. Chapter 3 of that taxt considers the case of transition
through resonance. The variables are defined with respect to
the center of mass of the shaft, hence tha input function is of
constant amplitude. Howaver, a change of variables is
introduced to provide a coordinate system which rotates with
the shaft, thus facilitating stress analysis within the shaft.
Dimentberg formulated the problem in terms of Fresnel's
integrals for the case without damping. He also considerad
tha damped case, and worked out an approxirnate solution for
small damnping ratios. Several Russian papers considering the
transition of a shait through resonance are referencad in the
biblioegraphy.

Parker [54] sought to evaluate the integrals obtained in
the variation of parameters for of the solution for the
logarithmic weep. Recognizing the futility of any attempt at
direct numerical intagration he wrote the solution in
exponential form and then exprassad the exponentials in
terms of their series expansion. These series expansions
wara then manipulated into a form which allowed the excitation
frequency to be factored out, leaving the desired envelope of
the response. .

Unfortunately the series became difficult to evaluate for
the region of particular interest: small damping ratios and
frequency ratics greater than one. By using an extensive
amount of computer time, Parker avaluated the series for
damping ratios of 0.167, 0.05, 0.01 and 0.005 for the log
sweep and presented graphical results in terms of
ransmissibility vs. frequency ratio.

In 1664 Hawkes [33] published a method by which the
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anvelope of the response of a second order system to a
general sweep fraquency function would be obtained. Those
equations can be integrated numerically for any rate of
swaep, Hawkes used this method to evaluate, the systam
response to octave sweeps and published the resulls.
Hawke's work is raferenced in saevaral subsequent papers,
but it is always reported to be the solution for an octave
sweep, Tha genarality of the method appears to have gone
unnoticed.

Hawkas' equations are integrated in his Appendix V for
linear and logarithmic sweeps and lor rasponses of kinetic
energy (masses and inductances for example) and potential
aneargy (capacitors and springs for example) storing element
responses and the dissipation element response (such as
dashpot dampers and resistances, to give examples from
machanical and elactrical applications.)

A doctoral thesis by Feam [25] considered the problem
with a linear frequancy sweep, The majority of his thesis is
diracted towards the zaero-damping case. He discussed the
damped case but did not evaluate the integrals he obtained.
Ha referencas tha paper by Lewis but was apparently unawara
of the literature published on the subject batween 1932 and
1965. )

A sacond order linear system modeled for an aircraft
landing gear with displacement input was considered by
Stronge [69]. The excitation function for sinusocidal
displacement input to the potantial energy storage and eneargy
dissipating elements was computed. Expressing the solution
by means of the convolution integral, Stronge observed that
the solution was easily put in the form of the Error Function or
Frasnel integrats. In either casa the argument is complex, and
only the zero-damping case was ovaluated. Stronge also
considared the response for saveral random wavatorm
excitations.

I the same year the Stronge completed his thesis, NASA
published a table of complex Frasnel integrals and Stronge
then published a solution in tetms of these tabulated values
{70]. The exact solution given is quite complax and is the time
domain solution. Stronge also gave an expression for an
upper bound on tha envelopa, but, although he reportad that it
chacked with Lewis' solution in the case of zero damping, the
assurnptions made in oblaining the bound are not given in the
paper and there is no means of evaluating the accuracy of the
approximation when damping is prasent.

Cronin [18] devoted considerable effort to the
invastigation of a rasponse for a general swasp function.
Since a closad form solution for the envelope is clearly not
possibla, he sought exprassions for the maximurn ampfitude
and the frequency at which is occurs by obtaining upper
bounds on the integrals. He applied perturbation theory
techniques to obtain a general system response.

Cronin derived some axact closed form solutions for
saveral sweep functions. For tha linear sweep he obtainad a
solution in terms of the eror function, but it is faily complax
and of little intarest since simpler lormulations are available.
He noted that a serias solution for the axponential sweep is
easily obtained by expanding the sine tunction in its series.
reprasentation, but made no attempt o evaluate the series.

A paper on the accalaration of rotors through their critical
spead was publishad by A. Capello in 1867 [11]. He
referanced his equations to the axis of the shalft rather than
the canter of mass, hence his forcing functions are of variable
amplitude. in addition to viscous dissipation, Capello con-
sidered the elastic hystarasis of the shaft material due to
difference in angular velocities of the shaft and the shaft
daflection. Tha modei used to account for the elastic
hystaraesis causas the equations for the x and y displacement
to be coupled. Capello does not present the development of
his solution, but refersnces a previous paper publishad in
ltalian. Capello referenced an italian paper by Domig for a
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converging series method of evaluating the integrals with
which he presented his solution. His paper describas an
experimental apparatus for checking the theorstical solution,

-and reports qualitative agreement. He references the text by

Dimentberg, but none of the American references discussed
here.

Though numerous investigators had obsarved that the
solution for a second order linear systemn excited by 3 linaar
sweap is expressed in tarms of error functions of complax
argumant, they assumed that such a seiution was not usable.
Apparently Trull [71] {his Master's thesis), [72] was the first to
discover that the error function could easily be evaluated via
digital computer using a serias expansion originally published
in 1948. Trull's derivation of the response envslope in terms of
the arror function yislded excellent results for absolute values
of g greater than 50 and low damping. q is tha linear swaep
factor: wa2/(4xe) where e is half the linear sweep speed.

His Appendix B contains a program which computes
anvelopa and phase of the threa rasponsas of a sacond order
linear system: potential anargy storing response Q), kinetic
energy storing response o«.d?Q/(dt)® and energy dissipating

response B(dQ/dt), for any values of damping, swaap factor,
and initial froquency. By superposition of these results, any
linear system can be easily evaluated. For exampie, taking
the root of the sum of the squares of the potantial and
dissipating responses will yisld the transmissibility as
computed by Parker and Stronge, or, equivalantly, the
rasponse of an unbalanced rotating shaft as computed by
Dimantbarg and Capello.

It is interesiing to compare this solution with the soiution
of Lewis who effectivaly evaluated the error function for
complex arguments, a task which was then avoided by all
subssquent investigators until Trull discovered that it could
be evaluated by digital computer.

The implications to the logarithmic swaep problem are
cbvious. A ciosed form solution requires the evaluation of
intagrals which are easily expressed in a series but not one
which can be avaluated. This will probably also be
accomplishad by a mathematicians, and perhaps has been
already. Further efforts by enginears to manipulate the
integrals into a form more amanable to evaluation are not
likaly to ba very productive.

Gaussian Systems

It happens that a closed form solution to the problem is
readily obtainable for the case of a Gaussian transfer function
and is contained in detail in Appendix A of the Polarad
Corporation’s Handbook [56). That result was also publishad
by Saul and Luloff {83] in Appendix B,

A more general derivation is presented by Batten [7].
Hara the input was considered to be a pulse signal, and the
continuous wave case was obtained from the solution as a
spacial case. The form of the solution for the continuous wave
case is the same a in tha Polarad handbook. Batten had
researched the papers by Lewis, Barber, Hok and othars, but
did not formulate a solution for the simply resonant cass,
Based on comparisen with analog solutions, it was concluded
that the Gaussian sclution was a good approximation for
systams with two or mare simply rasonant subsystems of the
same resonant frequency. Unfortunately, it does not reflect
the apparent shift in resonant fraquency since the Gaussian
transfer function does not account for phase. The same
solution was derived independently by Chang [14] in 1854.
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Compressiori Filtar

A physical example consisting of an acoustic
comprassion filter is described by Kinco [38], and the
experimental response verifies the caiculation.

General Linear Systems

While any linear system can, in principle, be analyzed by
the arror function solution for linear sweeps or by Hawkes'
solution tor logarithmic sweeps, thara may be occasions when
a diract solution in terms of a genaralized transfer function is
more desirable, Also much of the literature which considers
this problem predates the availability of the digital computer,
and, since there was then no effective means of uncoupling

the aquations of multi-degree of freedom systems, the direct

solution in terms of a generalized transfer function was the
only practical approach. There is also the possibility of
modeling a system with a transfer function which is not
describable in terms of second order knear differential
equations. .

The publishad papers dealing with ganeral linear fransfer
functions ara usually found in the electrical engineering
titarature. There appear to be two reasons for this. Ona is that
few alactrical circuits can be modelad as a single loop, thus
tha solution to the single sacond order linear equation was not
as useful in electrical engineering as it is in machanical
engineering. The other reason, which is probably a rasult of
the first, is that electrical engineering literature approached
the problem with different mathematica! tachniques. The
machanical engineering papers usually applied variation of
parametars and somatimes Duhamel's integral, while the
electrical engineering papers generally used Laplace or
Fourler transforms which more readily lend themselves 1o a
general transfer function.

The earliast refaeranced paper in the alectrical engineering
literature was published by Salinger [62] in 1929, and thus
predates Lewis by savaral ysars. An excellent survey of
much of the electrical engineering literature as of 1962 is
given in an annotated bibliography in Kincheloa's thesis [37).

In 1937 Carscn and Fry published a paper on circuit
analysis with frequency modulated input {13]. They derived a
sarias axprassion for the rasponse in terms of steady state
admittance. Van der Pol [76], in 1945, published a derivation
which is more heuristic but extremely concise. His transfer
function was expressed in terms of derivatives of the
modufation function and derivatives of the steady state

transtar ratio evaluated at the instantaneous frequency. -

Clavier [15), in 1949, gave a slightly moere rigorous detivation
by beginning with the convolution intagral and evaluated the
first four terms. The evaluation is complicated by the fact that
the exponential function must be expanded in a seres itself
before the indicated operations can ba performed. It is in
effact a saries within a series.

Unfortunately, the derivatives of the transfer ratio
become very large near the natural frequency of a rasonant
system. Thus it is not possible to compute the cutput in the
frequancy region of greatest interest with this solution.
Carson and Fry formulated a second series exprassion which
should have better convergence but the problem was not
actually eliminated. The solution is useful for other purposes,
but it is of little value for the computation of the envelopa ot
the response.

In 1947, Hok [35] published a solution for a linear sweep
which was derivad by means of Laplace fransforms. The
systam transfer function ermarged as a seriss summation,
Hok suggested the name “Fresnal function” or “frasneloid” for
a term within the series, and evaluated it by means of
convargent series axprassion given in the appendix of his
paper. Hok was apparently unaware of the work of Carson and

Fry, and Van der Pol, and stated in the introduction that Lewis’
paper was brought to his attention when he presented his
solution to the Physical Society,

A modification to Hok’s solution was published in 1952 by
Mariqua [47]). It gave the system response for a sawtooh
varying fraquancy input. Marique had read the literature and
raferrad to the works of Luis, Van der Pol, Clavier, Barber and
Ursell, and Hok. He had also discovered the paper by
Salinger. Marique's derivation proceeds along the line of
Hok's except that he employs a property of the Laplace
transform. Thus his solution is a summation of the responses
to all preceding swaeaps.

Garsch and Kennedy [26] devised a method for
numerically convolving the impulsive response of a system
with the spectrum of the sweep frequancy. The function in his
solution is easily evaluated for many systerns by looking it up
in tables of transformations. Anothar form of his solution can
be evaluatad in tarms of error functions or Frasnal integrals,
and has the advantage that the argument of these functions
is not complex. Once it has been evaluated, it can be used
with any filter function.

Gersch and Kennedy referenced the papers by Barber
and Urseall, Hok, and Batten and notad that their solution had
the advantage of requiring the evaluation of the difficult
swaap fraquency spectrumn only onca after which it could be
used to avaluate any system.

Nonlinear Systems

If the system is nonlinear, there is no apparent way of
obtaining an exact solution. Howaver, solutions have baen
formulated in terms of asymptotic expansions with very
satisfactory results. This technique can aiso be used to
advantage for linear systems in the casa whera the forcing
function is of & torm which cannot be analyzed by theclosed’
form solution.

Mitropolskii [S0], [51]. [52] published several texts in the
1960s dealing with the application of the asymptotic
expansion techniques to nonlinear, nonstationary systems.
Bacause the procadure becomes algsbraically tedious, first
and second order approximations are genserally used.
Fortunately these are of sufficient! accuracy to solve many
practical problems. The method is completely general. Hence
solutions for nonlinear systems are obtained as easily as for
linear systemns, and any sweep function dasired may be
introducad.

Examination of the biblicgraphies of Mitroposkii's texts
revaals that Russian scholars have been actively engaged in
the application of this method for over 30 years (written in
1973), Chapter 3 of [52] discussas some of the solutions and
corralations with experimantal results,

Dr. BR. M. Evan-lwanowski of Syracuse University and a
former student of his, B. N. Agrawal, have published a nomber
of papars applying to the asymptotic expansion method to the
nonstaticnary vibrations of nonlinear systems [1], [2], [3],
[23], [24].They have extanded tha solution to noniinear
multidegree of fraedom systems and have generalized it so
that the same form applias to all types of rasonances of a
muitidegres of freedom system. They have shown, among
other things, that a changa in the rate of frequency variation
can cause a shift of the system from one stable mode to
another,

Kavorkian [36] published a solution for the response of a
one dimensicnal nonstationary oscillator using an asymptotic
expansion technique and extendad the solution to
multidegree of freedom systems. However, only the case of
zero damping was considared. Kevorkian was apparantly not
aware of the works of Mitropolskii, Evan-lwanowski, or
Agrawal.
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Beams and Plates on Elasfic Foundations

There is a class of problem not specifically discussed by
Zimmenmann [97] or Trull [72], [73] where the sweep speed
offect appears, and that is when dynamic loads ar@ applied to
beams or plates. Thus [90], [91] treat the case of a moving
vehicla on an ice sheat supportad by water and [95]
discusses trains of high speed air cushion vehicles traveling
at arbitrary speeds over beams. In those studies the water
and the beams are considered elastic foundations. Thera is a
critical velocity at which resonance is excited which will lead
to tailure if allowad to exist for any length of tima if damping is
insufficiant.

The problem there is 10 produce a fast anough sweep
spaad through the resonance so as to minimiZze its effect,
axploiting tha dapression of the peak response, *Q°, Dynamic
Magnifier or Maximum Transfer Ratio of the system. That
problem of resonance avoidance is discussed by Zimmer-
mann and by Trull although not for the above type of
axamples.

Analog Solutions

The difficulties encountered in attempts to
mathematically analyze the response of systams to sweep
fraquency inputs inspirad numerous analog solutions. One of
the earier studies was dona by Baker [4] who, in 19353,
published a mechanical mathamatical machine-generated
responsa for an unbalanced rotor subjected to constant
angular acceleration. The results are plotted in tarms of
nondimensional parameters as usad by Lewis [41]. Baker was
awara of Lewis’ work, and had assistad in the construction of
the experimental apparatus used to verify Lowis’ calculations,
but apparently made no effort to extend the analytical
tachniqua to the case of rotating unbalance,

In 1949, McCann and Bennett [48] used the then newly
constructed electrical analog computer at Cal Tech to
datermine the response of a two-degree of freadom torsional
system to an oscillating torque of constant amplitude and
linearly varying frequency. The system was daescribed in
terms of nondimenslonal parameters representing the sweep
rate, the damping ratio, and stiffness and inertia ratios. The
maximum output of the system for a positive sweep was
plottad as & function of swaep rate, shafl stiffness ratio and
disc inertia ratios. The damping factor was assumed to be
0.01 in all cases and the output was defined as the ratio of
shaft torque due to elastic twisting to tha amplitude of the
input torque. This solution could have baen determined from
Lewis’ calculations, but the analog technique was
unquestionably easier. McCann and Bennett did chack a faw
of their curvas against Lewis' results.

Parker [54] determined the response of a second ordar
linear systam to linear sweeps in tenms of transmissibility by
analog mathods. Responsas are presanted for various swaep
factors and damping ratios. Morse [53] genserated analog
solutions for the rasponsa of second order linear systems to
logarithmic sweep displacemant input to the spring and
damping elements. The output was presented as the ratio of
the accelaration of the spring-mass to the accelaration of tha
displacement input (transmissibility). Cronin [t18] developed
analog solutions for both jinear and logarithmic sweeps. He
expressad the response as the ratio of the displacement
cutput to the maximum displacement output that would be
obtained at steady state resonance. ,

Quazi and McFarlane {S8] published an analog solution
for the response of a rotating shaft to angular acceleration,
The response was considered 10 be the shaft deflection in this
case, as opposed to shaft twist. They had studied the papars
of Lewis, Hok, Dimentberg, Johnson and others, and
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concluded that analytical solutions became *prohibitively
difficult.” Since they desired to apply torque according to
control laws to limit deflection, this was a quite reasonable
conclusion. The paper is actually directed toward the
detarmination of a feedback control systam to keep the
system response. within specified limits rather than the
determination of system output for a specified input,

Some attention was directed toward the case of
acceleration through rasonancae of a torsional system in a
1967 paper by Poltard [57). Lewis' solution was applied and
was extended where necessary by an analog simulation on a
digital computer. For multiresonant systems, Pollard
datermined the response at each resonance considared
separately. He then multiplied the amplitude of the first
resonance by an exponential and added it to the maximum
raspense of the second resonanca to obtain the maximum
output of the systam. The value used in the saxponaential
axprassion depended on the time required for the excitation
frequency to travel between the two resonant frequencles,
This technique yielded resuits which compared with those
obtained by McCann and Bennett.

Godwin and Menmill [28] published a paper on the resonant
rasponse of a synchronous motor dua to oscillatory torques
during starting. The results of some special-case computer
solutions are prasented graphically, but the formulation of this
solution is not discussed. The use of Lewis' solution for
design purposes is racommeanded in their paper.

A NASA report by Drain, Bruton and Paulovich {22] brieily
prasants the results of analog solutions for both linear and
logarithmic swaeps. Their cbjective was not actually the
response characteristic but rather the maximum ailowable
sweep for quasi-steady-state testing. An interesting result of
their study was that the peak altenuation for a given system
is the same for linear and logarithmic sweeps if the valocity of
the sweep at the resonant frequency is the same, a condition
which is satisfied if the sweap factors are equal. This had aiso
baen observed eatlier by Cronin [18], see Figures 5 and 6.

It is interasting that the analog soiutions in the Jiterature
are afl directed toward a specific problem, Although they are in
tarms of nondimensional parametars, they only apply for the
specific input and output simulated in the analog. If the
rasponse of the three basic elaments of a second order linear
systemn had been obtained for linearly and logarithmically
sweaping sine waves only, then the rasults could have been
superimposed to analyze any systam composed of these
alements. )

CONTRIBUTIONS BY THE
LABORATORY for

MEASUREMENT SYSTEMS ENGINEERING
(LI/MSE)

For most of the 18 years of the existence of the
Laboratory for Measurement Systems Engineering (L{/MSE)
at Arizona State University under the editor's direction {1959-
1977), over 900 undergraduate and graduate studenis
emerged from the first (Junior level) course baing
measurement - aware, measurement - conscious and
measurement - orientad. Thay had been exposed 1o two
lectures and laboratory experiments involving the sweep-
spead effect. Thus, latar in their careers they could recognize
it if they saw it aven if they were not able 1o solve the swaap-
speed problem which has defiad many a doctoral candidate,
as has been seen, Those axperiments wera briefly described
earfier in this survey, and illustrated in Figs. 2, 3, and 4.

Two Masters Theses were completed, by Trull in 1969
[72], {73] and by Zimmermann in 1973 [¢7]. Both were
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Figure 7 (from Trull [72]
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SECOND ORDER SYSTEMWITH LOW DAMPING:  h=0.03 f, = 10,000 HZ

y YRR
N -
L e[|
— | (W [
HEELE RN
LY
1

Frequency Ratio —  t/,

]

Non-dimensional response -~ x/x

Fraquency Ratio — 14, = r

It
-

Q= 1000 v = 100,000 Hzfsec Q=10 v = 10,000,000 Hz/sac

Note that the photo on the ight represents a combination of sweep speed nd damping ratio for which the transnent effacts of
starting the sweep (bstween 1/, zaro and 1) have not died out by the time the system enters the main resonance. Such affects
occur only at extremey high sweep speeds and are not accounted for in the computer-programmad portion of the theoretncal

solution

SECONDORDERSYSTEMWITHHIGHDAMPING: h = 0.1 In = 10,000Hz
HEREV-YEEENE -
£ X
%
HERNW I \EERE
PraE NN :
W
mm ) :
las W
= 50 S
== ~ WA - =

ol
1 -*tflii.g
T | | N o
wm
o
o
HER\Y/AEEN
i
HEL'2ANNENEN -
' i
c
=]

0 1 2 = 0 i 2

Frequency Ratio - A, = r Frequency Ratio - ff, = r
Q=1000 v = 100,000 Hz/sec Q=10 v = 10,000,000 Hzfsac

Note the absance of evidance of a starting transiant nearr =0
Displays on the laft are at essentlally steady state conditions. Note the presence of the three major spaad speed effects in the

displays on the rigfht.

202




Sweep Spesd Effects in Resonant Systems: 4 Unified Approach

" {72))

fu

rgure 8 (From T

Fi

e

o . uucuooononn oo o o L3 =]
m 0o c d ; ' - ”wwrrrrrwrrvrwnvwwv —
: e volECST 40 (2garl bg - poy ey Sl AimAksobeanaaTEsInEyg
M .f;#,n?tuiuzza<=assaxi+§395<E:Enmgzsai.:.m_Eﬁg n”.mwnmmmmmmqummmumM mm
(M0 wurguny [W1d L yg wgay PaIT(RUWIgY ¢ torduyy ¢ ' EEBeecc=c 3ieg ce
—_ ¢ P y N i 2 "1es1 o hallall Tl SY v Ao Rl et - -
T _sm_...u aensaring fgrpvng DILYLON 40 SKOILVYRTA TVENTN N A asanuhang e T T T
0 ” Tepmec vrtahnmbain ! e
Y . 1IVIINCY ¥EYN tapun vd0doy Aroyvroqw] F2junuAg +gap) .huhmoum.UMHm<w o “Nmm%ﬂqwmww.ﬂﬂd ».».-.n.n
fyEU i J [ R NiEBrtetumud e dany
> CVRUL WADA8Y 9103 fuogyug rasyp 1¥i0930g * 33RANDIN* T NU¥A-3RIg DHIAYH W LR R T S il 3o
i NOTLYZI0¥T OL $1GESIS Qaghve SNOISTA "WYANIT d0. 3SHogsay * 9 PIWOE “nsous VS R e
WESEE_:cd=_v20355=28e::u52~3mou e T A -
& 'W21q01d pasda-daang R P LI LT CETRY PRt TNosaLnL 4y |!l|Wil|Mi g TEfresrEsccy bl
b Bwouy EIONTRTIE 5 I L
Y , - Qﬂ-%l.-(fo\“n.|-.nr.‘n- .-\-
o "0¥BD uI0q Joy pajuavard 3% Tuoiynygp ”.. FYREs m.,,wn......«.” =¥ st
o T¥314dvad-ouny pyy 1230ydusid s, uymaq sedigng ao:»:vuua-uc_nswnumv 405 quyy e LR UL c " e
UBHY J3Buot yanw sqagny £3usnbasy-2uresuysuy T8 FUSLIN{0S W11a fedoona Butpuatoap = i Peeraces i
w ewsu w:.neuuucq A0y sulrey awaragprp V194X kuoiynfos F,UTUOL) ‘asn gq 1R35331p 3 Syl aEs
xr . w.w 1hfus 2_“ °¥ TRiagune xarduwes A0f pajuinguy 1238q J0U K74uaseddy AR ATy x v yigeseetronen
= FIvddaqur [augedy o WI0J B Ut wru Kpiy 109 'savws yq0q gop UBIINTES ¥ syuapead - . F3 JifrEL gLt
. I oSEv Flogyusung Tiheleryip 2% sunglauny iy o $IUIWNEIY Ay Ajuo ‘ar0qu ayo A TN TR A me
= oy a.u.. _.”__._3 wen___ u._ﬂ oy sdaang au:.:._._au.c..u:muctoov.._o.- UDIARTOR DU - (afq1end I R R Gesl
[T dusnbady Firyewagony Jo sdasng enang 107 sploy ug : L R e A -
o U3 f MEL 423 EpIoU uaTintes anoqe ayy c o
O 4~ " ° o z o'
T A" 1) r i - -14 3 N . * "
< £ waw ) Ypm L) _ﬁﬁm___w,;___+.:~?|i xhu m” ....u".......
mW Z u : B 2 - .
Mszauﬁﬂlwxn_r A)wag- . W=an.grn:-_>:=“:_m. . n.NMMHmb L4 -y asuodsay ) w o “ ..
14 celotpud} 11: LI PR L " b anarsupgg 2 . .ol
(4l 4 ey = . . 2, ' w ' " “ .
m ,fn.—l.m___. L.u & % z | £y Al VIR T} L -n e . ..
o . : N v > ! " .
N " n ~ ' L]
LJ "y 1:&59 ayy Jo :W_auczu >u=___‘7:"w:u Hatgwdnys% %w + q w Nutu LSS : n :
_ | . . v
. i ne
o o, G R P2ya]ur y ! .
e ) Tz Ty raey ¢ oyp o . *
= 4 [FoxYen - [(Toralan ) b= o :
W Coa ’ _ : u
o . ....::T; + T_:._,._e; * Ll alen - 3T u_u...; Ll 1 : ;
: 73 :
MW C L Ay Aauanlragg . PIT BU1oa0s a4y 0y 4rsdegs UItA ssvodeay .
-~ ! LEET 2T oxbiodsar wagesr - 0, 5 M3 Jo 91Buv amuyd MY ¥T 5 puw ssuodaey M -
- A ~ w..o_ - Hi oacaalhvzwum LURI I #PNY [ uSuy Y wy I ; b
[&] u ®3Und: i
’ tI8) puvagd b o . o ‘
WW .aazkanzemm_msza_ncus_unza: - 5 Ty Fustsuwag) * (0% Mgy = (% \
{15)8 o tHeEndgy o 5, o - \ ! " .
. ! . ' H tutog .
v Ye)laungy gei4g 4 u:.:o_uou 341 Faywy 139foad uy M
: K 3 Y3 u7 padetsas : " e
_ ”s_ Jo wofqgung ap4q~_x”: (2}a §| w® .=a“ﬂa=rua*_:o 91 wolynton sunuqeu-o_h aaw -
"nbaay Snoavuyueeng f1a400 =y . . H
43385 yo Lauanbayy Furirvgs = Oy | (378 + 94} ulg gy = ourg g 1z u - b
235 /05s pud “#iveddy (uopqurnpow Aouinbazy zo) . /3 = Ksuenbayg Moo gouoy
Y Uettwsatesay Souanbasy « , | Peads desns S orar90ad ayy Juspuadep-suts gy F ! o
EpUSISE U1 gupy = g ¢ Yoraung Forey syy yo Aouanbazy syy woyy !
u:ouwn\wccmv&u ur 1 .
ﬁb_n.va.__u»‘-h —...-.—?u:n.— U@EE:ﬁEW_ = _u.z -—bbndﬁ.unUKﬂ —Iﬂnnw:-.-.—l bddaﬁl-ﬂﬁﬂodn d3pun i
) ' v Borduewp =y ' ap ! X
HALIuRg A adng 3o apnaepdus - ; - u ipu = x
ma==ntew Eahyhu = m uw YIS o= x ER Xp VT o+ mmﬂ ! °

SOLUTION BASEpD ON THE AUXILIARY F

oAt by _:..:Lhauu_v Lapio puoyas .gdp:mﬂ v Aq Pel[apou *q Uy Y3lga waysie ¢ 104

D=

0L agy

e |

X

B tog=y ring
VIWOD MaLsEs Dy

4

=]
*cuadeay [SuoTsusug—uoy

~LHT¥d WALNdHO D
YNY 40 3sNOdSTY

(Ix) Uor)e)ToNs 93181s-£pwejs 1o
Po1%01d osTw YoTya wsm

B4 esuodsex ey JO _uotgzod g 91818
U} 84} yo sessmq °UL  HOVOuZdY TVOILTIOTHT,

T Th=3ani-g

I T P

Ayt
Mivsd2yr0n

o
#

<
-
A
-
o
"~
[}

<

T Ta-4eni'g

W

o
o

T
.

e dAreg

S

ni{*a
LB DR LYY

Tn Ti=dagreg

LRI TR ]

WesesT0 Bnaanpg

Ghs=rrycg
CLEE LT AR
FElrETN QGRS
T =ATRTC DoeTHn9cn
To=3Pr6 5 Onedngg g
LI L TN ]

LRURELLT M- BT PT A

"G ONsqnpe-p
ay

T gusqu2grg
‘0 Acedongg

0 ftrear

YU roednge g
€0 0a-32g0

*1GT LD yns3Inge-q
=AT/00 ODe {0pg g

.
<
=
F-]
w
-~
I3
.

=Yqpn
s34,
LA
LR A
=ATrp*0

0.t
L1} Aradupg-
7D Nredagor
e
166470 1eadgay

"
»
¢
¥
"
"

M
r
n
“

[
1o
[P TREDS

bt}
1

Trervatd o No.3¢ g
" kA

LLEE LTR

Lt-3rsa~.

Taeynigra

Toegf e

| R
HOSTH

Cire 2y
Tu-intary

[ ST
PLEE TYRSES
Thayyaan
Po-

o4y

'
sut

LI Ty

LS PR

*

e aJegy

-

TAfLr

CE LA
HEE ]
eIt
Filmagesr=a
Pilasr i Ty
Ir=37g1y
Ruegepr-r

1

z . .

Of~ = §
. ey Jtuodsey

0{+ = § Jo

ynduy qdaas 93 sruodsey
A1jurguy § 1og

“suedrar ayuys Lpvayg

{+j¢ 1
Mz
A-w~ i

OFE + = & 49 NOTLYLIDX3
d3BAS ¥ 0L (0'0 = § L
WALSLS ¥ dp ISHOJISIY FHL
40 KOIL§Od wy FLYIS~1avaLs
THL Y04 LRO-IHTHd Y30dH0D

Ti- 38,

LI U Ty S

(217 fella tr1x

LR 1 Y

203
338
CER LS T BETEOTS

Tho40 530va rg
A41 4D 104

i)

Tiryxy

G31107q Fuv t«IFa
10 INugakay A I Vduy

IKYNDSAy v

1St ¥Dy
LEFS¥3

e

VPRIX 40 s3n1va
AO¥3Ls H108 03

HALdw
t

ra-34£T0
S3ININGIYS BN

.Amwv sdaous

adoad xeq

F (X)
:m%oo




Sweep Speed Effects in Aesonant Systams: A Unified Approach

advancas in the state of the art, presenting closed-form
solutions capable of computer programming. Trull' s work has
been describad by Zimmermann in this survey (page 9). His
solution divided into a Transient FM portion and a Steady
State FM portion. He provided a computer program for the
Steady State FM portion which is useful for cases where the
sweep speed is slow enough so that the transients have died
out bafore the resonant peak is reached, which is the case for
a vast multitude of problems. One example of whera this is not
the case is shown in Fig. 7. He supplemented his work with
two analog studies. The results of his work are summarized in
Figures 7 and 8. The solution is a special case for low damping
and q>50.

Zimmermann [87] not only preduced a masterful summary
of the literature for his Master's Thasis, most of it brought in
this survey, but also modified and extended Trull's analysis
so that the response of any system can be determined,
including the transient FM response. The same equations and
computar program hold for sweeps of increasing and
decreasing fraguency, and sach of the responses of a
second-order systam was treated: .

52Q 3Q

— — .Q = f{t
oyt By Y Y (®

32Q L .
a.,-a-t—z— = the system kinetic energy storing response
y.Q = tha systam potential energy stolring response

S .
ﬁ.-g?- = tha system energy dissipating response. .

The power of prasenting these individual responses in
non-dimensional form (ji.e., per unit of forcing function) is
shown in The Unified Approach to Differential Equations,
Chapter 5 in the aditor's now out-of-print book [68], but
ratained in the LI/MSE Reprint Serias as Reprint #55 and used
in the Short Courses on The Dynamics of Measurement
Systems for Test & Evaluation.

Zimmemann's solution and the program are shown in
Table3andonp. 17.

Figue 9
{From Zirmermann [97])

Difference In Initial Conditions for the
Potential Energy Storing Element

q =100, {=0.03
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Tha program in Table 3 evaluates the exact solution; no

simplifying assumptions or approximations are made. Tha

input consists of the sweep factor, q, the damping ratio §, and
the initial frequency ratio, FRL. The sweep factor may be either
positive or negative, since_no rastrictions were placed on the
direction of the sweep in the derivation of the solution. Care
must be. exarcisad in spacifying q, since its definition is not
consistent in the literature. 1t may be defined in terms of either
cycles per second (Hz) or radians per second, and the two
differ by a factor of 2x. In the program presented here, g is

multiplied by 2x intemally. With this instruction present, q is
basad on Hz. If the instruction is removed, q is based on
rad/sec. - -

Satisfactory results will not be obtained for absolute
values of q on the ordar of 1000. This is because large values
of the argument of the error function result in very large
values for the error function in the Ixl < lyl portions of the
complex plans, and the magnitude of thase values will exceed
the capability of the (19731} computer. This difficulty can be
avoided by using the approximation which was discussed in
the darivation {not shown in this survey) and which results in
an equation of the form evaluated by Trull [72]. This approxi-
mation is in terms of a function which doas not take on the
large values that the erf-function does. For [zl > 3, the axact
solution and the approximation will yield the same result.

The printout displays the normalized response of all three
elements and the phase of these responses with respect to
the input, Since the phase varation exceeds 360° in some
cases, and sinca the program does not distinguish between
two different angles in the same quadrant, 360° must be
subtracted from the printed value in a few cases to obtain the
corract phasae. The response of a Gaussian system is also

_. calculated and printed {infinite sweep range approximation),

sea [97], and it is sean that the Gaussian response is not
neceg-ssarily a good approximation for a second order linear
system.

Inspection of the results reveals that the maximum
response of the potential energy storing portion of the systermn
is lass for a positive sweep than it is for a negative swesp.
This effect was noted in the literature but not explained. It is
due simply to the inherent asymmetry of the response; the
steady state rasponse is greater below the critical fraquency
than it is above it. Exactly the opposite effect is experishced
by the kinetic energy storing response. .

The literature has usually displayed the response as the
amplitude of the response vs. the fraquency ratio, as was first
done by Lewis. Other types of plots which include phase
information may be more ussful in some applications.

Note about Figure Numbers: Figure numbears are
now from Zimmearimann's Thesis [97] and not continuous with
the other figures in this survay.

.= w.Figuras 17 and 18 show the standard amplitude vs. fre-

quency plot along with the corresponding phase plot. It is
seean that for a slow swaep the phase oscillates abotut the
steady state phase, but for a rapid sweap it becomes an
entirely difterent tunction. From the co-quad plots in Figures
19 and 20 it can be seen that this diffarence is caused by the
real component of the envelope changing sign more than
once.

The polar or Nyquist plot in Figure 21 displays the fact
that the response vector spirals about the origin after
transition through resonance for a rapid sweep, but only
oscillates about -180° for a slow sweep, At higher frequency
ratios, the response spirals about a point other than the
origin, as also obsarved by Barber and Ursell. They also
showed that a transform of coordinates based on the sweep

__function eould be used to display the response envelopes as
- variations of the Cormu spiral.
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Table 3

THE ERROR FUNCTION SOLUTION FOR LINEAR SYSTEMS | ®n
AND LINEAR SWEEPS FOR A UNIT OF FORCING FUNCTION o

THE ERROR FUNCTION SOLUTION FOR LINEAR SYSTEMS .

AND LINEAR SWEEPS

[t was shown in Chapter IIL that the particular solution to

"33 * 2w, 65 * ol Qg = sinfot + 2t?)
is
Q' al%:—-'l—f\f-lsin{ct + et?)
. =
where L, = exp(z,®) [%- /73 erf(zy) + €]

1
= o= {at + by}
7z K

a=-ig~

1 ¢: eos
t}K‘-z-h FR'}-}-K']

Zy

M= oGt RILA %

FRi
FR = frequency ratio {&jmn)

initial frequency ratic {(a/u)

Note that v = {FR - FRi) g

The value of Cx depends upon the initial conditions of the

equation. If the response is zero at time zero, then
1
by = -5 e erf(zkn)

where ng =z, at t = 0

Program Inputs:
Program Outputs:

q,cand FR

damping ratio
" undamped natural fraquency, rads

initial fraquency at start of sweap,

radfseac

(172} linear sweep velocity, radsec?

time, seconds

error function, see program p. 21,

linear sweaep facto o’ _ b2
Geplactor = 2 o= it

396 p. 20 for physical explanation
1

s
0o

i

tru u

L
fi

i

¢
f

il

angle, defdt = radian frequency
frequency in Hz

it i

Howsever, if the system is operating at steady
state when the swesep begins, then the
canstant Cx has a second term:

Ge = (1) Vinsa).erf(ziee) + exp (-2,D) A

This difference in initial condition js
significant even when the sweap begins at
zero frequency, because the anvelopa of the
potential enargy response is equal to one for
the steady state envelope. This is iilustratad
in Fig. 9. These curves were obtainaed from
both programs in Zimmermann's Master's
| Thesis and the results were precisely the
| same with three places printed out,

The program presented here solves the
aquation for the steady stata anvalopa initial
condition. It can be converted to zero initial
condition by setting xx = 0,

The initial phase of the system is not
axplicitly included in the solution, and is
generally unimportant since the solution is
tar the envalopa of the response. However, it
should be kept in mind that for a vary rapid
sweep the rasponse will not fill the envelope
and the maximum response will depend on
the initial phase. This could be computed by
multiplying the envelope by exp(is) to get the
actual response and by adding the initial
phasa to FRi.

The program also computes the kinatic
and dissipating rasponses by integration by
parts. This allows aill three responses of a
second order Enear system to be obtainad by
axpending very little more compister time

Amplitude and phase of the three systam respanses | than is requirad for the evaluat of
for steady state and swep! excitation, S requ r the evaluation of the

response of a single elernent,

Comparison of the results front this program with the rasuits
for numaetical intagration of Hawkes' aquation are also shown
in Zimmermann's Master's Thesis and shows agreement to at
least three decimal places. Also since the maximum response
for a linaar sweep is equivalent to the maximum rasponss for a
log sweep if the sweep factors are equal, this program can be
usad to avaluate the maximum responsa for a log swaep,

Practical Application of LI/MSE's
Saolutiona to the Sweep Speed Problem

Charlas P. Wright, 1968 Master's in Mechanical Engin-
garing with a Measurement Systems Enginearing major from
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LIMSE, has implemented afmost all of the data validation
techniques recommended by the Unifiad Approach to the
Enginasring of Meastrament Sysfemsin his state-oh-the-an
data acquisition, handling and analysis system at TRW Space
& Electronics Group, Redondo Beach, CA where he heads the
Measurements Engineering Departmant,

His 1994 book [98): Applisd Measurements Enginearing:
The Design of Effective Measurarment Systams (Prentice
Hall} describes thesa validation checks in some detail. One
for sweep speed effocts will be implamented shortly,

The philosophy of Validation Checks is that data are
validated for numerous effects before they are analyzed or
handled or umed over 10 the test requester. The emphasis is
on TQM ~ Total Qualtty Measuraments,
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OTHER SYSTEM PARAMETERS
(From Zirmmeirnann [§77)

Although the systam input, output or transfer ratio are the
items of most genaral concern, there are other system
parameters which may assume foremost importance in
enginesring problems associated with sweep frequency
axcitation of resonant systems. One of these is the number of
excitation cycles experienced by the system during tha
transition through resonance. This actually is a property of
the system oulput. However, these considerations require
neithar the envalope nor the phase of the rasponse, and the
calculations involve only the number of cycles of excitation
applied to the system,

The number of cycles applied to a system are of
particular importanca in mechanical vibration testing since the
structure may be destroyed by fatigue damage betore the test
is complatad if the sweep speed rate is too low. A number of
papers have bean davoted to fatigue considerations. Curtis
[20], Harris [31), and Gertel [27] considsred the numbar of
strass cycles as a function of sweap rate for linear sweeps.
Patrick [55] computed the level and duration of a swept sine
test to duplicate the damage to be expariencad in the service
environment, and Spence and Luhrs [66), [67] datemmined the
octave swaep rate required to produce the sama damage as a
random vibration test. Granick [29] and Parker [S4] also
considered the fatigue aspacts of sweep fregquency
axcitation. Parker pointed out the interesting fact that both
linear and jog sweaps are poorly suited for distributing fatigue
equally among the rasonances of a multi-dagree of freedom
system. Assuming the same damping rafio at two resonant
frequancies a factor of b apar, a linear sweep will apply b2 as
many cycles at the lowar fraquancy and a log swesp will
provide b tithes as rmany. Parker determines a sweep function
which would apply an equal number of cycles at each
resonance, . -

in soma systems the capability of the readout device
becomes a limiting factor. In the design of a magnetic fisld
spactrum analyzer Greenstein [30] found that tha persistance
of available phosphors for the cathods ray screen required a
sweep rate for an acceptable image which resulted in only
70% response at rasonance. Waldron [78] found that
microwave systems with sawtooth sweeps were subjact to
additional armors dua to the uncertainty of the frequency st the
beaginning of the sweep, and Bozich [5] determined that
sweap frequency analysis requires its own data sampling
criterion

A systemn parameter of interest to all engineers is the
cost. Broch [10] proposad a hybrid tast mathod consisting of
sweaping a narrow band of random excitation. This is claimed
to combine all the advantages of random vibration testing with
the simplicity and lesser capital expenditure of swapt
sinusoidal testing. Hayasaka [34] applied sweap frequsncy
calculations in proposing that acoustical equipment can
achiove comparabla perforrnance with less stringent design
criteria. Ha determined that human speech consists of
froquencies swaeping up to 3700 Hz/fsec. Using the
theoratical results of Lewis and saveral Japanesa papars,
and by parforming a number of experiments, he showed that
the resonances of a typical acoustic system are appreciably
flattened in actual use and concludad that a flat steady state
fraquency responsa is an unrealistic requirement.
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{Continued from page 24)
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Figure 10 (From Trull [72]}Sese also Fig. 3)

Illystration of Sweep Speed Effects
Triple Exposure for Steady State and
Rapid Sweeps Up and Down in Fregquency
Nota the difference betwesen up and down sweeaps and that the
true resonance is at their intersection.
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FORTRAN PROGRAM FOR LINEAR SINE WAVE SWEEP (From Zim
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