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A 10,000 FT-LB
TORQUE CALIBRATION SYSTEM

Dennis W. Page
Mechanical Engineer
US Army TMDE Support Center
white Sands Missile Range, New Mexico 88002

ABSTRACT

As the state of torque technology has advanced,
higher range and accuracy torque measuring
instruments have become available.

Within the last few years a significant number of
static torque measuring instruments have been
received for calibration with ranges as high as
4,000 foot-pounds (ft-1b) and with stated
accuracies of 0.1% full scale (F.S.).

To calibrate these instruments a high torque
calibration system (HICS) with the following
characteristics was required:

(1) Ability to generate a known torque from
_ a few 100 ft-1b to 10,000 ft-1lb with an accuracy
on the order of 0.05% of reading.

(2) Coampatibility with a wide variety of
high torque measuring instruments.
(3) Ease of use.

Described here is a HICS that incorporates these
characteristics.

INTRODUCTICN

Until recently, the local ¥equirement for ~

calibrating torque measuring instruments above
1,000 ft-1b was rarely encountered. The stated
accuracy of the instruments to be calibrated was
usually no better than 1% at best with 2% to 3%
accuracy the norm. These instruments were
calibrated on commercially available torque
calibration standards. They consist of a beam
anchored in a box. The torque is applied to one
end of the beam through a bearing restraint that
permits only a pure moment to be applied. The
applied torque produces a deflection in the beam
which is measured by a dial indicator. The
deflection is proportional to the torgue applied.
The instruments are available up to 1,000 ft-lb
with an accuracy of 0.5%. The torque is applied
to the test instrument by hand and compared with

- the reading of the calibration standard. This
procedure is satisfactory up to about 1,000
ft-1b, after which manual application of torque
becomes difficult.

Within the last few years a wide variety of
torque measuring instruments with capacities as
large as 4,000 ft-1b and stated accuracies of
0.1% F.S. have been received for calibration.
support this continuing high torque workload a
HTCS was required.

To

Performance Requirements

The quality and quantity of instruments to be
calibrated determined the performance
requirements and the resulting system design.
Three basic performance requirements were
developed.

Requirement #1 - Range and Accuracy

A 10,000 ft-1b maximum was selected to
accommodate any future requirements above the
existing 4,000 ft-lb range. Since this was an
initial design, extending the range to anticipate
future needs was considered cost effective. The
accuracy requirement of .05% of reading was
selected to give a minimum standard-to-test-
instrument accuracy ratio of 2 to 1 for the most
accurate instrument to be calibrated, i.e., 0.1%
F.S. torque transducers.

Requirement #2 - Versatility

Due to the large variety of high torque ~ -
instruments calibrated the system had to be very
versatile. The instruments that arrived for

calibration were typically:

Torque Transducers (0 - 4,000 ft-lb)
Torque Wrenches (0 - 2,000 ft-1b)
Torque Multipliers (0 - 2,500 ft~1b)
Torque Analyzers (0 - 1,000 ft-1b)

Requirement #3 - Ease of Use

The system had to be easy to use, i.e., one
person could operate it without performing a
great number of complex operations or a large
expenditure of labor. The system must produce
and measure clockwise (CW) and counterclockwise
(CCW) torque.

A product review revealed the existing commercial
systems to be deficient by one or more of the



. three performance requirements outlined above.
Accordingly, the system was designed and
fabricated locally.

Design Considerations

Since the Test Measurement and Diagnostic

. Equipment (TMDE) Support Center at White Sands
Missile Range (WSMR), New Mexico maintains
accurate force and dimensional standards, the
basic approach was to use the principle of:
torque = force x length. If a known force is
applied to a known lever arm (length), then the
resulting torque is known. Once the basic
approach was chosen, certain considerations were
essential to assure compliance with the three

- performance requirements:

Requirement #1 - To assure the desired accuracy
and range it was necessary to consider the
following:

.o The applied force and lever arm must remain at
90 to each other.

e The accuracy of the produced torque was
dependent on the accuracy of: 1) the applied
force and 2) the length of the lever arm.

e A pure moment without side loading must be
applied - some instruments are sensitive to
side loads.

e Friction must be reduced to insignificant
levels or quantified for correction purposes.

e The center line (¢) of the torque arm must be
coincident with the ¢ of the output shaft so
the measured lever arm length is equal to the
effective lever. arm.

Due to the forces and accuracies encountered, the
‘following areas required consideration:

.o Sufficient torque arm rigidity to assure a
constant effective lever length and
orientation with respect to (w.r.t.) the

- ~applied—Sorces., -~ T T T

- ® Selection of size and material of the ocutput
shaft and test instrument coupling systems to
maintain safe stresses at full load.

Requirement #2 - To assure interfacing with the
variety of instruments encountered, the

calibration system must provide a method by
which:

e The test instrument could be coupled to the
output shaft of the calibration system.

e The test instrument could be attached and/or
made to react against.

Requirement #3 - The following were
considerations relating to ease of system
operation:

e No hand loading or unloading of deadweights
necessary. .

e One man required to apply torque and read test
instrument simultaneously.

e Minimal or no calculations required to
determine the applied torque.

e System calibration easily convertible to CW
and CCW torque application.

The design, incorporating the above
considerations, was an iterative process with the
completed design a combination of trade-offs to
accommodate the three performance requirements.

A description of the HTCS follows.

Length

A torque arm was used with a segment of a circle
at each erd and a flexible tension member to
connect the applied force to each end of the
torque arm (Figure 1). The torque arm and the
flexible tension member combination would allow
rotation of the torque arm and still maintain
perpendicularity between the torque arm and the
applied force. It would also maintain a cohstant
lever arm length during rotation. Rotation of
the torque arm was necessary due to:

e Compliance of the test instruments.

e The different positions of the torque arm
required for set-up of the various instruments
calibrated.

To prevent side loading, two equal and opposite
diametrically opposed forces were used on the
torque arm (F, & F, , Figure 1). If

FF =F, andr, =1, andF,/ F

then a pure moment is applied to the torque arm
equal to

(Aen +Ben).

To produce large torque, a large force and a
small lever arm or a large lever arm and a small
force, OF & compromise of the two was required.
If the lever arm was too large, the size of the
completed system would be too large for the space
available. If too small a lever arm was used the
forces would be large and the hardware used to
connect the applied forces to the torque arm
would be large and bulky. As a compromise a
2-foot radius was used, i.e., a 4-foot diameter
torque arm. Wire rope was used as the tension
member. Investigatior indicated the ¢ of a
force applied to a wire rope over a groove in a
pulley acts through the& of the wire rope. This
is significant since a wire rope diameter of .375
inch was used. If the effective ¢ of the force
was not coincident with the geometric ¢ of the
wire rope, lever arm length errors as large as
1.5% could be made. This was clearly
unacceptable with an accuracy goal of .05%. A
groove was machined in the circumference of the
sector of the circle to support and guide the
wire rope. The groove was machined at a diameter
such that the distance from center line of the
torque arm to center line of the wire rope was 2



~—

feet. After fabrication, the torque arm lengths
from the center of torque arm to the bottom of
the sector groove were measured with an
uncertainty of ¥.002 inch @ 68° F. The diameter
of the wire rope was also measured and the
effective lever arm lengths were:

(r, +% wire rope diameter)
(r, +% wire rope diameter)

The torque arm was fabricated in sections from
aluminum and steel. The two end sections were
made of steel to provide resistance to abrasion
by the wire rope as the torque arm rotated. The
main portion of the torque arm was made of 1 inch
thick aluminum plate to reduce the weight of the
torque arm. An internally splined, 24-tooth
companion flange was bolted to the torque arm.
The companion flange coupled the torque arm to
the output torque shaft. The output torque shaft
had an external spline that mated with the
internal spline of the companion flange. All
splines were of involute profile for strength and
to provide self centering® of the torque arm on
the torque shaft once torque was applied. The
24-tooth spline permitted orientation of the
output shaft w.r.t. the torque arm in 15°
increments. The torque arm could rotate through
30° (#15° from longitudinal ¢ of torque arm).

With this combination, any orientation (0
through 360°) of the test instrument w.r.t. the
torque arm was possible.

- The required torque shaft diameter and material

was determined(?:? and several torque shafts were
fabricated with different configurations on the
output end to permit attachment of the various
type of torque instruments received for
calibration. The torque shafts were fabricated
from 4130 steel and had a diameter of 3.1485
inches. The splined components were held
together axially by a nut that tightened on a
threaded stud of the torque shaft extending
through a hole in thet of the torque arm (See
Figure 2). To assure the concentricity of the
torque arm w.r.t. the output sghaft the torque arm.
grooves were machined with the torque arm mounted
on its ¢ hole.

The output torque shaft rotated in two 3.1495
inch bore radial bearings. The bearings required
a torque of 0.162 in-1lb to start rotation under
zero radial load. The bearings were mounted in a
bearing housing that was bolted to the back of
the main frame. To allow for future requirements
of numerous holes to mount torque instruments on,
a 14" square section was removed from the center
of the main frame. A step was machined around
the inside of the square hole to accept a plate
machined with a similar step which could be
exchanged once it was full of instrument

mounting holes (See Figure 2). The output shaft
2ither extended through aor was flush with the

~—surface of the removable torque plate, depending

on the torque shaft selected. (See Figure 2)

A l-inch thick 8-foot wide x 4~foot tall cold

rolled steel plate mounted vertically was used
as the main frame (See Figure 3).

The torque arm was statically balanced after it
was installed on the torque shaft, to assure that
no extraneous torque was applied by a torque
arm imbalance.

Force

The forces F, and F, (Figure 1) needed to be
known to fairly close tolerances to attain the
system accuracy goal of 0.05% of readirg.
Performance requirement #3 prevented the use of
deadweight so an alternative method of easily
applying two known forces was required. The
method selected to generate the required forces
was hydraulic cylinders in conjunction with a
two-speed hydraulic hand pump. Since OW and CCW
torque was to be produced, provision to attach
hydraulic cylinders on either side of the torque
arm was necessary. This was accomplished by
flexible tension member attachments that
permitted bolting to either side of the torque
arm as required by the torque direction. The
hand pump was connected to a directional control
valve (DCV) which permitted selection of the CW
or CCW set of hydraulic cylinders (Figure 3). A
flex hose was used for the line connecting the
hand pump to the DCV to allow placement of the
hand pump where it was needed. Initially,
consideration was given to calculating the forces
produced by the hydraulic cylinders from the
measured pressure and inside diameters of the
cylinders. However, the accuracy of this method
was inadequate, so calibrated load cells were
used. The load cells were connected in-line
between the hydraulic cylinder shaft and the
flexible tension member. This also permitted
the load cells to be used in tension to help
prevent side load errors associated with
compression use. Tension flexures were used to
reduce possible side load errors caused by any
slight mis-alignment of the load cell with the
tension member or torque arm. The load cells
were calibrated on a deadweight machine that
produced force values with an uncertainty of less
than 40 parts per million. The load cell
calibration included a report containing a

- prediction equation hased on calibration data... ..

An uncertainty estimate equation for the forces
was also available from the report(® . Using the
force prediction equation and the load cell
outputs the forces generated by the hydraulic
cylinders were calculated. Further, using the
uncertainty equation, an estimate was made of the
accuracy of the two force measurements.

The completed HTCS functioned as follows. The
hydraulic cylinder/load cell combinations
produced and measured the forces. The wire rope
coupled the generated force to the torque arm and
permitted rotation of the arm while the applied
forces remained perpendicular. The torque arm
converted the forces (equal, opposite, and
diametrically opposed) to a moment. The produced
torque was applied to the test instrument by the
splined interchangeable output torque shaft.

Instrumentation

The output of the two load cells was detectad by
two digital voltmeters (DVM). Both DVM ocutputs



were read by a computer which used the load cell
prediction equations to calculate the forces and
uncertainty based on five independent load cell
readings. The total uncertainty of the produced
torque was also calculated and printed out each
time the a program was executed. The printed
results could then be compared to the indication
of the test instrument.

To account” for zero drift of the load cell, a
no~load-reading of each load cell was taken at
the beginning and end of each run. These values
were used by the computer to correct for any
change in zero that might have occurred during
the run. To obtain a repeatable no~locad-zero-
reading, all force applied by the hydraulic
cylinders had to be removed frocm the load cells.
By releasing the pressure in the hydraulic
cylinders and rotating the torque arm a slight
amount by hand, the wire rope was disengaged from
positive erd contact with the torque arm and
repeatable no-load-zero readings were cbtained.
This was made possible by wire rope end
attachments that permitted slipping of the wire
rope during compression.

RESULTS

The torque system was assembled and used to
calibrate instruments with ranges as high as
4,000 ft-lb, with good results. During operation
of the system it was noticed that under load the
wire rope would "unwind", imparting a torque on
the load cell. The torque was of an unknown
magnitude but equal to the resistance of the
seals in the hydraulic cylinders. Tests revealed
an axial torque sensitivity as large as 0.45%
F.S./ft-1b for the load cells used. Through
tests is was also discovered that the wire rope
appeared to "flatten out" under increasing load.
The wire rope diameter was changing at a rate of
approximately .001 inch/1,000 ft-1b.

Further investigation revealed behavior of wire
rope on a sheave that contributed to the errors
of the system.

- Close cbservation of..a cable.-which is
passing over a sheave will reveal a
small standing wave at each sheave
tangent point(®.....

This is due to a complicated relationship between
the individual wire strands that make up the wire
rope . The internal friction between the
individual wire strands causes the wire rope to
pull away at the point where it enters the sheave
and cling to the sheave as it exits (See Figure
4). The result leads to an error in the
effective radius of the sheave and thus the lever
arm length. The magnitude of this effect was
undetermined but is proportiocnal to the ratio
4/D; where d = the diameter of the wire rope and
D = the diameter of the sheave(®,

The same internal friction produces losses in the
transmitted forces as the wire rope bends around
the sheave ®), The magnitude of this error was
also undetermined.

To correct these problems the wire rope was

replaced with a thin high strength strap, .055

inch thick and 2 inches wide. The groove on the

erd of the circular segment was replaced by a

smooth 2-inch wide circular segment surface. The —~
distance from the ¢ of the torque arm to the ¢ of
the strap was 2 feet.

To obtain the most stable load cell readings a
short wait was required after the applied torque
was changed. This was due to the heating or
cooling induced by the pressure increase of
decrease in the closed hydraulic system. The
wait permitted the hydraulic system temperatures
and thus the produced forces, to stabilize.

The DVM was set at the fastest sample rate (24
samples/sec) to reduce the effect of temperature
drift and permit a required wait time of about 30
seconds for all but the most accurate
calibrations.

The resulting torque calibration system was
analyzed to determine system accuracy. The
results follow:

UNCERTAINTY ANALYSIS

Torque = Force x Distance

Systematic Error:

Force

Ioad cell calibration —

Maximum error for either load cell = .02%
(from calibration report)

Bearing Friction
0.16 in-1lb at 0 lb radial load

0.32 in-1b
(negligible)

0.16 in-1lb x (2 bearings) =

Measurement of the bearing friction @ side load
-of 125 1bs (100_lb torgue arm weight + 25 lb

unequal loading) = 0.1 ft-1b
(negligible)

Distance

Uncertainty of measured radius arm = +.002 in

.002 in= + .0083%
24 1in

Random Errors:

Force - Random error calculated from five DVM
readings as follows:

Using prediction equation calculate force



Calculate standard deviation (¢} of five force

values.

~alculate limit of random error of force from:

— 33

5
(variable but typical results)
Distance

+,03%

Error in torque arm due to thermal expansion:

it = +5°F (temp controlled to*5°F)

Length of aluminum portion = 20.4 in
13; in/in/°F x 5°F x 20.4 in = .0013 in
Length of steel portion = 3.4 in
6.7 in/in/°F x 5°F x 3.6 in = .0001 in
Total error due to thermal
expansion = .0014 in
@ o t of °F .0014 in = +.006%
24 in
Estimate of total uncertainty:
Systematic
Force: +.02%
Distance: +.,0083%
Random
Force: +.03%
Distance: (due to temp changes) * .006%
Total Typical Results = * .064%

CONCLUSION

Comparison of the completed system with the three
performance requirements indicates substantigal™ -
Although no

compliance with the original goals.

10,000 ft-1lb instruments have been calibrated,

the design of the system and performance at lower

torque values indicate satisfactory full scale
performance. Where an accurately known high
static torque is desired, this method could be

applied.
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ROBERT H. SCHUMAKER
Rear Admiral, USN
Superintendent
U.S. Naval Post Graduate School

INTRODUCTION - WELCOMING ADDRESS

We know that the introductions may be longer than the address. I
heard a story the other day about a fellow who was in Washington for
many years and his wife asked him to accompany her to her hometown in
Oklahoma to talk, among other things, to the Rotary Club. And in
sharp contrast to the introduction I just got here, the president of
the Rotary Club got up and said, "Now we're going to hear the dope
from Washington.* He wasn't real sure whether that was contrived or
accidental. Well, this really isn't much of an address. It's more of
a welcome to sunny Monterey. Hang in there folks, it's going to turn
sunny; I see some blue off in the sky there.

Transducers. I'1l tell you about all I know about transducers in
about the next 30 seconds. My understanding is it's a device for
changing energy of one form to another form. Generally, low power
applications, mostly involving signals of communication.

I'l1l] tell you a story about communication. I really believe in
communication. In fact, I was going to bring a transducer in to show
you today. It looks very similar to a metal cup, You see when we
were in Vietnam, the Vietnamese philosophy was to separate prisoners
from each other. The theory is a prisoner will be more pliable and
susceptible to propaganda. So they had a guard to prisoner ratio of
1 1/2 to 1. It was so high in order to keep prisoner A from talking
to prisoner B. Well, we thwarted them through a communication system.
We wWere living in separate cells with walls made of concrete about a
foot thick. We could tap very lightly on one wall and it would be
received on the other. But if we were caught they'd hammer us pretty
hard. So we took this transducer; now this is energy, mechanical
tapping energy that got transduced into or reconfigured into acoustic
energy. Very, very softly we'd take this cup, turn it upside down,
put it against the wall, and be able to hear just very, very soft
tapping. If you're curious, the tapping code was a kind of simple
one. Most of us aviators knew Morse Cnde, but when you tap you don't
have those two binary dots and dashes. You Jjust have 1little pecking
things. So Wwhat we did was to take the alphabet and arrange it into a
matrix of five rows and five letters. We had to leave off one letter,
of course, and that was the letter K. The first row would read A, B,
C, D, and E. We called it the AFLQV code because that's the first
column. If you wanted to send the letter D for example, it would be
one for first row and the fourth column. You could get going pretty
fast with this code which sounded like a bunch of soft woodpeckers in
there with the aid of that transducepr cup.

I'11l tell you a story about communication too. A woman
experiencing marital problems that might end in a divorce approached a
marriage counselor. The counselor, in exploring the problem, asked
her if she had any grounds. She thought for a minute and said, "Well,
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yes. We have about five acres around the house." He said, "No, what
I meant was do you have a grudge?" And she said, "No, we don't, but
we have a carport.” Almost in exasperation, the counselor said,
"Well, does he beat you up?" "Not really, she said, I get up about 15
minutes before he does, but I think we have a communication problem."

I'd 1ike to tell you before I forget that I did use transducers a
lot. One of the missiles that I got involved with as a major project
manager was the HARM missile, which stands for High Speced Anti-Radia-
tion Missile. When fired from an airplane, it would go zinging on out
some distance and blow up the enemies radar sets. We went through
quite a number of years of testing that very sophisticated missile,
Usually you think of a radar missile as having a little antenna that
swings back and forth. This missile doesn't have any moving parts
except the wings. I'm not sure I ever figured out how it works, but
it does. Anyway, We had a lot of transducers there to control its
flight profile, and we had some difficulties at times. Some of the
transducers wouldn't pick up the right signals and that put us on a
different profile than we wanted. So that's the challenge I'm throw-
ing to you is to improve those transducers.

I would like to tell you a little bit about the school that's
operated just down the road here. This is my flight lieutenant,
Lieutenant Williams. This school has been around for about 76 years
but not always here in Monterey. It was in Annapolis starting in
1909, and then in 1952 in what may have been the latest, or the best
land grab since Seward's Folly, the Navy bought these six hundred
acres in all. There was an o0ld hotel there that had been constructed
in 1870. It was called the Del Monte Hotel and it was in the center
of the Monterey Peninsula which we're showing right here - the social
center of it, that is. I hate to tell you what we paid for it; 2.5
million bucks and that would probably buy my house that's located in
there now. We built a number of academic buildings. Here's the main
campus, and in this location we have a number of houses for our
students. We have about 1600 students; however, we can only accommo-
date about 60% of them. The rest are scattered around town in rental
places. There's another school in town run by the Army that's some-
times confused with ours. It's the Defense Language Institute with
about 3000 students, and it's located right at what we call the
Presidio of Monterey. This whole area is a hill. There's a road and
from here to here is only about four miles, but there are a lot of
bends in the road. The road turns out to be about 17 miles as you
roam around there. It costs you about four dollars to get in the
gate. This is the highest point of the peninsula. And there's a gate
there, one over in Carmel, and two in Pacific Grove. If you do have
time and haven't done that before I think you'd enjoy that ride,
particularly this area down in here along Pebble Beach., Golfing is
the big thing and there are four golf courses. The town of Carmel is
really called Carmel-by-the-~Sea. What doesn't show on the map is a

valley that goes out in this direction about 12 miles called Carmel
Valley.

The mission of the school is the advanced education of
commissioned officers; primarily men who wear my color of uniform. We
have quite a number of people there. I'l1l show you the composition of
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the school in a moment. Basically, the school offers a master's
degree program with most of the 1600 students working on that degree
and about 25 students working on a professional engineering degree.
We provide other services as asked, and we do quite a bit of research
at this place - about 15 million dollars worth. The theory behind the
research is that our professors are sharper as a result of keeping
their skills honed. Every officer in the Navy has 1 primary skill,
and Lieutenant William's primary skill is keeping me happy, I guess.
But, most important is that he's a surface officer and I'm an aviator
and those are primary warfare skills, About 11 percent of our 790
thousand officers have subspecialities; however, we're trying to in-
crease that to about 20 percent. A subspecialty would be acquired
through a master's degree either at the school down the road or some-
where else. For example, my subspecialty is electrical engineering,
where normally I would be flying airplanes on one tour and then come
ashore to a job called a billet in the Navy, that would use those
skills as an electrical engineer. I don't want to dwell on the coding
system here. Let's go ahead with the next viewgraph which, I think,

shows it a little bit better.

This time line shows how you can become an admiral in 25 years,
that's from ensign to admiral. What we're showing up here is about a
year into a person's commissioning. We have a group at the school
down the road that reviews their college transcripts and their expo-
sure to math and physics. Then we do a screen and about 93 percent of
them are acceptable for one of the 41 curricula we teach. After about
four or five years, we have a screening board in Washington that
judges not only their academic performance but how well they performed
as an officer and their potential for leadership. The one in three
that passed the screen can volunteer for the school. They are not
ordered to the school because the two yecars they spend at the school
obligates them to four years of additional service. But if that
person does volunteer (and by the way they aren't all males, we have
about eight percent females in that school), they're in school for a
tWwo-year period. From then on until they make admiral, they're cy-
cling back and forth between sea duty and a warfare tour. Then they'd
go into whatever is their subspecialty: aeronautical engineering,
transducers, or financial management. We like to get about 750 naval
officers a year into post-graduate education; however, they don't all
come to Monterey. About 80 percent of them come to Monterey, and
about 20 percent are sent to MIT or other schools that teach curricula
we're not involved in. We bring students in every three months and
graduate them every three months. The input isn't always the same as
the output, so we fluctuate a bit through the year. This particular
one we're a little lower than we expect to be in about three months.
But this blue line, naturally, is the Navy and within the Navy we have
communities. Here's the aviation community and the general line
community. About 62 percent of those students are U.S. Naval officers
and the red guys are the Army, Air Force, Marines, and others. I
showed this viewgraph at a space conference we had about ten days ago.
I'm surprised you people didn't put the bite on me for an auditorium.
We have an auditoruim with about 1000 seats down there, so it gets a
lot of action. There was a marine general there and he saw that I'd
stuck him between - he claimed - the Greeks and Turks. He got 2
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little mad about the whole thing, so I'm redoing the viewgraph. In
fact, I listed him as an other. They'll probably put me back to
ensign here pretty shortly. ,

This as you can see is a computer printout. What we're showing
here are numbers of people. Here, the electrical engineering and
communication engineering people have about 250 to 260 students and
the code on the other side shows that these are the Navy and those are
from other services including the Marines. Those are the internation-
al guys up there. About 75 percent of these curricula, about 30 of
them, are from engineering and scientific fields, the rest of them are
from intelligence, political science, and other such fields.

If you read the paper, the thin little paper we put out here, The
Monterey Peninsula, this morning, you know that the Navy has been
taking some licks, Even before you make it into the office in the
morning, you'll see that they captured a fourth spy. They're nipping
on the heels of Rickover trying to close down General Dynamics. There
was an editorial about the Star Wars program here, and something about
ashtrays that caused a friend of mine to get fired. We are working
our way through these problems, and one of the reasons we're discover-
ing some of these problems is we have this very aggressive Secretary
of the Navy, John Lehman. He's really jumping in an doing a fine job
of helping us clean house. Unfortunately, when you start sweeping
things, there are some things that get kicked up in the air, so let me
tell you what we're trying to do to correct situations like the ash-
trays, for example. Ashtrays are nothing compared to F18s, but the
philosophy is that we want to be good stewards of the public trust and
we want to squeeze that dollar for every value it's capable of giving.
And so when something like that happens, I think Lehman is doing just
the right thing, making sure people are indeed accountable for their
decisions.

Some of you are familiar with a Navy procurement system or mate-
riel world. For years we operated with a materiel command 1in
Washington. There was a four-star admiral who ran the systems
commands. The Naval Air Systems Command was the one I worked for.
Well, we abolished that Navy Materiel Command several months ago and
the four-star admiral is now retired. Actually, in my judgement, we
should have done that about ten years ago to get rid of the layering.
We are putting a lot of emphasis in the Navy on the procurement of
materiel and trying to do it in an efficient manner. And not with-
standing are a few of these bizarre cases that come out like hammers,
ashtrays, diodes, and things that the newspapers have picked up.
Incidentally, most of these situations, the $400 hammer, come about as
a result of our own internal auditing. One of the sad things, and
this sounds like a defensive statement I suppose, is that the news-
papers pick up on our own internal audits and it comes out in the
presses that the newspaper has picked up all this stuff. We are
really trying to clean up our own shop.

One of the things that I1'm excited about is a thing called the
materiel professional. And if you'll look back over the last hundred
years of the Navy, we've tried this concept a couple of times. 1It's
called the wet/dry concept where a Naval officer is either an operator
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running ships arcund or flying airplanes, or he's a dry sailor and
-doesn't go to sea very often because he's involved in materiel
acquisition. That hasn't really worked out too well in the last two
or three times we've tried it. The reason it hasn't worked out too
well is because the dry sailors forget that the whole reason we're in
business is because of the wet side. They lose the communication
skills. What wWe're trying now 1is this concept of the materiel
professional, where we are going to have about one tnird of our flag
officers in the Navy, we have about 250 flag officers, but one third
of these fellows are going to be dry sailors or materiel
professionals. They're going to become experts in acquisition and
contracting and just hard-nosed business men. I think this time it's
going to work because we're not going to transition those people until
a later time in their career. In fact, I mentioned the admirals, but
really starting at the rank of commander we're going to allow officers
who have the skills to transition into this materiel professional. By
the time they're commanders they've had about 20 years of service and
they've enough blue water in their veins so they don't forget the wet
side. Then they become skilled professional people in the acquisition
world.

Well, I think that's about all I wanted to chat with you about
unless you have some questions. I think you will enjoy your tour down
there at the school tomorrow afternoon. Be sure to see the museunm
down in the basement. I think we have the best view in town from the
top of the tower and the public affairs officer will run you through
there. The school burned down twice. It was built in 1870 and burned
down seven years later, they rebuilt it but had a hell of a time with
the Public Works Department because they rebuilt it in a year's time.
Just to show you the callousness of some of the people that came to
the hotel. They wWwere rather wealthy people. It burned down again in
1925 during a ball. The ballroom caught on fire late at night, so the
orchestra just moved out on the lawn and started playing "There'll Be
A Hot Time In The Old Town Tonight." At any rate, they rebuilt it in
1925, fortunately. I'd appreciate no smoking because I don't want
that place burned down on my watch. Enjoy the tour. There are other
exciting things to do in town., We recently built an aquarium and if
you get a chance, I think you'd enjoy that., It's a 50 million dollar
aquarium located down on Cannery Row. Are there any questions you'd
like to address to me? I hope you have a good stay here and enjoy
yourselves. Thank you.
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TRANSDUCER COMMITTEE OBJECTIVES

This committee informs the Telemetry Group (TG) of significant
progress in the field of telemetry transducers; maintains any
necessary liaison between the TG and the National Bureau of Standards
and their transducers' program or any other related telemetry trans-
ducer efforts; coordinates TG activities with other professional
technical groups; collects and passes on information on techniques of
measurement, evaluation, reliability, calibration, reporting and manu-
facturing; and recommends uniform practices for calibration, testing

and evaluation of telemetry transducers.
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TRANSDUCER WORKSHOP
&

Sponsored by
Vehicular Instrumentation 7
Transducer Committee of

Range Commanders Council,

Telemetry Group

onterey, California -1-6 June 1985
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DEFINITION OF THE TRANSDUCER WORKSHOP

History:

The Workshop is sponsored by the Vehicu-
lar Instrumentation/Transducer Committee,
Telemetry Group, of the Range Commanders
Council. This committee is tasked to provide
IRIG Standards for transducer applications.
The twelve previous workshops, beginning in
1960, were held at two year intervals at, or
near, various U. S. Government installations
around the courntry.

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.

Subjects:

Practical problems involving transduc-
ers, signal conditioners, and readout devices
will be considered separately and in systems.
Engineering tests, Yaboratory calibrations,
transducer developments and evaluations
represent potential applications of the ideas
presented. Measurands include force,
pressure, flow, acceleration, velocity,
displacement, temperature and others.

Emphasis:

1. A practical approach to the solution of
measurement problenms,

2. Strong focus on transducers and related
instrumentation used in measurements
engineering.

3. The ratio of discussion to presentation of
papers is high,

4, Open discussion and problem solving
through the sharing of knowledge and
experience. Session chairmen will present the
speakers as a panel to stimulate discussions
with and within the audience.

Goals:

To bring together those people who use
transducers; to identify problems and
hopefully suggest some solutions; to fidentify
areas of common interest; and to provide a



communication channel within the community of
transducer users. Some examples are:
1. Improve the coordination of information
regarding transducer standards, test
techniques, evaluations, and application
practices among the national test ranges,
range wusers, range contractors, other
transducer users, and transducer
manufacturers.
2. Encourage the establishment of specfal
sessions so that attendees with measurement
problems in specific areas can form subgroups
and remain to discuss these problems after the
workshop concludes.
3. Solicit suggestions and comments on past,
present and future Vehicular
Instrumentation/Transducer Committee efforts.
General Chairman
RICHARD KRIZAN
ESMC/RSL
Patrick AFB, Florida 32925
(305) 494-5107 Autovon 854-5107

PROGRAM

MONDAY, 3 JUNE 1985

2000 Social Hour, at the Holifday
Inn, courtesy of the Vehicular
Instrumentation/Transducer
Committee

A1l attendees welcome.
TUESDAY, 4 JUNE 1985

0730
0800

Registration

Welcome: ROBERT H, SCHUMAKER,
Commodore USN, Superintendent
U. S. Naval Post Graduate School
Introductions: LEROY BATES,
Chairman Vehicular
Instrumentation/Transducer
Committee, RCC/TG

RICHARD KRIZAN, General Chairman
Thirteenth Transducer Workshop
Session 1: ’

Chairman: WILLIAM D. ANDERSON,
Naval Air Test Center

Paper Presentations

(15- 20 minutes each):

0900

* ®Large Torque Calibration System®
Dennis Page,
Calibration
Missle Range

Lab, White Sands

* ®"A Microprocessor Based Sensor
Calibration System"

M. P. Willis,
Rocketdyne

XX

1015
1030
1130

1200
1330

L SN

1500

1515

®"Automating Accelerometer Cali-
brations For Users®
David Banaszak,

U. S. Air Force AFWAL

"The Aberdeen Proving Ground Test
Course Profilometer®
W. H. Connon 111,

ﬂ. S. Army Combat System Test
Retivity
BREAK

Session 1 open discussion, with
speakers sitting as a panel
“"Telemetry Group Function and
Goals,®LEROY BATES, Chairman,
Vehicular InEtrumentation/
Transducer Committee

LUNCH .

Session 2:

‘~Chairman: STEVE KUEHN,

.Sandia Laboratories
sPaper Presentations
(15- 20 minutes each):

*-%Correction Of Abberant Signals

In High 6 Shock Accelerometry®
Donald Baker Moore, o~
Explosives Tecnology ' .

¢ "RMS Response Of An Acceleroletef~

To A Random Vibration
Environment®

6. A, Articolo PL. D.,
Schaevitz Engineering

* ®Automatic Gain Ranging Anplifer"

Richard Talmadge,
Air Force Wright Aeronautical
l.Laboratories

* *An Improved Particle Velocity

Transducer For Equation Of
State Experiments®

Sam Spataro,.

Lawrence Livérmore National
Laboratory

* "Instrumenting And Interpreting

'IThe Time-Varying Response Of
. Structural Systems"
““ Dr. Patrick Walter,

Sandia Laboratories

BREAK

Session 2 open discussion, with
speakers sitting as a panel



0830

1030
1045

1145

1300

1730
1830

2000

WEDMESDAY, 5 JUNE 1985

Session 3:

Chairman: LARRY SIRES,
Naval Weapons Center
Paper Presentations
{(15- 20 minutes each):

“Dynamic Step Calibration Of
Ballistic Pressure Transducers®
Arpad A.Juhasz & Charles D.
Bullock,

U. S. Army DARCOM/Ballistics
Research Laboratory

"Evaluation Of A New High
Pressure Transducer"®

J. R. Miller 111,

U. S. Army TMDE Support Group

"Shockless Pressure Step
Generator®

J. F. Lally,

PCB Piezotronics Inc.

“Ceramic Diaphram Thick Film
Strain G&age Pressure
Transducers®

John Pugnaire & Fred Smith,

DJ Instruments Inc,

"Shock Pressure Measurements In
Confined Explosive Charges®

J. G. Faller & J. D. Dykstra,
U. S. Army Combat Systems Test
Activity '

*Underwater Blast Pressure
Measurements"®

Larry L. Brown,

Denver Research Institute

BREAK

Session 3 open discussion, with
speakers sitting as panel

LUNCH

Tour of Del Monte Hotel
and Seventeen Mile Drive
No-host social hour at hotel
Banquet at hotel

session 4: Manufacturers' Panel
Chairman: PETER K. STEIN,
Stein Engineering Services, Inc.

0830

1000
1015

1130
1300

1410
1420

1590

XX

Panel Members:

PRECISE SENSORS

?OgTINGER BALDWIN MEASUREMENTS,
NC.

EATON CORPORATION

HY-CAL ENGINEERING

TELEDYNE TABOR

GULTON INDUSTRIES, INC.

THURSDAY, 6 JUNE 1985

Session S5:

Chairman: JOHN ACH,

Air Force Wright Aeronautical
Laboratories

Paper Presentations

{15- 20 minutes each)

“Recent Stress Gage Development At
Lawrence Livermore Laboratories
J. Kalinowski, L. Davies,

B. Hudson,and T. Stubbs
EG & G Inc.

"Multiplexing Ground Motion
Instrumentation Cables Downhole®
David B. Longinotti,

EG & G Inc.

"Practical Application Of
Magnetostriction To A

High Speed Torquemeter"®

F. E. Scoppe & K. S. Collinge,
Avco Lycoming Division

"High Accuracy Rotary And Linear
Position Transducers”

George A. Quinn,

Farrand Controls

BREAK
Session 5 open discussion, with
speakers sitting as a panel

LUNCH

Session 6: Informal Mrap-up
Chairman: LEROY BATES, Naval
Ships Weapon System Engineering
Station

This session is provided to
encourage small group discussions
between transducer users and ven-
dors with regard to instrumenta-
tion problems and future needs.

BREAK

Closing Remarks - Vehicular
Instrumentation/Transducer
Committee

MORKSHOP CONCLUDES



GENERAL INFORMATION

This Thirteenth Transducer Workshop will
be held 4-6 June 1985 at the Holiday Inn on the
Del Monte Beach in Monterey, California. The
hosting agency 1is the Naval Post-Graduate
School.

Registration

The registration consists of two parts:
a written "Murphyism®” of one page or less, and
a fee of $60.00.

A "Murphyism®” can describe any
measurement attempt that went astray, with the
objective of learning from our errors and
keeping our feet on the ground. It should be
something generic vrather than common human
oversight--something from which we can learn.
The tone should be relaxed, with a sense of
humor, The "Murphyism® should be anonymous and
must not embarrass any person, organization, or
company. While this is not a mandatory
requirement, the "Murphyism” 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 $60.00
payable to the Thirteenth Transducer Workshop,
and mail to the Workshop Treasurer by 17 May
1985. (Note: Purchase orders are not
acceptable.)

The registration fee covers coffee, tea,
soft drinks, and doughnuts, the Wednesday
evening fixed-menu dinner at the hotel, Del
Monte Tour, and a copy of the proceedings of
the workshop. Late registration will be
provided for at the Workshop registration desk
in the hotel.

Hotel Accommodations

The official hotel for the Workshop is
the Holiday Inn, 2690 San Dunes Drive,
Monterey, California 93940. A block of rooms
has been reserved at the special rates
indicated on the enclosed registration card.
Hotel registrations must be received by 10 May
1985,

No formal program will be provided for
spouses or guests. However, they will be most
welcome at the Social Hour on Monday and the
dinner on Wednesday ($20.00 additional per
guest for the dinner). MNote: Final count for
the banquet must be known by 11 am, 4 June.

Tour -~ Wednesday Afternoon

A 3-1/2 hour tour of the Del Monte Hotel,
Carmel Mission, and Seventeen Mile Drive is
planned for Wednesday, June 5, 1985. Please
indicate on the registration form if you will
be accompanied by guests so that adequate
transportation may be provided. Cost per guest
is $13 regardless of age and may be included
with the advanced registration fee,

Format and Beckground

The traditional discussion format will pe
observed. Workshops are just what the name
implies: everyone should come prepared to
contribute something from his knowledge and
experience. In a workshop the attendees become
the program in the sense that the extent and
enthusiasm of their participation determines
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; to offer fdeas
and suggestions about what's needed in
transducers, techniques, and applications. A
few manufacturers, selected to represent a fair
sampling of transduction methods and
measurands, have bgen invited to the Thirteenth
Transducer Workshop. Consider the questions—_
comments, and topics you want to present to ?
manufacturers. Include them with your maile.
in registration form, or they may be left at
the registration desk on Tuesday morning.

Additional information
May be obtained from the General Chairman or,
Proceedings Chalrman and Treasurer

LERQY BATES

NSWSES Code W250

Port Hueneme, CA 93043
(805) 982-4569
{Autovon) 360-4569

Facliities and Local Support Chairman

PAT CURRAN

Naval Weapons Center, Code 6213
China Lake, CA 93555

(619) 939-7427

(Autovon) 437-7427

Papers Chalrman

LARRY ROLLINGSON .
Naval Weapons Center, Code 6421
China Lake, CA 93555

(619) 939-3761

(Autovon) 437-3761
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ACH, John T.

Air Force Wright Aeronautical Labs.

FIBGA
Wright-Patterson AFB, OH 45433

ANDERSON, William D.
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A MINICOMPUTER-BASED SEMSOR CALIBRATION SYSTEM
Martha Pierce Willis

Rockwell International/Rocketdyne Division
Canoga Park, California

Abstract -

A minicomputer-based sensor calibration system has been developed to sup-
port rocket engine and laser test programs. Previous methods used for manag-
ing sensor data employed manual acquisition, with offsite processing and stor-
age. These methods increased total sensor calibration time and introduced the
possibility of error. To improve quality and reduce the time needed for sensor
calibration, a minicomputer-based calibration system has been employed. This
paper discusses the hardware and software used in this system and future
expansion aimed at achieving minicomputer coantrol of all calibration functions.

Introduction

The Santa Susana Field Laboratory is a rocket engine and laser test facil-
ity. The instrumentation laboratory at this facility calibrates and services
pressure, temperature, force, flow, vibration, and position sensors. Elec-
tronic signal conditioning equipment such as power supplies, amplifiers, and
counters are also maintained at the laboratory.

Previous methods used to calibrate sensors were inefficient and utilized
obsolete equipment. Data were acquired manually or with a panel meter system
interfaced with a mechanical teletype. It was then processed and stored off-
site. Processed data were analyzed for performance and sensors were disposi-
tioned accordingly. Data failures were typically due to equipment malfunction

and human data manipulation error. Sensor calibration turnaround time averaged
1 week.

To improve productivity and to expand and upgrade the laboratory's cali-
bration capabilities, a minicomputer-hased calibration system was proposed.
Such a system had to be capable of acquiring, analyzing, and storing calibra-
tion data and controlling the calibration process.

Syst 8 n

Figure 1 is a functional block diagram of the data acquisition and manage-
ment system. Hardware consists of the following: two low-speed analog
subsystems, a central processing unit, a disk subsystem, a magnetic tape sub-
system, a printer, four video display terminals, and a video graphic terminal.
The low-gspeed analog systems each contain a multiplexer/control unit and a
high-accuracy digital multimeter. Each of these are mounted in the desk
cabinet of a remote console. Four video display terminals with detached key-
boards and a multiplexer interface were procured. Two of these are used with
the two remote control consoles. Figure 2 is a photograph of the remote con~-
trol setup. One video display terminal is used as the master control console.
The central processing unit has 32 bit instruction word length and addressing
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Fig. 1. Calibration Laboratory Computer System

Fig. 2. Remote Control Console

and 3 megabytes of random access memory. The disk storage subsystem is used
for program and data file storage and consists of a 73-megabyte disk. The
magnetic tape subsystem is used for system data backup. Hard copies of data
are obtained using a laser printer. Figure 3 is a photograph of the system.
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Fig. 3. Laboratory Calibration Data System

The data acquisition software consists of operating system and application
software. Operating system software was supplied by the equipment manufac-
turer. It included the operating system, all input/output drivers, a disgk
editing program, and data-base management software. This software is written
in Fortran 77, basic and assembly language. The Fortran programs have the
capability of intermixing assembly language subroutines. The system is capa-
ble of supporting up to eight users simultaneously.

The application software is being prepared by Rocketdyne instrumentation
laboratory personnel. All programs are written in Fortran 77. Data acquisi-
tion and processing software has been completed for static pressure sensors
and platinum resistance temperature sensors. Data processing programs also
exist for turbine type flowmeter calibrations.

System Operation

The pressure transducer program was written to acquire and process data
for all pressure-related transducers. The test transducers are calibrated
against a working standard transducer on a pneumatic calibration console. The
medium is gaseous nitrogen. Operating ranges are 15 to 15,000 psi. Both
absolute and gauge-referenced sensors are calibrated.

In calibrating pressure transducers, a key number is calculated that is
the pressure equivalent of the electrical simulation of the transducer. An
average key number is calculated for up to the 10 most recent data runs. Lin-
earity is determined by using this average key number to calculate the indi-
cated pressure at each point of the most recent data run. These calculated
pressures are compared to the actual pressure indicated by the standard. The
standard error of the mean is calculated for all key numbers included in the
average. The uncertainty of the standard is included in the final uncertainty
statement for the transducer. In calibrating pressure gauges, linearity and
accuracy are verified by direct comparison to the pressure standard.



All sensors are described in a data based. They are filed by a control
number and serial number. This combination of numbers is unique to each sen-
sor. Approximately 40 pressure transducers are calibrated per week. These
sensors are generally processed in batches of similar models and ranges. Up
to seven transducers can be calibrated at once on the pneumatic console,

The general operation of the pressure program is as follows. The operator
executes the program and is given a menu of calibration options from which to
choose. The operator then inputs the control numbers and serial numbers of
the sensors being calibrated. Based on historical information, the program
instructs the operator on the number of runs of data required for each sensor.
New or repaired transducers require a minimum of four data runs to establish a
history file. Sensors that already have historical information stored require
only one data run. The operator groups the sensors accordingly and mounts the
sensors to the pneumatic console. The operator then inputs the control/serial
numbers of the units installed. The program verifies that similar processes
need to be, performed on these units. It then instructs the operator on prelim-
inary operations such as cable installation, leak and proof pressure checks,
and diaphragm reseating. It performs insulation resistance checks and zero
and shunt resistor calibration output checks. The operator is notified when
sensor performance does not meet specification. The program then instructs
the operator as to pressure set points. As points are set, the standard and
test data are acquired. Upon operator request, the program then processes the
data and prints out either a calibration sheet or a rejection summary sheet.
Figures 4 and 5 are examples cf these forms. The rejection summary sheet lists
all current and historical information for a particular sensor. It serves as
an engineering aid in determining the final disposition for the sensor.

Platinum resistance thermometers are calibrated by measuring their resis-
tance values at three known temperatures. These values are the melting point
of ice, the boiling point of liquid nitrogen, and the boiling point of liquid
helium. A working standard resistance thermometer is used to measure the tem-
perature of the boiling liquid nitrogen. The melting point of ice and the
boiling point of liquid helium are known to a degree acceptable to the cali-
bration. The average resistance at each calibration point is calculated for
up to the 10 most recent data runs. The standard error of the mean is calcu-
lated for each of these points. Final uncertainty is expressed in ohms and
includes the uncertainty of the standards used. A table of temperature versus
resistance is then determined using the average resistance values and a scal-
ing method similar to that outlined in Ref. l.* The operating range of the
transducers calibrated is -452 to +500 F. The resistance thermometer program
acquires and processes the data for these sensors. There are approximately
six resistance thermometers calibrated per week. Each of the sensors is
described and filed in the data base. These sensors are also batch processed.
A maxinmum of 10 sensors can be calibrated simultaneously.

*Corruceini, R. J., "Calibration of Platinum Resistane Thermometers," NBS
Laboratory Note, File Number 57-25, Project Number 8131, December 11, 1957.
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Fig. 4. Calibration Sheet for Pressure Transducers
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In general, the resistance thermometer program operates as follows. The
operators executes the resistance thermometer program and is given a menu of
options. He inputs the control numbers and serial numbers of the sensors being
calibrated. The program verifies validity and informs the operator of the
type of points and the number of data runs needed for each sensor. This infor-
mation is maintained in a status file for a particular batch. The status file
is updated by the computer and may be accessed by the operator at any time.
The program instructs the operator on the performance of preliminary opera-
tions such as insulation and pin-to-pin resistance checks, and pressure tests.
It monitors the sensors during these tests and evaluates sensor performance.
When the operator is prepared to take temperature calibration data, he selects
that option. The program monitors calibration bath temperatures and test out-
put signals for stabilization. When these parameters are within prescribed
tolerance, the data are acquired for each test sensor. The only manual opera-
tion is the placement of the test transducers in the proper bath. Test data
points are compared to historical data at the time they are acquired. If a
sensor is not in tolerance, the operator is immediately notified and all cur-
rent and historical information on that particular sensor is printed. This
aids in determining the failure mode and the sensors’' disposition. After all

points are taken, the data are processed and a calibration sheet is printed
for each sensor.

Future Expansion

Planned system expansion includes both software additions and hardware
procurement. To acquire and process data, software needas to be written for
each type of sensor used at the facility. Currently in work are programs for
low range absolute pressure sensors, thermocouples, accelerometers, and load
cells. As those are completed, programs will be written for high frequency

pressure and displacement sensors. Automation of all calibration functions is
planned.

As the data base grows, additional disk storage space will be needed to
support laboratory calibrations. Anticipating this requirement, two disk con-
trollers and two 515 megabyte disks will be added to the disk subsystem in
1985. To support daily laboratory calibration functions, an additional remote
console with an analog subsystem and a video display terminal will be re-
quired. Spares for the system were not included in the original microprocessor
system and will be procured to ensure the system is not compromised by the
failure of a single component. Plans for the future also include the develop-
ment of graphics capability to aid in the analysis of calibration data.
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AUTOMATING ACCELEROMETER CALIBRATIONS FOR USERS

David Banaszak
Aeronautical Systems Division
Air Force Wright Aeronautical Laboratories
AFWAL/FIBG, Wright Patterson AFB,0H 45433

ABSTRACT

Advances in test and measurement equipment impact the end user's
conventional techniques used to calibrate accelerometers.
Conventional techniques involve a person applying various levels of
known accelerations for excitation and manually writing the known
engineering input and the corresponding voltage output. Normally,
values are read from analog or digital voltmeters. The data collected
are then plotted on graph paper; with output voltage on the y-axis and
acceleration input on the x—axis. A best fit straight line is then
found and the slope(sensitivity in volts/g) and y-intercept(zero
output) are calculated. If time permits, transducer specifications
such as linearity, repeatability and hysteresis are determined. The
microcomputer provides accelerometer users the ability to quickly and
accurately check accelerometer specifications at a reasonable cost and
without the need for pencil and paper. This paper will discuss some
traditional techniques used for statically and dynamically calibrating
accelerometers. Excitation and measurement techniques will be
reviewed and modern 1instruments which can automate accelerometer
calibrations will be discussed. In particular, use of a smart dual
channel digital oscilloscope for automatic accelerometer calibration
will be detailed.

BACKGROUND

The ideas described in this paper are from an 1in-house project
titled “"Instrumentation, Facilities and Techniques for Collecting
Dynamics and Loads Data on Air Force Weapon Systems”. One of the
efforts is to study new accelerometer calibration techniques.

In the calibration of accelerometers a precise and carefully
documented procedure should be maintained. Every experimenter should
take an active role in the process. For any experiment requiring the
measurement of physical phenomenon, calibration of the transducer can
be the most mundane and boring task. However, the test results rely
heavily on the basic assumption that the transducer calibrations are
accurate and correct for all envirommental conditions. Calibration
can be a repetitious, tedious, thankless, dull and unsatisfying task
that one wants to finish quickly. In many reports the transducer and
its calibration are briefly mentioned, when the main emphasis is the
testing of an exotic, expensive weapon system or an imaginative pilece
of high tech machinery. Calibration and resulting tedious bookkeeping
required are tailor made for automated procedures by transducer users.
For example our organization has several hundred accelerometers of
various sizes, types and shapes which need constant calibration checks
and evaluation because of their high rate of usage on a variety of Air
Force experiments. '
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STATIC CALIBRATIONS

Transducer calibration is a determination of electrical output
versus physical input as shown in the diagram in Figure 1. Since most
accelerometers are linear devices, much time is gspent in determining
the slope and intercept of the straight line which results when the
output voltage is plotted versus the input acceleration(g).

In the slide rule days, calibration of aircraft accelerometers
for a flight loads data progra~ were performed on an one foot radius
turn table(Figure 2). The sensors were calibrated from -3g to +9g. A
variety of mounting brackets were required to ensure that the
sensitive axis of the accelerometer was parallel to the centrifugal
force of the turn table. Figure 3 shows the steps involved. The
distance from the accelerometer's c.g. to the table's center was
measured to determine the radius. Then the value of g's for the
current table speed and the table radius was located in a 1long
computer printout. Table 1 shows an abbreviated version of this
printout. Today, the same data in the printout are easily generated
using a portable computer. A typical calibration sheet and plot for
two accelerometer axes is shown in Figure 4. These steady state
calibrations were time consuming, required handwritten records and
were very boring. There had to be ways to automate the calibration
process.

When  programmable calculators arrived, the handwritten
observations were typed into the computer to obtain a statistical
least square best fit straight line(BFSL) as shown in Figure 5. This
eliminated interpolation in estimating slope and intercept from a hand
prepared plot. A digital plotter with the calculator system was used
to plot the data . This saved time trying to determine how many g's
per square to use on the x—axis and how many volts per square to use
on the y-axis. It also meant that now one could read legible tables
off a computer printout rather than interpreting someone's
handwriting. Titles such as transducer serial number, date and axis
labels could be included on the plot to help document the test.

DYNAMIC CALIBRATIONS

Accelerometers used primarily to measure vibration of structures
require different methods of calibration. Instead of wusing
accelerometers which had high DC voltage outputs compatible with
computer requirements; piezoelectric accelerometers with low voltage
sensitivities, no DC response, and high output impedance are used.

A risky dynamic calibration at one frequency uses a 1lg peak
shaker. Sometimes a sensitivity is specified with units of mvrms/lg
peak. These units are probably used because the shaker vibrates an
accelerometer at precisely 1g peak and then a root mean square(rms)
millivoltage(mv) is read on a voltmeter. This is equivalent to a DC
sensitivity with mixed units. Since this is a sine wave calibration,
one may apply the square root of 2 correction properly to get the
numerator and denominator to be the same units. The lg peak shaker
technique relies on one amplitude and one frequency and assumes
linearity. It does not test transducer operation over the entire
amplitude and frequency spectrum as shown in Figure 6.

Another technique 1is an insert calibration, This technique
consists of 1inserting an electrical signal equivalent to a known
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output from the basic sensor. The insert calibration is often used in
the field with piezoelectric accelerometers. One may get a good
indication from an 1insert calibration but 1later find that the
accelerometer was not functioning mechanically. An insert calibration
should only be used as a last resort. An end to end calibration of a
measurement system including the transducer in operation is the best
technique. Wherever possible the transducer should be stimulated by a
known value of the physical parameter being sensed and its output
recorded by the final measurement device. This may be a digitally
encoded signal recorded on tape, nonvolatile memory or other storage
media. Laboratory calibration techniques described in this paper
evaluate the sensor independent of signal conditioning.

Techniques for defining transducer frequency response 1include
frequency sweep, random noise and impact techniques. With the
frequency sweep method, one excites a shaker with a swept sine and
might plot the transducer's output on a strip chart recorder as a
function of frequency. This technique is still used, but 1is time
consuming and may use old and costly equipment. Another technique
uses random noise for shaker excitation and then uses a spectrum
analyzer to look at 4inputs, outputs and transfer functions in the
frequency domain. A two channel analyzer 1is preferable to obtain
simultaneous 1input and output relationships. Two channel systems are
also required to obtain transfer functions. One can also excite a
transducer across a broadband of frequencies with impact techniques to
determine 1if an accelerometer's frequency response is flat,
Determining sensitivities with impact techniques 1s described in
Reference 7. Sometimes impact techniques require trial and error to
setup test equipment properly to obtain valid results. Recent efforts
involve using time domain techniques for automating low frequency and
static calibrations.

AUTOMATING STATIC CALIBRATIONS

A transient recording system captures a signal and saves it 1in
memory for later analysis. A typical impact calibration system shown
in Figure 7 uses a desktop microcomputer as a controller. It accepts
two 1inputs, which means that it can replace the technique of manually
recording g's in and volts out by acquiring the transducer output and
input automatically. Once the data are stored, the computer then
transfers the data from the transient recorder to its memory. A Basic
program can manipulate the data, automatically compute slopes and
intercepts and produce a plot on the printer. Since the software
provided with the system was developed for transient time recording,
Basic programs must be written to adapt the system for low frequency
accelerometer calibrations. The transient recording system operates
like a programmable dual channel digital oscilloscope with appropriate
software. This oscilloscope can replace the transient recording
system and automate checks for sensitivity, zero output, linearity,
hysteresis, repeatability, resolution, creep and other evaluation
factors as outlined in Reference 2.

A static calibration requires that the operator adjust and stop
to read an output and do this for several different points. A digital
scope reads and records input and output versus time and remembers the
acquired readings. A smart digital scope can be programmed to rapidly
and accurately evaluate the sensitivity calibrations for low frequency
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response transducers. Five possible techniques using a digital scope
to aid in near static evaluation of accelerometers will be described
below. Other potential techniques are left to the reader's ingenuity.
In addition, References 1, 3, 4, 5 and 6 have techniques which can be
adapted to a digital scope. The digital scope used for this paper was
manufactured by the Norland Corporation and contains built 1in data
analysis capability. It is one of the new breed of intelligent test
instruments which can accomplish these functions.

COMPARISON CALIBRATION USING TURNTABLE

The first example is a modern way of wusing the turntable as
illustrated 1in Figure 8., A sensor detecting table rotation speed is
measured by a channel of the digital oscilloscope. The  scope 1is
preprogrammed to ' compute g's from the sensor signal and the measured
table radius. The accelerometer output is measured and recorded by
the second channel of the scope. The turntable speed is increased to
maximum and decreased while data are being acquired by the scope and
stored in 1its memory. No stops or adjustments need to be made at
intermediate points. When the speed of rotation is reduced back to
zero, the scope displays the accelerometer's output and via a built in
statistics routine can display sensitivity and Og output. The final
results are plotted on a digital plotter or can be recorded on video
tape for future reference. Inexpensive, video cassette recorders(VCR)
are commercially available and can be connected to a video hard copy
device.

EXCITATION USING A SHAKER

The lg shaker can be used with the digital scope to evaluate
transducer performance as illustrated in Figure 9. The shaker is
adjusted for lg peak acceleration at a specified frequency. The scope
computes the voltage(max-min/2) to determine the sensitivity. When
the shaker has a velocity output, the digital scope does the record
keeping and number crunching to determine the g's in as the shaker
amplitude or frequency is being varied.

3 POINT CAL{MANUAL)

In the field, a 3 point dump calibration is often used for ©UC
responding accelerometers. This technique becomes more powerful with
a digital scope as shown in Figure 10. The sensing direction of the
accelerometer 1is established to give +lg, Og and -1g. The scope
records the output and computes sensitivity and intercept which can be
produced as shown in the figure. The process could be further
improved using a "robot"” to position the accelerometer in all 3 earth
reference g points.

HANDWAVE COMPARISON CALIBRATION VERSUS REFERENCE

This technique requires a reference accelerometer for comparison.
The technique may appear to be crude, but it can be a very cheap and
quick method for determining accelerometer sensitivities. The
calibration 1s accomplished by first firmly grasping in one hand a
reference and unknown accelerometer simultaneously. The hand or arm
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is then waved while the scope measures the results as shown in Figure
11. The scope displays sensitivity and can do linearity computations
automatically. This technique may be very useful in the field for
checking accelerometers at the low frequencies. This is an additional
technique which could use a "robot"” to automate and improve the
evaluations.

SENSITIVITY AS A FUNCTION OF PARAMETERS

Often many items on a specification sheet are 1inadequately
evaluated by users due to the time involved. This 1is especially true
in checking a transducer's sensitivity versus varying voltage
excitation and thermal conditions. There are several accelerometers
on the market whose sensitivity is a function of voltage excitation
and thermal environment. The variation in sensitivity can be checked
using a dual channel digital scope in a manner similar to procedures
for a 3 point calibration. Measure the accelerometer output on one
channel and the voltage excitation on the other. Continuously vary
the excitation for each of the dump calibration points as shown in
Figure 12. The scope records the output and excitation and computes
and displays volt/g/volt of excitation assuming a linear relationship
between sensitivity and excitation voltage. By measuring temperature
with  one channel and accelerometer output with the other channel, a
quick measure of thermal zero and sensitivity shifts can be easily
accomplished. Usually there 1s 1little time to check a gensor's
thermal properties due to the extra time required for a proper
evaluation of this critical performance parameter.

ROBOTIC CALIBRATIONS-THE FUTURE

From the above discussions, it 1s apparent that “robots” may
eventually help 1in the calibration of static and low frequency
transducers. The "robot™ could provide rotation in a manner similar
to the turn table or the hand 3 point calibration., A "robot" can
swing up and down to gsimulate a mechanical input. Some day “"robots”
may be clever enough to count the transducers and make the electrical
connections.

SUMMARY AND CONCLUSIONS

By using automated methods with a digital scope, an accelerometer
user gains many advantages over earlier techniques. These include
less time per unit, better accuracy, less human errors, improved
record keeping, better repeatability and a more complete operational
evaluation of the transducer and its specification than was previously
available. In the turntable example, the many steps required to be
done manually can be automated and accomplished in a couple of hours
rather than several days. Accelerometer calibration can now be less
tedious and more fun. The use of a digital scope can find analogous
application Iin calibration of other sensors such as pressure
transducers and strain gages with an integral thermocouple. The goal
is to automate the tedious, repetitious parts of the calibration
process so that man can utilize his intelligence to design, setup and

implement experiments to meet future Air Force requirements.

14



REFERENCES

1. Oliver, Frank J., Practical Instrumentation Transducers, Hayden
Book Company, Inc., N.Y., 1971.

2. Lederer, Paul S., "Sensor Performance Evaluation", Measurements
and Control, pp202-209, September 1984.

3. Norton, Harry N., Handbook of Transducers for Electronic Measuring
Systems, Prentice-Hall, N.J., 1969.

4. Doebelin, Ernest O., Measurement Systems: Application and Design,
McGraw—- Hill, 1975.

5. Broch, Jens Trampe, The Application ot the Bruel and Kjaer

Measuring Systems to Mechanical Vibration and Shock Measurements,
Bruel and Kjaer, Denmark, Reprint June 1983,

6. Bouche, Raymond R., Calibration of Shock and Vibration Measuring

Transducers, The Shock and Vibration Information Center, Naval
Research Laboratory, Washington,D.C., 1979,

7. Lily, Robert W., "Gravimetric Calibration of Accelerometers”,
TEST, Oct/Nov 1978,

15 INCH RADIUS 9 INCH RADIUS
Deg/Sec g Deg/SEC "G"
100 .1182 375 1.0
200 .473 460 1.5
300 1.064 530 2.0
400 1.891 593 2.5
500 2,956 650 3.0
600 4,256 702 3.5
700 5.793 750 4,0
800 7.567 796 4,5
900 9,577 839 5.0
1000 11.823 880 5.5
920 6.0
957 6.5
993 7.0
1027 7.5
1061 8.0
1094 8.5
1126 9.0
1156 9.5
1186 10.0

TABLE I Short Conversion Tables from Speed to G Given Radius
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QUANTIFYING AUTOMOTIVE TEST COURSE P2OFILES
by W. H. Coznon; S. P. Harley; J. Schiz=inger; 7. Shrader
Materiel Testing Directorate, Aberleea Proviag Grouxzl, ¥D

¥illias Coanon is currently e=ployed as s
Yechanical Frgineer, Dr. Sanuel Harley as a
Phvsicist, Joseph Schizzinger as & Electrozic
En&ineer and Tizothy Shrader as a serior
Electronices Technician at the Measurezeants and
Apalysis Division, Materiel Teating Directorate,
Aterdeen Proving Ground, Maryland.

I. INTRODUCTIORN

~he zeasurecent of the severity of the test
enviror=ernt is a topic that has been studied at
various tices over the past several years
(1.2,%). To fully quantify this environ=ent
reguires measurexents of the course profile,
kariress, surface strecgth, dust and possidly
other characteristics . This presentation is
licited to autozotive teat course profiles.

US Arcy Aberdeen Proving Ground (APG) first used
a profilazeter in 1970 (1) and cade subsequent
mechanical izprovecents in 1974 (2) and data
acquisition arnd processing icprovezents ip 1983
(3). Much of APG's wvork is based upon earlier
work by several groups and individuals as
rerorted by Bekker (4). The thrust of the latest
APS cffort is to fiecld a profiloneter vhich can
be uscd on an everyday basis to monitor the
sutonotive test environment.

The profiloneter system consists of a tov ar3,
data acquisition subsysten, and 8
piniconputer-based data analysis system. The tow
arn follows the teat course surface and generates
signals related to the instantaneous slope of the
course. The microprocessor-based data
acquisition subsystem conditions and digitizes
these signals, transforms them to angle data, and
stores the result in non-volatile memory. The
data analysis nystem retrieves and stores the
dnte nnd pcrforms a variety of data-processing
functions.

11. PROFILOYETER TOW ARM

Figurea 1 and 2 shov the tov arm mounted on &
jecp. Mounting is accomplished using clacps and
existing openings and threaded holes. Modified
prennurized shock absorbers are used to hold the
vheels in contsct with the surfsce. The shock
abnorbers arc inflated to give the profiloneter
tires approxirately the same bearing pressure as
the Jjecp tires.

Fifure 3 ghows a achezatic diagran of the tow
ar=. The pyroscopr indicntes the pitch anrle
¢ ¢ 0f the tov ar=. The angle of the vheel
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‘reze relative to the tow ar= * I? ie
irdicated by the relative azgle potestioreter
{PAP}. <These w5 mzcles aide? togeiter fcr= the
irstactazeous slcye cf the road surface. TFcur
zegnets zsunted ir the rear wvheel an? s pick up
co1l z=cuzted oa the wheel ccztine to generate a
pulse each €.€614 izches of travel.

IIT. TATA ACQUISITICH SUZ-SYSTIM

The data acguisiticz subsystez is shovz in figure
4. A dlock diagraz is shown ia figure 5.

Within the data acjuisitica sutsyatez the sigzal
conditioning (figure 6) provides the recessary
elezents (e.g., excitation, azplification, azd
filtering) to preseat to the microprocesscr
section (figure 7) tvo asalog sigcals
representing the gyro and RAP angles azd a pulse
indicating equal increzents of travel. At each
of these equal travel lses, the aralog signala
are sazpled (digitized) and ‘rcz these ia
calculated the incl:iraticn angle of the terrain
test course at that irnstant. This argle,
expresscd as a fleoating point zu=bder, is saved in
the 256-kbyte bubtle rezory (f:gure B). Izcluded
as a part of the m:croprocesasor mezt:on ave 6
kbytes of FROM, 2 kiytes of RA¥, and a hardwvare
gultiplier. Althourh at the prcpent tice no data
procesaing other than acaling :3 perferzed,
future cnhancecents ianclude the add:tion of Fast
Fourier Transforz and histograz algor:th=s and a
vector graphics disrlay.

The operator interface to the data acquisition
subsystez is throurh a nicro-terzinal, shown in
figure 9. The operator uses this terzinal to
start and stop data collectiorn, to calibrate the
system, to read the dircctory of data stored, and
to resd the gyro or RAF inputs.

IV. DATA ANALYSIS

Profilometer dsta handling and data analysis is
dependent upon the zini cozputer system sahown in
figure 10. Resnident in this systee is a task
managencnt package vhich provides for various
functiona, to include the followving:

a. Dnte retrieval (by a parallel
data link in 256 wvord blocks)
b. Data file and directory canagecent
c. Data plotting
d. Spectral denoity analysie
e. Histograz analysis

A list of the ccz=zanda availatle in cthe task
sunagcezent profras {98 preasentnd in tatle 1V,



TAZLE 1. VALID TASY YARAGEMENT COMVANXDS

Co==and Definitién
cL Clear the directory
C%, code ¥ag tape control
L, list Directory list
EY Exit profilozeter zonitor
%, run Inspect the data
Le List coz=azds
PL, lu, Tun Plot data

Process data
(pover spectral density)

FR, lu, Tun

AD, lu, run Azplitude dis¢ridbution of data
!, runm Purge run froo the directory
EZ, nsyrc Festore data froa tape to disc
®J, prog Run progran

<P ¥rite data to tape

TR Transfer data

EN Find end of tape

Data retrieved frozm the data acquisition

subsystec consistd of a sequeance of angles

ceasured every 6.614 inches. The corresponding

profile can be obtained through the integration

proces?r T

it S sire, oS ) fcrsO. Y
K0 K0

vhere:
x = horizontal distance
y = vertical distance
©x = instantancous angle

45 « gacpling increment
Y 4 are
Thiae profile data is then converted to a sequence
of height values correaponding to equal intervals
of horizontal travel by
go = gy (Xn - %) £4 &)

vhere the j subacripts refer to the menders of
the originanl scquence closest to but less than
the converted point. This interval normalization
process is required by the standard signal
proceasing algorithzs to be ecployed.

Any drift or initial zero offset in the angle
censurecnents appears, after integration, as a
continual or slowly verying slope vhich is not of
creat interest (even if it accurately represents
the profile). In addition, the spectral anslysia
techniques ansune ststionarity, i.e., the mean
nnd nutocorrclation functions are irvariant over
the art of 4Anta being uscd. For these recasons,
the profile 4ata arc high-pnas filtercd or
‘da-srerdnd’, This is aszeomplished by converting
tre intervnl-ncrmnlized dnta %0

Yo Y- [:i:o Ly.. 'yn'lle.%j/[) “ Z ‘é’—“]

i70
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This filter essentially subtracts from each point
the average of the points in its neighborhood,
but uses an expoaentislly weighted average to
prevent poists far fro= the dstun deing adjusted
froz exertizg uniue leverage on the averaging
process. The parazeers usel in the averaging
process are

% =36
A=X

With these pareceters this process represez:s a
filter with a 3 d2 point of 0.0105/ft (wvaveleagth
95 f¢), and vhich passes 90 of values at
fregueccies greater than 0.0167/ft {vavelezgth
less than 6D ft). '

As an aid to data verification, a gprograc= :is
available to plot the terrain height, y, as s
func4ion of the horizostal distance, x. Thre
operator can specify the plotticg device (either
s CET or a digital plo:ter), the data run zuzber
and the lergth of the course to be plotted {up to
76 o (250 feet)). The prograz then reads in 736
vords of the appropriate data (approxicstely 122
e (400 feet)), converts the data to norzalized,
detrended 2, y coordirate data and plots the
reguested length of data. This process can be
autozatically reyresied so that the entire course
may be plotted. The opcrator can also specify a
certain section of the course to be plotted
(rother than s:art at the tegizring). Because
detrendang alters the ajpearance of the data fro3
the real world sppearsnce and because plottiing
rore than a short sccetion of the course 1s
spractical {roa a atandpoint of visual
resolution, use of this program 1s lim:ted to
data verification. Exazples are presented in
figures 11 and 13.

The final proceasing of profilooceter data
consists of power spectral density (PSD) and
probadility distridution analyses. As docuzented
in references 1, 2 and 4, the apatial pover
spectral density (PSD) of the terrsin (a npncisl
frequency domain represcntation of the agquared
terrain heights) is relatad to the energy
adasorbed by any vehicle traversing the terrain,
To cozpute the PSD, 768 data points are read from
disc mtorage, converted to intcervel nor=alized
height dota, and then filtered or de-trended.
Then 512 pointa are cxtracted from this scquence,
vindowed with a Henning function to reduce
apectral leakace, snd ‘hen sudlected %o a Fast
Fourier Trannform (FFT) process to convert the”
data to the apatisl frequency dozain. The POD
for cach da‘s tlock ia forzerd by pu=xing the
squarcs of the rcal and i=arinary co=mponcnta and
applying the nppropriate sca.ing. This process
is repcated over the cntire data set, with the
reaults teing mccu=ilated into an evern-e
spectru=. lNon-overlap procesaing 18 exployed.

Firsren 1Y arnd 12 ghow the profilc nnd F2D,
rezientively, of onr of AP3'3 fixcd tent courses:
a Ff-inch cancrete sine wave course. Tipures 1%
ond 14 ztaw zizilar 4nta for s crosa-countty test
courze. Frinted cn fipures 12 snd 14 arc 2ata
extroztcd froz refererce 4 depicting typical
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gravel and rough roads. Also included is the RMS
roughness as couputed by dntegrating the PSD.

The other major data processing algorithm
ecployed is the calculatipn of the terrain height
probability distridution. To perforz these
calculations detrended data are assigned to dias
corresponding to the data values. This
histograzzing process uses 400 bins covering a
range of +127 c=, wvith each bin corresponding to
a height interval of 0.64 cs. The percentage of
the to%al nu=ter is calculated after all data has
been assigned to the appropriate bin and the
results are plotted as s function of terrain
height.

Figures 15 and 16 shov the probadility
distridution functions for the courses in figures
11 az2 13, respectively. Superizposed on these
Plots are the normal probability distribution
curves with peans identical to the aciual datas
sets and vith standard deviations equal to the
RMS roughness of the coursea as calculated by

res - [imgy2)

where R is the nuzber of data points involved and
y represents the height values.

V. COXNTLUSION

The profilometer described here provides a
partial measure of the autozotive test
environzent vhich is larcely independent of
vehicle effects and the szpecd of the measurcsent
vehicle. Usc of the on-board
cicrorroceasor-tased data acquisition systes and
the flexibility of the data analysis task
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managenent package enable rav data to be analyzed
in any or all of the available forzats discussed
within zinutes after the cozpletion of a daza
run. As £ore i=jrovecezts are installed, this
systez is tezcz=ing ezsier to use on a daily
tasis, ani eve: .ally it could be used as a
corstart zonitsr of tesat course severity. Areas
vhich still re;uiré atteztioa are parazeters
other than terrein profile whick coatritute to
course severity.

1. Taules, P. and “arley. S., Special S:udy
of Teztnigue sxi S:tuldy of Auizzstive Test Tourse
Index, Thase ] eard Prase II, TIIlM Prarest To.
9-20-D14-0223-019, US Arzy Aderieen Provin
Crourd, Reyort No. APG-MT-%E35, August 1970.

2. waltez, W. Scott, Special Study eof

Techinigue and St 55 of Au‘a-o::\e Tes: Course
Index, Fhase III,
9.20-291-020-207, US &r:v Aterieen Proving
Ground, Report No. APS-YT-4533, Octoter 1974,

3., Shrader, T., and Connon, W., Profiling
the Yuca Proving Ground Mid-Tast Desert Analog
Test Course, TILCY Project No. 7-TO-RD3-AP1-012,
US Ar=y Aberdeen Proving Ground, Report No.
AFG-¥7-5882, Septezber 19393,

4. FBexker, ¥. G., Introduction to Terrain
Vericle Systezs, The University of Michigan
Press, 1869,

S. Fix, G. A., TARADZOM Tirnal
Prograa, Scptexzber 1978,

Anulysis
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Figure 3. Tow Arm Schematic
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Figure 4,

Profilometer Data Acquisition Subsystem
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Figure 5. Profilometer data analysis svstem.
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SESSION 1

Q: BILL ANDERSON, NAVAL AIR TEST CENTER, PATUXENT RIVER, MD

The way we will run this is there are two microphones that will be
passed to anyone who has a question, and we'd like the person who has
the question to first state his name and his activity. This is be-
cause we 'make the question and answer session or the discussion
session a part of the minutes and they are being recorded by a tape
recorder over there. So make sure you State.your name and activity.
We'll pass this microphone back and forth. You can ask a quéstion to
a specific person. That's the way we'll work it.. I'l1l start off.

Dennis, when you talked about producing this large torque calibration
system, did you do an analysis of the length of .time it took to
manufacture and produce that and how much it cost the activity?

A: DENNIS PAGE, WSMR, NM

No, we didn't. The requirement existed and a substantial number of
instruments were present. One of our primary goals is to be able to
support these instruments that were received, so we just went ahead
and built it. In answer to your questions, 1 can probably come up
with a figure pretty easily since I know basically the amopnt of
machine time required and design time on my part and debugging. I
don't have it with me but I'll be glad to find that out for you.

BILL ANDERSON, NATC

Okay, any other questions ahyone wantS to ask? We're opehﬂ Yes,
let's go.

Q: TOM MILLER, LAWRENCE LIVERMORE LABS., LIVERMORE, CA

I have a question on the step pressure calibbator. You talked about
150K upper end, what's the lower end? Have you explored that and what
time constant is on the rise time there?

A: ARPAD A. JUHASZ, U.S. ARMY DARCOM/BALLISTICS RESEARCH LABORATORY,
ABERDEEN PROVING GROUND, MD ’

Yes. Basically the series of tests we've been working on have been
between 25 thousand and 150 thousand psi. There wasn't any substan-
"tial reduction in the time step in going to 25 thousand psi. Things
are a little bit faster at 100 to 150 but it hasn't slowed down like
two milliseconds or three or something like that. So the action time
is really not gquite really constant but within under one millisecond
"even down at 25K. The idea would be to try and get calibration values
say at 2%, 50, 75, 100, and that sort of thing. Then you have a
number of different points, -
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Q: LARRY SIRES, NAVAL WEAPONS CENTER, CHINA LAKE, CA -
Having a fair amount of experience trying to build dynamic pressure —
calibrators over the years, the pressure oscillation that is noted in
your traces has also plagued all of my efforts. It creates a number
of problems for me especially with the advent of digital acquisition
systems used in calibration labs these days because you've got to
figure out some way of getting past those oscillations, so you're
getting t .e data beyond th.t and not of the oscillation itself. You'd
have some kind of a peak - if you're trying to get the pressure out
of, obviously if you're looking at the peak that's going to be differ-
ent. Did you do anything to try to get rid of those oscillations?
Have you done anything to try to minimize them? What was your expe-
rience in that area?

A: ARPAD A. JUHASZ, U.S. ARMY DARCOM/BALLISTICS RESEARCH LABORATORY

The answer to that is actually no. Experimentally, we just let the
thing be the way it was. The next step would have been to do some
fast fourier analysis of the signal and then clean things up. I've
done that sort of thing with Close bomb data. If you have a Close .
bomb with reasonably long cavity length, of course you are plagued by
an addition of this wave pattern onto essentially a pressure step
which is quite similar to what we had in this device. So, I know we
can get rid of this stuff provided there is a reasonably high fre-
quency to the oscillations so that the step function and the frequency
aren't too close together, But we experimentally didn't try to get
rid of the thing yet nor have we really analyzed the data to do that.
I always feel much more comfortable taking a straight edge and sort of
passing a line through the center of the oscillations than going
through this marvelous piece of electronics and not being sure just
exactly what comes out. But I think that's a good question and some-
thing that needs to be addressed before we finally refine the tool.

Q: RONALD TUSSING, NAVAL ORDNANCE SERVICE WEAPONS CENTER, SILVER
SPRING, MD

I again wanted to ask Arpad what size are those chambers of the gauges
themselves? How do you get the leaves out? And would this be appli-
cable to, say, underwater pressure gauges?

A: ARPAD A. JUHASZ, U.S. ARMY DARCOM/BALLISTICS RESEARCH LABORATORY

I don't know anything about underwater pressure gauges. As far as the
gauge cavities are concerned, basically they will accept either the .
Kissler 607 or the PCB. I'm not sure if it's the 118 or the PCB
analog to that. We also have imported some of the minihat gauges
which BRL has been playing around with. The cavity that would lead to
a Kissler type gauge or a PCB type gauge would have a cavity length of
90 thousandths and the diameter of the cavity would be just a hair’
smaller than that. And then it will come out to a cavity diameter
of .25 inch and maybe ten thousandths in length. So it would come out
like this before you hit the diaphragm. The test chamber volume
excluding the wall that's in the test chamber and the piston that
supports it, is about 1 cc, s0o we try purposely to keep that fairly
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small., But we didn't want to flush mount the gauges in case the ball
~attled around in there it could do a lot of damage to the gauges as

—Wwe're testing. Probably some modification of this kind of design
could be used. Again, this is not a shock wave type of a thing.
These ballistic events, we think of them as a bang, but it's not at
all like a shock wave. It's slower in terms of milliseconds.

RONALD TUSSING, NSWC
Thank you. I appreciate that.
Q: TOM MILLER, LAWRENCE LIVERMORE LAB

I just have two questions. One is the approximate cost for this item
and the other is do you ever think you'll get a telephone system in
the near future that you can be accessed with?

A: ARPAD A. JUHASZ, U.S. ARMY DARCCM/BALLISTICS RESEARCH LABORATORY

The answer to the second question i3 probably not. A few years ago
they modernized our phone system and gave it this nice computerized
thing you could forward calls and do everything. What they didn't do
is change the number of trunk lines coming into the station and so
it's hell trying to get in or out. And I suggest, if you do want to
get a hold of me by phone, check the weather report in Maryland
because when it's raining, the phone system goes completely haywire.
Okay, on the approximate cost, I think when we started, Hardwood
ngineering was the outfit that did the detail design and the building
of this from the concepts we formulated:. The initial contract with
them was 23K and then we ran into a lot of problems with the linkages
breaking and the toggle mechanism was really the hang-up on the whole
thing. I think there was another 10 or 15K that was spent while we
worked out that particular part of the problem. I think Hardwood lost
some of their own money while they were working on this thing, but now
things have evened out. Probably somewhere in the 20 to 30K range you
could probably have one built.

Q: LARRY SIRES, NAVAL WEAPONS CENTER

Is that the reason for the buffer on the tripper mechanism because of
the breakage? I was kind of curious about that.

A: ARPAD A. JUHASZ, U.S. ARMY DARCOM/BALLISTIC RESEARCH LABORATORY

The answer is yes. We went through a lot of different buffer config-
urations and the toggles themselves had to be beefed up and the
materials of construction for them changed too-

Q: JOHN ACH, AIR FORCE WRIGHT AERONAUTICAL LABORATORY, OH
Yes, Bill, I have a question concerning the profilograph. I nhad some
experience working with the Air Force on a device we call a profilo-

iraph which was very similar. We measured profiles and runways. We
~were always concerned with measuring in a straight line. We didn't
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want to deviate more than a foot or so off course. Is there any

provision for any guidance on your jeep or are you concerned about
that?

A: W. H. CONNON

No, remember we measure one track and that's one of the limitations.
Our courses are fairly wide; they're probably three jeeps wide,
essentially. During a test a driver can run anywhere on the course.

So the idea is to make several passes and to get some good average
value.

Q: NOT IDENTIFIED

It must be mental telepathy because I had a question on the profilo-
meter. Are there were any plans of putting another access; in other
words, does it make any difference for your purposes as to whether the
course pitches or rolls or whatever?

A: W. H. CONNON

Yes, it does. That's a good question. We're thinking of a towing
type device that would get phase difference between two tracks because
they do pitch from side to side. It's not a linear type motion.
That's correct, you'd get the angle between them.

Q: DON BOREMANN, MOUND FACILITY, MIMESBERG, OH

I'd like to address my question to Mr. Arpad concerning your high
pressure dynamic tester built by Hardwood. We have a requirement to
calibrate several of the 607 Kisslers, like five or six hundred. This
is for a production activity that we have and we calibrate maybe 50 of
them a month. What I'd l1ike to know is, would that equipment lend
itself to multiple tests? What is the maximum number you could test
at a time with that?

A: ARPAD J. JUHASZ

The answer to that is yes. Right now, the way the head is configured,
you could put four gauges . in there. One of the things that Mr.
Bullock has been working with is an adapter so that you have sort of a
universal adapter and you don't even have to take the gauge head out.
But you put whatever gauge you want into this plug that screws into
place. That makes the turnaround time a 1ot easier. So you could at
least test four at a time. Danny how many runs have you done in a day
with that machine? Quite a few; forty, he says. Now that the thing
is worxing and the parts aren't breaking, it is really no trick at all
to do a lot of them.,

Q: DON BOREMANN

What about data collection? How do you handle that?
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A: ARPAD A. JUHASZ

" Okay, here we're going to give a plug to Nicolet Corporation. I
really believe in their product. The digital oscilloscope, I think
it's Explorer Three, that 20-94 series, whatever it is by Nicolet. I
like it because it has an automatic triggering option. So there's a
cursor triggering. 1t has a wraparound memory feature, and when you
pass a given voltage then it remembers this pre-trigger time event and
then it takes the rest of the data. So you're always assured of
catching your event. And this thing can be put on a magnetic¢c disk - a
floppy - and then from there we simply dump it on a minicomputer and
play with it. So, the Nicolets really do a good job. Now I think
they've come out with a much better oscilloscope, a more expensive one
Wwith 16K of memory instead of four and I think it has four channels.
That type of device I think would be quite reasonable.

Q: DON BOREMANN

Okay, one final question. Your transfer standard that you use, that
you calibrate against your dead weight tester for traceability, is
that a strain gauge type of instrument? .

A: ARPAD A. JUHASZ

Yes.

Q: DON BOREMANN

What would you consider typical uncertainty on that then?
A: ARPAD A. JUHASZ

There is a lot of talking in the background without a mike so I'm not
sure what else was said. I think I'm going to pass that on to Danny
because that part of it I don't really know.

BILL ANDERSON
Okay, other questions?
Q: BILL ANDERSON, NATC

I'll ask a question then. I want to ask David Banaszak a question
about his accelerometer techniques. I guess what I am trying to
figure out is are you advocating the use of some of these infield
techniques to replace laboratory type calibrations, and if so, have
you done analysis on the accuracy that you're getting or, you know,
what are you really giving up to do that?

A: DAVID BANASZAK, AIR FORCE AERONAUTICAL’LAB, OH
I guess the question is about my advocating some field techniques to
replace lab cal, like the 3 point cal technique. I think that could

do that in many cases because there were references there that the
main thing was keeping the accelerometer level with respect to earth.
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I ran an experiment last week doing that and used one g technique, but
the problem I always have is comparing sensitivities in accelero-
meters. If I run five different percentages, including using the
manufacturer's one as a basis, I don't know which one's right. Maybe
it will be 10.2 millivolts per g and they range from 9.8 to 10.6.
I'1l]l measure and maybe the manufactured one's in there too, and my
bigzest problem is when I compare them. I don't kxnow which one's the
right one. Last week I ran one and it was within, I think it was
supposed to be 10.4 millivolts, and it was 10.2 using a one g techni-
que. So, that's within a couple of percents.

Q: PETER STEIN, STEIN ENGINEERING, PHOENIX, AZ

I have a question for a number of the speakers. Mr. Page, you went to
great trouble to try to keep extraneous movements and forces out of
your calibration. By the same token you now would have a very nicely
controllable method for applying extraneous torques and extraneous
bending movements and things 1like that. Do you think your apparatus
could be modified to evaluate transducers as to their sensitivity to
extraneous torques and forces and things of that type, bending move-
ments? :

A: DENNIS PAGE

Let's see if I understand your question. In other words, be able to

apply a known movement to various, for example, load cells or what~
ever?

Q: PETER STEIN

To evaluate torque meters in terms of their sensitivity to bending
movements and axial forces and things of that type.

A: DENNIS PAGE

Well, I don't think it could be used without quite a bit of modifica-
tion because it's set up to apply a pure movement and to apply axial
and bending movements would require additional fixtures, instrumenta-
tion and methods by which we could apply this.

PETER STEIN

It just seems that with all those pistons and cylinders you have, you
should be able to move things around and to buy almost anything you
wanted. That's really why I asked.

A: DENNIS PAGE

Well, the big problem is that it's conceivable, and we could apply an
axial load by moving the bearing. It was not restrained in that
direction., However, bending would be a problem because it is re-
strained by two bearing systems. I guess, it's possible that that
could be applied, however, we don't see a demand for that kind of
testing. If we did, we might pursue that.
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Q: PETER STEIN

I have a question for Mr. Banaszak. You showed a slide where you had
different supply voltages that you were applying to the semiconductor,
strain gauge type of accelerometer and you had different 0 shifts in
calibration. There may be a manufacturer in the group who could lend
some support to the question,. I think the compensztion of one of
these accelerometers is only good at a particular supply voltage, the
temperature compensation and other compensations. Did you see any
evidence of that in your tests?

A: DAVID BANASZAK

I did evaluate temperature compensation as a varied supply voltage in
that particular case. That would be a possibility by adding a couple
more channels and maybe having a thermocouple on there at the same
time. I forgot to mention in the presentation that this is not a
strain gauge type device. This was a capacitive type of device and in
this particular test it had the advantage of being single ended,
common signal, common signal/common exitation so I could use the
particular oscilloscope I used which had two single ended inputs. One
of the tradeoffs in searching for a digital oscilloscope was that fact
and that was kind of alluded to in the murphyism earlier. I liked
the Nicolet oscilloscope I was looking at because it had differential
inputs but the computational capability wasn't quite as strong. It's
a world of tradeoffs all the time. You get one thing you like then
you have to give up something else. That particular accelerometer,
and I think I'm kind of running on here a little, but I know what you
mean because when I was doing these kulite pressure transducers, I had
that question too. I asked them that. Okay I have an exitation of 10
volts on this, these were strain gauge type, if you go to five volts
is it the same holding system? Well, not necessarily the same. So, I
learned that, too, from experience and I appreciate you bringing that
up.

BILL ANDERSON
Okay, any other questions?
Q: BILL HEDGE, EG&E

I guess it was David Banaszak. You mentioned in one of your slides
that you had a digital scope with analyzer, is that correct? Is it
built in?

A: DAVID BANASZAK

Yes, yes. This isn't the Norlan Corporation but their digital scope
has computational capabilities. "It's sort of like a baby computer;
push a few buttons and you can manipulate the array of data that you
collect and do various functions with those arrays of data. That's
what I meant by analyze. Once the data was acquired, I took either a
derivative of the array or plotted array A versus array B, similar to
what you could do before on an XY plotter. You put channel A in the X
axis and channel B in the Y axis, so that scope will have the ability
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to display data that way. It has the ability to actually find the
best fit straight line between two channels. It would give you a
slope and intercept. ’

BILL ANDERSON
Another question over here.
Q: JOHN KALINOWSKI, EG&G, SAN RAMON, CA

I have a question for Mr. Connon. I believe you said that you were
not interested in the surface of the road but in the vehicle surface
where it makes contact. How can you relate a jeep surface to a tank
surface in the profile?

A: W. H. CONNON

That's a good question. We can alter the pressure in the shock absor-
bers to get any type of ground pressure we want, Basically, this
device is used for maintaining the courses. Our courses, unlike the
state roads in Maryland, are maintained on a monthly basis, so we had
to pick something to go with and we had it hooked to a jeep. We
figured that was a reasonable thing to do. But if wWwe needed to do
something specifically for an M1 tank, for example, we could match the
ground pressure to that.

BILL ANDERSON
Any other questions? Okay, then I'd like to...oh, is there one more?
Q: PETER -STEIN

I have a question for Dr. Juhasz. At the last transducer workshop
there was a paper presented by Scott Walton, I believe it was, who had
a similar, very fast step pressure transducer calibrator. Are you at
all connected with him or can you somehow compare the two apparatuses?

A: ARPAD A. JUHASZ

Actually, no. We're connected. We both work for the Army. He's up
at Dover, New Jersey. I'm down at Maryland. As with many installa-
tions, somehow communication doesn't come off as well as it should.

So, actually I, personally, wasn't even aware that he had a machine
like that.

A: DAVE DYKSTRA, U.S. ARMY COMBAT SYSTEMS TEST ACTIVITY, ABERDEEN, MD
Could I address that? Actually, he's not at Dover, he's right across
the fence. Scott Walton works in the Instrument Development Branch at
CSDS. .
ARPAD A. JOHASZ

My apologies.
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DAVE DYKSTRA

And, I believe I'm correct in stating that the device he reported was
not a step generator or pulse generator. It was, essentially, a free
piston compressor driven by gas pressure into a helium filled cylinder
at sufficiently high velocities that it compressed the final volume to
somewhere around 100 thousand psi with the duration of, I think it's
something less than one millisecond. It's a way of generating a very
fast transient test signal with which you can compare gauges. But it
does not provide the absolute value that the step generator does.

As long as I'm on my feet, if I can say a couple more words to Mr.
Banaszak and for the record, I guess. The idea of taking a continuous
record of the output of a transducer of an accelerometer as you rotate
it in the earth's field was actually mechanized by Paul Lederer at NBS
quite a few years ago. I don't know if you have access to the NBS
papers on their transducer program or not but he actually put the
accelerometer on a precision angle table and took points at various
rotations. The only limitations on that being, of course, that you
have to know the cross action sensitivity. But for low accelerations,
that turns out to be a very good way of getting precise values for low
accelerations. The other thing you need to keep track of, of course,
is the fact that the earth's gravity varies by something in excess of
a tenth of a percent across the United States depending on the alti-
tude and latitude. So if you want high precision, you have to chase
after that a little bit.

One more comment on the step generator. I was involved in the early
work with the Johnson and cross design step generator, and we saw
those oscillation problems way back then. There seem to be at least
three sources for that. If you're going to be working in that area,
it ought to be kept in mind though we really can't quantify them or
even assert that all three exist. The dominant things are the
acoustic frequencies of the reservoir which is typically a few hundred
hertz to a few kilohertz. The acoustic residence of the gauge cavity
which is typically in the 10 to 20, 30 kilohertz territory. And the
third thing which is sometimes overlooked is the possibility of
mechanical, mechanically induced pressure, local pressure oscillations
due to the motion of the valve. That ball may not drop neatly and
then sit there. It probably does rattle around some and in the pro-
cess will generate local frequency excursions. There's a third, or
another deviation, a fourth deviation which will sometimes get buried
in the other stuff. The fact is that both your valve design and the
one that we were using result in a net change in the total vclume of
the system. There is a small ramp effect also sometimes hidden in the
oscillation, but if you try to theorize what the wave form should look
like, it can be taken into account.

BILL ANDERSON

Okay, other questions? Okay, I'd iike to have everyone give a big
hand to the speakers, then. (Applause)
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RMS RESPONSE OF AN ACCELEROMETER
TO A RANDOM VIBRATION ENVIRONMENT

In many engineering systems, it is of utmost interest to
evaluate the effects on the system when it is subjected to an
environment which has significant vibration noise. Often, the

system contains sensitive instrumentation and transducers and

it becomes an important consideration as to whether the noise
vibration environment could'possibly force the instrumentation
into a saturation condition. Here, we show how the simple
monitoring of the output of an accelerometer can be a useful
means of measuring the vibration noise environment. In this
analysis, we first investigate the response of linear transducers
to vibration noise inputs which are assumed to be stationary and
which can be characterized by some spectral density function
whose profile can be partitioned into discrete frequency inter-
vals. A generalized mathematical development is presented for
evaluating the subsequent rms (root-mean-square) response in
addition to familiar expression for the mean output power response
of the system given by P = S, |H(w)|? G(w)dw. H(w)is the linear
system transfer function and G(w) is the known input vibration
power spectral density function. Since G(w) is assumed to be
partitioned into discrete frequency intervals, then it is shown
that the above integral must be partitioned likewise. The out-
come of this analysis is the development of a computer program
which evaluates the above integral. Since accelerometers are
often used-to monitor the vibration noise environment, we con-
sider the special case whereby the System transfer function H(w)
is characterized by a damped second-order function which is
typical of accelerometers. A worked out illustrative example is
provided. From the known transfer function of the transducer and
the given input vibration power spectral density function, the
developed computer program provides a convenient and useful means
for evaluating and monitoring the effects of the noise vibration
environment upon the engineering system.
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I. INTRODUCTORY REVIEW

We begin by considering those simple electro-mechanical
systems which can be characterized as being "linear time-
invariant systems." A system is labeled such if its defining
equations take on the form of "linear" differential equations
with "time-invariant" coefficients.

A simple system can be schematically represented below:

x(t) LINEAR y(t)
S TIME-INVARIANT =
INPUT SYSTEM OUTPUT

Here, x(t) is the time dependent input and y(t) is the
corresponding time dependent output of the system.

In operator form, the input-output relation of the above
system can be expressed as

Ly(t) = x(t) (1.1)

where L is a linear-differential operator with time-invariant
(constant) coefficients.

Differential equations of the form above are generally
solved using transform methods. We define the Fourier trans-
form of £(t) as F(w) where:

Flw) = [*2 £(¢) ™t gt | (1.2)
and its corresponding inverse transform as:

- Q0

£(t) = 5 S F@w eltaw (1.3)
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We assume, of course, that f(t) satisfies restricted
conditions so that the improper integral of equation (1.2)
exists. Equations (1.2) and (1.3) form a "Fourier transform

pair."”

If we perform a Fourier transform operation on the
differential equation (1.1), then it can be shown [1] that
the corresponding transformed equation can be written as:

Y(w) = H(w) X(w) . (1.4)

In the above, X(w) is the Fourier transform of the input
x(t), ¥Y(w) is the corresponding Fourier transform of the
output y(t) and H(w) is called "the system transfer function"
or the "system frequency response function."

From the inverse relation equation (1.3), we can evaluate
the output solution of the system to be:

g(E) = 1+ 1 y(w) eVt gy =

77 e I HW) X(w) e dw. (1.5)

-}

N =
S

In addition, from the "convolution theorem" [2], we can also
express the solution as k

yt) = S n() x (t-1) dr (1.6)
where h(t) is the corresponding inverse transform of H(w);
i.e.

hit) = o= /32 8 ™t aw . (1.7)

The physical significance of both h(t) and H(w) can be
easily illustrated. For example, if the input to the system
is a "unit impulse" at time t = 0, we can set

x(t) = &(t) o (1.8)
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where §(t) is the familiar "Dirac Delta" function. From
equation (1.2) and the integral properties of the delta
function [3], have

e

X(w) = §(t) e ™t ar = 1 (1.9)
and from equations (1.5) and (1.7), the output solution
corresponding to the unit impulse is given as

y(8) = == /T2 H@) e da = h(t) . (1.10)

In a similar manner, from the convolution equation (1.6),
we also get |

y(t) = S0 n(1) &(t-1) d1 = h(t) (1.11)

which is identical to the solution of (1.10). Thus, the
significance of h(t) is apparent from equations (1.10) and
(1.11) and we see that h(t) is simply the corresponding "unit
impulse response" of the system.

As another example, if the input to the system is a pure
sinusoidal wave at frequency w,, then we can set
iwgt

x{(t) = e (1.12)

and its corresponding inverse from equation (1.2) becomes

X(w) = J¥2 MWom®® g o 21 s(w-w,)- (1.13)
The result of equatidn (1.13) takes advantage of the integral

representation [3] of the Dirac delta function. From equation
(1.5), the corresponding output response of the system becomes

—

I OHW) 21 8(wmw) €T dw = H(wole¥o® . (1.14)

3

y(t) =
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Thus, from equation (1.14), the physical significance of
H(w) becomes apparent in that H(w) is the "frequency de-
pendent amplitude response" of the system to a pure sinu-
soidal input. For this reason, the transfer function H(w)

is also referred to as the "system frequency response
function".

ITI. ROOT-MEAN-SQUARE RESPONSE OF SYSTEM

First, we will be concerned with the "mean-output power"
response of a linear time-invariant system to inputs which
can be characterized as being "stationary random processes".
Many noise-vibration environments can be labeled as such.

It can be said [4] that if the input is a stationary random
process, then for linear time-invariant systems, the corres-
ponding output will also be a stationary random pracess,

Aside from these general consideration, we now proceed

" to the evaluation of the "mean output power" of a system.

If the time~-dependent output response of a system is denoted
as y(t), then the mean output power P is defined as
1

F o= lim o= /77 y? (t)dt (2.1)
T

where we assume that y(t) is "real" as is the case for most
physical systems.

, We begin the evaluation of equation (2.1) by first
defining the truncated Fourier transform [5] of y(t) as

wt

LT (e et ae . (2:2)

YT(w) = 37 /o
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The ordinary transform Y(w) is related to the truncated
transform YT(w) as

Y(w) = 1lim Y,I,(w) '
T+ (2.3)

From Parseval's theorem [2], we have a significant
relation between the area under the graph of y2(t) in time
space to the area under the graph of the transform magnitude
squared |[Y(w)|? in frequency space. This relation reads

ITLoyieae = = ST 1Y) | 2de (2.4)

where we have assumed y(t) to be real.

In terms of the truncated Fourier transform Y (w)
defined above, we can express Parseval's equation as

. +T 2 - . 1 +©0 2
lim /7 y*(tldt = lim {z= /" |Y_(0)|? w} (2.5)
T->o0 T~~co

whereby we assume the continuity of all integrands so as

to ensure the interchange ability of the limit and integration
operation.

From the definition of the mean output power P in

equation (2.1), we can express this in terms of the truncated
Fourier transform as

, v
dw . (2.6)

Since it can be shown [2]that Y, (w) is generally an even
function of w for y(t) real, then equation (2.6) can be

rewritten as
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The small magnet is water cooled, and can handle about 1500 amperes
(maximum) for an extended length of time. (This current yields about
2.5 kgauss.) Power consumption at this level is 200 kW.

The large magnet has been operated at 800 amperes, with field level at
about 2 kgauss. Power consumption is 270 kW. A dual ranged, constant-current

power supply, rated at 600 kW, supplies the current to both of these magnets.

THE DATA RECORDING SYSTEM AND DATA REDUCTION

Data from the transducer is recorded on Tektronix 7000 series
oscilloscopes with 200 MHz band widths (see Fig. 2). Both the horizontal and
vertical amplifiers are calibrated with frequency and voltage standards after
every experiment.

Standard high-speed Polaroid film is used with the camera. The film is
then photo enlarged to approximately 8x10 inches, and the trace is manually
digitized and recorded on magnetic tape.

The tape is then interfaced to a Prime 750 computer where standard

processing is done. Some of the data processing includes integration and

" differentiation of the velocity data to yield displacement and acceleration,

and fast Fourier transforms for spectral information.
A hardcopy of the processed data is the final output. Fiéures 8 and 9

are typical data from our three-turn transducer.

FURTHER WORK

We are presently procuring and will soon evaluate a high speed (CAMAC)
transient digitizing system_that will be interfaced to either an LSI-11
computer or a personal computer. This will ultimately replace the
oscilloscope/camera systems and will allow us near-real-time data processing
capability. With 10-bit dynamic range and 10-MHz bandwidths, we can record
very fast data with about an order-of-magnitude improvement in resolution over
our existing oscilloscope/camera system.

We are planning some future development on n-turn units to get even more

sensitivity and less unwanted signals:
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(1) We are looking at thinner insulating material and vapor depositions
so we can approach 3 to 4 mil total thickness.

(2) We have built and have done some limited testing on a five-turn
transducer that has five times the sensitivity over our previous
transducer, with no increase in noise.

(3) We are considering a design that would have an increase in

sensitivity of X12

CONCLUSIONS

We have designed and used in approximately twenty-five measurements an
improved particle velocity transducer for EOS work. The advantages of this

three-turn transducer over our previous single-turn transducer are:

® Three times the output with no discernible noise increase.
) No change is required in our data system.
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Table 1. Important features of the two Helmholtz coil pair of electromagnets

available for EOS experiments.

Parameter

Small magnet

Large magnet

Mean diameter of coils

Gap spacing

Field strength, kgauss

Homogeneity of field at

geometric center of

magnet

Ripple in field

Portability

56 cm

Variable to 45 cm

Variable to 2.5 kgauss
(to 0.25 weber/m?)

<l% over 150 cm3;

<0.5% over 100 cm3

<1l% variation, long term

Easily moved with forklift

230 cm

100 to 150 cm

2.5 kgauss (nominal)

0.5% over a large

volume

<1% variation

Permanently mounted
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FIGURE CAPTIONS

Figure 1. A typical "shot" setup, with the material under study placed within
the polegap of a magnet. The transducer is set up to measure in-situ particle
velocity. The explosive is detonated at "zero-time," with all timing for the
measurement system referenced to -that time. 1In reality, we may have ten or
more transducers at various radii from the charge, along with associated

timing equipment and oscilloscope/camera systems.

Figure 2. Diagram of the firing and timing system and the data recording
system. The test sequence is initiated manually with the firing switch. A
pulse from the detonator pulser is sent to both the explosive charge and the
timing circuits to ensure accurate synchronization of oscilloscope sweep time,
signal arrival, and camera-shutter activation. The waveforms on the

oscilloscopes are recorded on high-speed film.

Figure 3. Pictorial representation of the transducer element, {, moving
through a distance, dx, in a magnetic field, B. The rate of motion of the
element, dx/dt, is the in-situ particle velocity, u, of the transducer and
material. The three~turn transducer is three of these loops connected in

series to give a gain of X3.

Figure 4. Vector diagram for the three main parameters of the EOS experiments.
Great care is taken to ensure that the three vectors, 3} E, and T, are
orthogonal. When this is true, the output voltage developed across element,

£, is simply the scaler product of the parameters; that is Vv = -B « f + u.

Figure 5. The previous standard transducer and the new three-turn unit, shown
both pictorially and schematically. Both are constructed of the same
materials. The three-turn unit is simply three single-turn units laid one on
the other and electrically connected in series. The impedance of the

transducer is in the milliohm range.
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Figure 6. Diagram illustrating the parameters that describe the geometric
resolution, which is the travel time, t, of a circular shock wave front with
velocity v sweeping across the transducer active element, f. The radius of
curvature of ﬁhe shock front is r. The parameter h is the distance the shock

front travels from first contact to total engulfment of the transducer element.

Figure 7. Explanation of method of compensating for nonparallel magnetic
field by offsetting transducer from center of field. The By components of the
nonuniform field through which these transducers move induce unwanted voltages
in each of the leads. In transducer 1, both unwanted lead voltages add to the
desired signal véltage, but in Transducer 2, one adds and the other subtracts.
In the magnetic system now being used, the contributions from the leads in the
Transducer 1 configuration represent about 5% of the signal. For the
Transducer 2 configuration, however, the field orientation is such that no

contribution is detected.’

Figure 8. A typical particle-velocity time history. These signals were
obtained from two transducers positioned side by side in compacted dirt, 70 mm
from the center of a small explosive charge. The data scatter is typical of

any transducer pair in pressed dirt.

Figure 9. Typical suite of particle-velocity time histories. This ensemble
of particle-velocity measurements is one form of data presentation. Displayed
in this mannex, one can easily see the delay in shock arrival times, the decay
in amplitudes, and the slower rise times--all with increasing distances

between the transducers and the chemical explosive charge,
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Instrumenting and Interpreting the Time-Varying

Response of Structural Systems

Instrumentation of the dynamic response of structural systems
should be guided by the analysis to be performed on the system

witli transducer type and mounting location dictated by the

structure's modal properties.

P. L. Walter
Sandia National Laboratories

Albuquerque, New Mexico 87185
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Abstract

The dynamic testing performed on structural systems
sometimes lacks specific objectives. In addition, the design
of the measurement system intended to record the resultant

data often does not receive adequate attention.7

This article
presents the rationale for performing dynamic testing and
provides insight for selecting transducers and determining
their mounting locations to measure the resultant structural
motion. Response measurements from transducers mounted on a
freely-suspended bar structure are illustrated and explained.
These results are generalized to more complex structures

comprised of rod, plate, bar, and shell elements of varying

geometries, boundary conditions, and materials.

List of Symbols

A = bar cross sectional area

c = (/p)?

E = bar modulus of elasticity

I = bar area moment of inertia about neutral axis

2 = bar length

t = time

u = bar axial displacement component

Un = n th axial mode shape

v = bar transverse displacement component
Vn = n th bending mode shape

€a bar axial stfain distribution
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b~ bar bending strain distribution

AT = (wnzAO)/(EI)

©
1]

mass density

€
"

n th natural frequency

Introduction

Structural systems are fabricated from a collection of
rod, plate, bar, and shell elements of either the same or
differing materials. When designing these systems, their
response to any time-varying loads they encounter ih service
must be considered. The origin of these loads can be as
diverse as transportation and handling environments,v
acoustic waves, machine dfnamics, earthquakes, and'explo-
sives. To evaluate the effecfs of dynamic loads on structur-
al sYstems, instrumented tests areboften pérforméd under either
simulated or actual loading conditions. It has been the
author's experience that these tests are often poorly
planned in terms of defined objectives and instrumentation
seleétion. This article establishes the rationale for per-
forming testing and Provides guidance for interpreting the
resultant data. Some background on the dynamic responsevof
strucéural systems and its measurement follows. |

Any time-invariant structural system possessing a linear
input-output relationéhip has its dynamics completely defined
by its natural frequencies, damping, and normalized vibratory

mode shapes. These modal parameters are global properties of
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a structure. They can be identified from responses attributable
to a single point vibratory stimulus occurring at any location
on a structure providing that location is not on a nodal line
for a particular mode. Modal parameters differ from parame-
ters associated with anti-resonant frequencies, which vary
from one location on a structure to another.1 The dashed line
of Fig. 1 describes the shape associated with the first
lateral vibratory mode of a 25-foot tall support tower for a
TV camera. This mode occurs at a resonant frequency of 9.4
Hz.

To assist in design analysis, dynamic models of struc-
tural systems are developed using finite element techniques.
With current technology, these analytical models can be
refined using experimental modal‘énalysis data obtained by
multiple~-channel spectrum analyzers.2 The response of the
model to analytically applied loads is predicted in terms of
localized displacements. In dynamic testing, it is often dif-
ficult to acquire displacement measurements to compare to
modeling results. Electromechanical motion-measuring trans-
ducers, such as potentiometers and linear variable differen-
tial transformers, afford poor frequency response and often
modify a structure's response at the attachment point.

Optical and eddy current based measuring devices overcome some
of these difficulties but still require a fixed reference

location to provide an absolute measurement.
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In the dynamic testing of structural systems, displace-
ment is typically measured in its derivative form as either
strain or acceleration. Strain gages and accelerometers are
available in small, rugged configurations. Accelerometers can
provide constant amplitude frequency response to greater than
10 kHz, while strain gages can maintain their signal integrity
to multiple 10s of kHz. In addition, both strain gages and
accelerometers offer the advantage of providing absolute
measurements while attached to a moving structure,

The following section provides criteria for determining
whether strain or acceleration is the measurement parameter
of interest, 1In discussing the measurement of the time-
varying response of structural systems, we assume that the
integrity of the signal from the strain gage or accelerometer

is maintained as it passes through the measurement system.s’4

Measurand Selection

The measurand is the object of any experiment. It is
the physical or chemical process to be observed. The
measurand associated with the time-varying response of
structural systems is either strain or acceleration.

Figure 2a defines strucﬁural dynamics.2 Depending on
whether the forces acting on and/or the motion of a struc-
ture are accounted for, mechanical design can be divided

into four categories. When neither the forces acting on
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nor the motion of a structure is considered, the design
problem is one of style. If the forces acting on a struc-
ture are considered but the structure is constrained from
moving, the problem is one of statics. Similarly, the study
of the motion of a structure with no applied forces is
defined as kinematics. The remaining category is structural
dynamics, which concerns itself with analyzing the effects of
applied forces on a structure and the resultant motion of

the structure.

Figure 2b is designated by the author as the
Structural Dynamics Measurement Space. Structures typically
are categorized as either rigid or elastic bodies. A per-
fectly rigid body would have no flexibility associated with
it. While no perfectly rigid body exists, many structures
approximate rigid bodies at frequencies well below their
first resonant frequency. The controlled burning of its
endgine (s) determines the trajectory flown by a missile; when
analyzing this trajectory, the missile is treated as a rigid
body. However, in analyzing the response of the missile's
control surfaces to air turbulence and acoustic disturbances,
the elasticity of these surfaces is considered and the con-
cept of a rigid body no longer exists. Figure 2b considers
a structure as both a rigid and an elastic body and treats

the measurand as either strain or acceleration.
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The measurement of strain on a perfectly rigid body is
meaningless since the response of a strain gage would be
zero. The measurement of acceleration on a rigid body is
not meaningless since, when multiplied by the mass of the
body, information as to the inertial or D'Alembert force
acting on the body is acquired. 1If incipient failure of an
elastic engineering structure is of principal interest,
strain is the preferred measurand. The strain limit bf
interest is the maximum strain which can exist within the
structure without destroying its usefulness. The strain may
or may not depend on a unique strength property of the
strucgtural material (e.g., propdrtional limit, elastic
limit, yield point). Acceleration measurements on elastic
engineering stfuctures are used primarily to derive test
specifications for components attached to the structure at
the measurement location. An acquired acceleration-time
history can be used to compute a shock spectrum4 for the com-
ponent of interest. A shock spectrum is the envélope of
peak responses of an infinite number of single-degree-of-
freedom linear oscillators £o an input transient. The prin-
cipal application of the shock spectrum in structural
testing is to permit component shock test specifications to
be generated independently of specific time histbries. In
summary, instrumentation of the dynamic responée of a struc-
tural system depends on whether one is interested in deter-

mining inertial forces acting on the structure, predicting
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incipient failure of the structure, or derivingltest specifi-

fications for components attached to the structure,

Data Interpretation

Figure 3a shows the initial portion of the response of
a strain gage to a longitudinal force impact at one end of a
72-inch long, 3-inch diameter, freely suspended bar. The
gage is located at the center of the bar. The amplitude of
the Fourier transform of the entirety of this response was
taken and normalized by the amplitude of the Fourier trans-
form of the impacting force; this resulted in the frequency
response function of Fig. 3b. From Fig. 3b, one might infer
that the first axial resonant frequency of the bar is at
1,410 Hz and the second at 4,230 Hz. This inference would be
in error. Turthermore, an axial accelerometer mounted at the
same point as the strain gage would not have responded to
either of these frequencies but would have identified an
additional resonant frequency at 2,820 Hz, This simple
example illust:ates the potential for confusion in
interpreting structural dynamic responses of systems.

To explain the results of the preceding example, it is
necessary to review the classical solution of the axial and
lateral modes of vibration of a bar. Based on this analysis,
generaiized conclusions will result which will be applicable

to all structural dynamics measurements.
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Figure 4 defines coordinate axes and displacement com-
ponents for the bar analyzed. Both the axial and lateral
bar motions are described by continuous mathematical models
that are subject to both initial and boundary conditions.
The resulting linear partial differential equations can be
expressed in terms of two displacement components (u and v)
which are functions of the spatial variable x within the
boundaries of the bar. If the differential equations of
motion and their associated boundary conditions are homoge-
neous, the boundary value problems are transformed to eigen-
value problems through solution techniques in the form of
separation of variables. Separation of Qariables involves
the assumption of solution forms u(x,t)= U(x)T(t) and
vix,t)= V(x)T(t). The task of determining the bar's axial
natural frequencies for which the axial equation of motion
has nontrivial solutions U(x) and the bar's bending natural
frequencies for which the bending equation of motion has
nontrivial solutions V(x) comprises the two eigenvalue
problems. Each frequency (eigenvalue) has associated with
it a corresponding function U(x) or V(x) (eigenfunction) of
arbitréry amplitude and unique mode shape. The mode shapes
and frequencies are uniquely determined by the bar's
material properties, geometric factors, and boundary

conditions.
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An equation resulting from an elementary theory

describing the free axial vibration of a homogeneous isotro-

pic bar is:5
32u 1 azu = G (1)
—3-3.3°-0
ax c” ot

The derivation of this equation assumes that the lateral
motion of the bar is negligible, allowing the stress state to
remain plane. The natural boundary conditions associated
with a freely suspended bar regquire that the strain at both
ends disappear. The solution un(X,t)= Un(X)Tn(t)
corresponding to each axial natural frequency equal to

(nlic)/2 is:
un(x,t) = Jcos(nllx) /L Tn(t) (2)

where cos (nllx) /% is the mode shape corresponding to the
n=1,2,3,...mode. Figures 5a to 5c plot mode shapes 1, 2,
and 3, respectively. Note that there are one (g/2), two
(2/4, 32/4), and three (2/6, 2/2, 52/6) locations (nodes)
where the axial displacement of the bar is zero. At these
nodal points, eq (2) indicates that the time derivatives of
the baf axial displacement (i.e., velocity and acceleration)
also are zero. The bar axial strain distribution associated

with each mode, however, is:

=-'c‘.' 9 . 3)
€a Ln(x)/ax (
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The strain distribution for the first three axial modes is
shown respectively in Figs. 6a to 6c. Note that there are
none, one (%/2), and two (R&/3, 28/3) interior points on the
bar where the axial strain is zero. Figure 5 indicates that
an accelerometer mounted at 2/2 would respond to only the

even axial bar modes; Fig. 6 indicates that a strain gage
mounted at 2/2 would respond to only the odd axial bar

modes. Thus, axial strain and axial acceleration measurements

from the same locations do not have to agree in frequency

content; this explains the results and comments associated
with Fig. 3.
The equation based on an elementary theory which

describes the free transverse vibration of a homogeneous

isotropic bar is:®

4 2
3 v,y
ax?  3t?

(=24

=0. (4)

>Im
O |

The derivation of this equation assumes a long thin bar for

which it is valid to ignore shear deformation and rotary inertia.
The natural boundary conditions associated with a freely
suspended bar require the bending moments and shear forces to
disappear at both ends. The solution vn(x,t)=vn(x)Tn(t)

corresponding to each natural frequency is:

vn(x,t) = [Fcosxnl-coshxng)(s1nknx+51nhxnx)— (5)

. i +
(51nln£ 51nhkn£)(c95Anx coshlnx)J Tn(t)
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where the bracketed term is the mode shépe corresponding to
the n=1,2,3,... mode. Figqures 7a through 7c plot the first
three mode shapes, respectively. Note that there are two
(.2242, .776%), three (.132%, .5002, .868%), and four (.094%g
.356L%, .64414%, .906%) nodes where the transverse displacement
and, by eq (5), its time derivatives (velocity and
acceleration) are zero. The bar bending strain associated
with each mode is proportional to (a denotes proportional):
e ad?v_(xy/axd. (6)

The strain distribution for the first three bending
modes is shown respectively in Figs. 8a through 8c. 1In com-
paring Figs. 7a and 8a, 7b and 8b, and 7c¢ and 8c, it is
apparent that bending strain and transverse acceleration data
from the same location on a free-free bar should agree in
frequency content at all points except at the internal node
shown in Fig. 7 nearest each end of the bar. Thus,A
disagreement will exist at the two outer nodes on the bar as
to the frequency content of the responses from an accelero-
meter and strain gage to dynamic lateral loads; disagreement
as to the intensity of these frequencies will generally exist
at all other bar locations.

The lack of agreement between accelerometers and
strain gages on bars can be generalized to other structural
elements such as shells, plates, and rods of varying boun-
dary conditions. 1In genéral, at any station on a structure,

the intensity of response at a given frequency will differ
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between an accelerometer and strain gage and at some sta-.

tions will be mutually exclusive. This concept is simple to
understand if one remembers that strain is a spatial deriva-
tive of first order or higher while acceleration is a second

order time derivative.

Summary and Conclusions

Structural dynamics is the mechanicai design problem
associated with analyzing the effects of applied forces on a
structure and the resultant motion of the structure., The
measurement of the response of structural systems should be
guided by whether one is interested in determining the iner-
tial forces acting on the structure, predicting incipient
failure of the structure, or deriving test specifications
for components attached to the structure. The selection of
a transducer's mounting location can be appropriately
accomplished only after a modal analysis (either analytical,
experimental, or a combination of the two) has been performed
to define the dynamics of the structure. Interpretation of
the transducer's signal depends on both its mounting location
and whether it is responding to the time (acceleration) or

spatial (strain) derivative of structural motion.
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Figure 5. Closed form solutlo_n for the axial dléplacomont distribution
assoclated with the various modes of a solid free-free bar.

133



LENGTH J 4

(A) FIRST MODE SHAPE

LENGTH )4

(B) SECOND MODE SHAPE

LENGTH
(C) THIRD MODE SHAPE

Figure 6. Closed form solution for the axial strain distribution assoclated
with the various modes of a solid free-free bar.
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Figure 8. Closed form solution for the transverse straln distribution
assocliated with the various modes of a solld free-free bar.
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SESSION 2

Q: BILL ANDERSON, NATC, PATUXENT RIVER, MD

I would like to start off with one question for Mr. Ach, Why don't
more people use the AGRA amplifier than has currently been proposed?

A: JOHN ACH, AIR FORCE WRIGHT AERONAUTICAL LABS., OH

I think one reason is that most people shy away from the requirement
that you keep track of the gain. You have to report that gain output
and you have to apply that gain in the data reduction. In the past,
people seem to have shied away from that. The amplifier, as it comes
sold by the suppliers, is not ready to use. You have to house it and
you have to provide all of the control voltages. It takes some effort
to get that amplifier to where it's usable. People just seem like,
they are reluctant to change. I think this is a case where they'd
just as soon keep on using the old fixed gain amplifier rather than to
make the big change. S

Q: ROGER NOYES, EG&G, ENERGY MEASUREMENTS, LAS VEGAS, NV

I have a question for Sam. On your transducers, what do you do about

characterizing or calibrating since, apparently, you probably do not
reuse them? S

A: SAM SPATARO, LAWRENCE LIVERMORE NATIONAL LABS., LIVERMORE, CA

Yes, in fact, we do indeed reuse them sometimes because in the low
kilobar range that we're involved in, there's usually no damage to the
transducer when it's out more than a few inches away from the temple
charge. However, the way we calibrate them is we use Jjust one
material, polymethyl methacrylate, or PMMA, or just acrylic which is a
common word that is very, very well known by all rock-mechanic type
people. The Hugonoit for that is well known. The Hugonoit is the
particle velocity, excuse me, the shock velocity versus particle
velocity curve for that material. So what we do is we measure very
accurately the shock velocity; we know the Hugonoit, therefore we
derive the particle velocity from that and then we measure with the
transducer. That's one way we calibrate them. The second way we
calibrate them is by simply going through the calculation, the
theoretical calculations I showed in the viewgraph, to see that the
external results concur with that. Thirdly, on a three-turn
transducer, the new one, we put them side by side with a standard one
in exactly the same location or very near, and we simply do a
comparison type calibration., So they're all calibrated in all cases.
It's dynamic calibration, shock calibration.

Q: MIKE ENGLUND, GARRETT TURBINE ENGINE COMPANY, PHOENIX, AZ

On the AGRA 100_ampiifier, when you're in the automatic mode, how
quickly can the frequency autochange?
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A: JOHN ACH

That depends on whether you're going just one step. One step,
typically, I believe is 650 microseconds, very quick. Now if you're
going from maximum gain down to minimum gain, it takes longer to do
that. But just to step one step, it's down around 600 microseconds, I
believe.

Q: PAT WALTER, SANDIA NATIONAL LAB., ALBUQUERQUE, HNH

I have several questions to ask. While we're talking about the auto
gain amplifier, 1 wanted to ask Mr. Ach a question on the logic.
John, when you have to change gain on the random vibration, you were
saying that you could either look at it wide band or look at it at the
back end of the filter. I can understand why you'd want to at least
consider some decisions like that. If you're interested in like 5
kilohertz data or 2 kilohertz data, why don't you prefilter it first
before it goes into the front end of your autogain and then you don't
have to worry about making a decision like that? And then I have
another question.

A: JOHN ACH

Originally, we had planned to filter before the amplification but that

created some problems in that we had a mutual agreement. The
contractor, with our approval, switched that arrangement because it
created problems. I don't know all the background on the problems

that we had, but it was just not feasible to filter prior to
amplifying. Now, you could use two of these in a series and do that.
We've done that before where we go through one filter and then amplify
the second time. That's essentially what you're suggesting. And
that's the way we had planned to have it fabricated, but there were

just some problems. Electrically, it wasn't feasible to do it that
way.

Q: PAT WALTER

The other question I wanted to ask is about the logic that goes into
changing gain on a random signal intuitively with seeing that with one
threshold crossing. You wouldn't want to change gain but if you get a
transient signal when you go by a certain threshold level, you would
want to change gain right away. So if you're recording transient data
versus random data, how do you handle those two situations or does it
take different logic in the amplifier?

A: JOHN ACH

That's one of the control inputs. It's the response time for gain
change. You could make that very small and in any crossing above the
threshold, the amplifier could switch. Or you can, there's an inte-
gration time that you can link them at, have a number of crossings at
the threshold at a certain given time before you'll get a gain change.
So that's a variable that's programmable. You can make it change
instantaneous at one crossing, or you can make up the average, enter
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it with the integration time, and delay those changes. I believe
there are four ranges you can Select.

Q: LARRY SMITH, PACIFIC MISSILE TEST CENTER, CA

John, I'd 1like to know how you determine what your gain is every time
you want to reduce your data? How do you do that? The automatic
gain ... how do you know which gain you're in ... by setting a 4, 50,
100, or whatever?

A: JOHN ACH

Okay, there's an output out of the amplifier; there's a digital out-
put. It's a three-bit code and since there are seven levels, you have
these three bits that represent the seven levels. So, you record that
along with the data in some form. You can record it in any form you
want. The way we handle it is we reserve one track on a tape
recorder, and we sample all the amplifier gains that we're using.
Typically we may use 12 amplifiers. So we just sequentially sample
those 12 amplifiers and put it through a PCM code or encoder and
record that on a track by itself. Then on a playback, you go back and
match up the gain with the amplifier.

Q: TORBIN LICHT, BRUEL & KJAER INSTRUMENTS, INC., DENMARK

Yes, it is commercially available. The company Aydin Vector sells it.
I have a few preliminary data sheets that they have supplied, and I
believe it sells for around $1200 if you buy less than 50. It's not
cheap. No precision instrumentation amplifier is cheap as you well
know. And, yes it is available. We bought 25 on the development
contract and we've ordered 50 additional units. You can contact Aydin
Vector if you're interested, or 1 have some advanced data sheets if

anyone's interested.
Q: TORBIN LICHT

A qQuestion for Mr. Articolo. You came to a conclusion about the rnms
values you were after, but you jumped very fast to the conclusion that
we should have some more space saying that you needed three times the
spread or something to be sure. But, I think you need to do some more
workx on amateur distributions and things like that to find out what we
really need because you've only come one step of the ladder to tell
people where to stop. You don't have any, you have a probability,
maybe. You know something about your random signal but you have to be
more sure about the peak values because that's what the accelerometer
sees. Understand? \ '

A: GEORGE ARTICOLO, SCHAEVITZ ENGINEERING, CAHDEN, NJ

If I do understand your question, you're correct. We do make the
assumption that the noise is, say, what you might call random normally
type distributed noise. Where we take for granted that if it is
normally distributed that‘statistically three times the rms value
would put you in a range where you probably would experience a minimal
number of peaks. '
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Q: TORBIN LICHT

Yes, but that could depend very much on the kind of amplitude distri-
bution you're actually having, whiech if you do not know it, you do not
know very much about your random signals.

A: GEORGE ARTICOLO
I agree.
Q: TORBIN LICHT

Mr. Spataro don't you have any problems with the dynamic properties of
your foreign transducer? There must be a time constant...

Q: SAM SPATARO

Like ringing? Is that what you're asking? Ringing of the transducer?
Q: TORBIN LICHT

Ringing and time constant.

A: SAM SPATARO

The transducer movement, first of all, is typically a few tenths of
microinches at most. It travels a very, very timely distance. I
don't know if we've ever measured the natural frequency of that system
but I would imagine it's very, very high because of the very, very
tiny, low; it's just a small system. Once in a while, when it's
shocked very, very hard, again though, we're working in the very low
shock regime, but when we were doing high frequency shock, we would
see ringing in leading end at times depending on where we were with
respect to the explosive charge. But in the work we're doing now
where we're way down low in shock levels, that's not a problem at all.

Q: RAY REED, SANDIA NATIONAL LABORATORIES, ALBUQUERQUE, NM

Again to John Ach, with regard to the switching time. That's one of
the critical things on your amplifier, you indicate that the switching
time is nominally 650 microseconds, half a millisecond or so, is that
a figure that includes setting time on the amplifier? Have they
pressed their levels of technology pretty heavily for that? 1Is it
possible to push that to a shorter switching time, And, ¢third,
presumably the gain is reproducible from step to step. Do you have
any information on that particular thing, whether the gain can
reliably be counted on from one step to another?

A: JOHN ACH

Answering the second question, yes. They had a figure of something
like a half a percent. Within a half of a percent, the gain 1is
repeatable. 1In the first question, I'm not sure, but I think that's
the best setting, that does include setting time. I believe that is
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bushing the state-of-the-art 650 microseconds minimum time above
threshold voltage for step down. Well, I'd 1ike to get with you after
the meeting, I have a spec sheet. I guess it was last week we studied
that and resolved that. I can't tell you just by looking at it here.

Q: RAY REED

There was one final question or confirmation., Because you carry the
gain setting with each individual data sample, presumably you are not
limited to one, two, three, or four. It's simply limited by the fact
that you have a certain number of data samples available. Is that
correct?

A: JOHN ACH

Right, there would be no limit. Theoretically you could get to a spot
where you could just sit there and switch back and forth if the
amplitude was Jjust going above and below the threshold. If you didn't
have your integration time set properly, you could sit there and just
switch back and forth.

Q: RAY REED

So that's merely an inconvenience. It's not a technical limitation?
A: JOHN ACH

That would be an inconvenience, yes.

Q: RAY REED

If you have automatic data analysis that's not a problem?

A: JOHN ACH

That's not a problem, right. If you're zgoing to read the gain and
apply it, and the computer can handle it, that's no problem.

Q: ANDREW COLEE, EGLIN AIR FORCE BASE, AIRBORNE INSTRUMENTATION, FL

On the AGRA 100, two questions. I'm not quite sure I would know how
any offset that you might have at the initial gain setting would be
reflected in subsequent gain changes? The second question: is this
unit going to be incorporated as part of the AFFTIS system? Is any
consideration given to that?

A: JOHN ACH

Offset, if you have it, would be generated by your transducer, by some
device that you're inputting into the amplifier. If you have an
offset, it certainly would be amplified. The amplifier has the
provision for externally generating a voltage to lower that offset.
If you know you have an offset and if you'd like to eliminate the
offset, then there's a way for putting it in. If you know you have
half a volt offset, then you can externally generate a voltage that
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Will bring that to zero. There's a provision for doing that, handling
offsets. You ¢can also short the input to the amplifier and measure
what offset you do have coming in. But any offset, of course, would
be amplified, right? Now provisions were included in the Air Force
Flight Test Instrumentation System or AFFTIS that they're developing
at Edwards along with the other test centers. The wide-band signal
conditioning for the AFFTIS system is going to be, if they do in fact
develop the wide-band system, the AGRA, that's true.

Q: LOWELL WENDELL, LAWRENCE LIVERMORE LAB.

I have a couple questions. The amplifier you're using, you said, was
a differential input, but you didn't give a number for common mode
rejection capability. How well isolated is it from the input plus and
minus 15 volts? Secondly, is there any optical isolation or any kind
of isolation for the digital signals to prevent any back talk, cross
talk from the digital lines back to the input of the amplifier?

A: JOHN ACH

You may be getting in over my head since I didn't write this paper. 1
have some spec sheets, and I think it would be better if we just sit
down and look at them rather than me trying to pour through this thing
and answer those questions. So, if you'll just see me after this
meeting, we can sit down and talk about it.

Q: PAT WALTER

I had a couple of questions that I wanted to ask Dr. Articolo. I
understand that the nature of the problem, George, is where a transfer
function is causing the random vibration signal to be modified and
either gives you a value that's too low or too high depending on the
characteristics of the transfer function and the shape of the spec-
trum. If you're talking about control applications, although your
algorithms give you a way to predict what it should be, the situation
is still that the transducer is lying to you, that it's not giving you
what the true input is. So, I was just wondering from the control
stand point, what the predicted capability gains for you? And then I
had a subsequent question I'll ask after that.

A: GEORGE ARTICOLO

Unfortunately, the problem just requires we know what the input noise
spectral density is, and that we know very clearly what the transfer
function characteristics of the device are. With this information
and, let's say, measuring the rms output, there is no way to go back
to predict what the true characteristics of the input noise spectral
density were. The noise that's going into the device may or may not
be exactly what one defines it to be. There's no way to go back to
predict whether or not it's true.

Q: PAT WALTER
I had a subsequent question that follows along that line, if you're

familiar with it. I'm not sure what your responsibility is at
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Schaevitz, but the 1limited experience I've had with servo
. accelerometers is built around the fact that sometimes if you're
working with magnetic damping there's some.  You don't have a second
order system and there's some other filtering thrown into the back end
of the servo so it gets to be a higher order system. If you get with
fluid damping and pendulous devices, you start out with a given second
order system but if you have an airborne environment you have tempera-
ture changes; therefore damping changes during flight make omegas and
constant. I just wondered, does the Schaevitz model that you're
familiar with, really follow an analytical model that's very close to
second order and does it follow it over temperature or do you have
those problems also?

A: GEORGE ARTICOLO

You can tell it's a Qquestion that comes from a man who's very well
experienced in the field. This was just a very simplified beginning
approach to try to get a better idea of what the rms response of the
system is. Ve know its second order and we've modeled it by a very
simplified second order transfer function. In real 1life, obviously
from the way you put the questions you're very familiar with the
nonlinearities that do exist in the system. We are aware of these
things and I'm sure that in the future we'll begin taking into con-
sideration the nonlinearities of these devices. Once we do have a
very good idea of what the true transfer function is and if this
transfer function does take into account the nonlinearities of the
system, we will be able to get a much better idea of what the rms
responses of these systems are. Let me just add that in addition to
using this type of program with accelerometers we also had an
opportunity to use it for an LVDT project. We were asked to determine
what the rms displacement of an LVDT core rod would be under a given
known noise spectrum density environment. And in this particular
case, the LVDT was spring loaded so if we knew what the mass of the
core rod was, and we know roughly what the spring constant of the
spring loading on the rod was, then wWwe Wwere also able to use this
program to evaluate what the displacement of the core rod would be
from equilibrium.

Q: MIKE ENGLUND

Your paper was almost like a testing philosophy that, somehow for me,
doesn't ring real true in the industrial environment. Probably I'm
partially at fault, but do you profess that before you instrument an
expensive test program like you were discussing, you must define the
structure as a living, breathing entity? Do you really give your
engineers the time to analyze the structure properly to define it as
such? If so, that hasn't been my experience.

A: PAT WALTER

If that hasn't been your experience then that hasn't been what you've
seen me do. No, I have an answer for that and I think the answer is
yes, that we really do do that. The one thing gets down to basics and
does get to be philosophy and we're all familiar with that. No one
cares about the test state as long as it works. So you just slap on
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some gauges, run the test, and if it stays together forget about the
data, Maybe camera coverage of something like that's adequate, but
when there's a failure the data becomes important and the bottom line
is it's not philosophy. If you don't understand the dynamics of the
structure, you can't understand the data; it doesn't mean anything.
So if you look at the particular business that I'm in, which is the
nuclear ordnance business, the first thing that happens on any of our
programs, and right now the ones that we're working on are like the
Trident 2 and the ASW programs, some of the cruise missiles, the
warheads, is we assign a dynamicist and that dynamicist lives with
that program the whole way through. They make a spring mass model and
it's quite complex. Then we work through joint tests and they build
up mass block ups. We do model analysis in the laboratories. The
models are iterated and they go out and they do run tests on the blast
tubes and then flight test. An instrumentation location is selected
based on the understanding that the structure is a living breathing

thing. So, I can look at you in good faith and say yes, we really do
do that.

Q: RAY REED

I would like to make a comment about that last interchange. Somewhere
in this world there has cropped up a notion that philosophy and prac-
ticality are mutually exclusive. I think your paper had no facts in
it that anyone in this room didn't already know. I think you probably
would agree with that. It is merely the philosophy, in other words,
the comprehension of the significance of the facts that we're talking
about. Occasionally facts do come as a surprise even though you know
them, their significance comes as a surprise. I thought this was a
particularly elegant example of how one can go ahead and do the prac-
tical thing, namely make an arbitrary measurement in an arbitrary way
in an arbitrary place with no goals and be practical and completely
miss the point. It's cheaper to get an answer that way and you can
get into trouble very inexpensively. So, 1 appreciate your paper and
I think, while the facts are elementary, I qonsider them to be ele~
gant. That's a prime portrayal of problems, the way problems crop up
in the physical world. In the measurement world, people just do
things without thinking about what they're trying to accomplish and
what the pitfalls are.

I did have a question for Professor Articolo about his paper. You
mentioned that you have this basic code. Is the source code presented
in the paper?

A: GEORGE ARTICOLO
No, it's not.
Q: RAY REED

If it is available, in which of the hundreds of basic dialects is it
written? .
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A: GEORGE ARTICOLO

That I don't know, but I'm sure almost any basic dialect could be
reoriented. I'll take orders on it later. Thanks for the question.

4

Q: PETER STEIN

If I can add my two cents worth to Dr. Reed's comment, I would add
only that you also have to understand that the measuring system is a
living, breathing thing before you use it. So, there are really two
jJobs you have to do inm structural dynamics. But I also have a
question for Sam Spataro. Are you working 1in the time frame where
impedance matching between the cable and the transducer is important?
Is this of any consideration to you at all?

A: SAM SPATARO

No, it isn't. I'm not sure I understand exactly what you mean by your
question. Qur typical data length is on the order of maybe 5 to 50 or
5 to 30 microseconds total duration time of our information. The
transducer's impedance is just a few milliohms. So the answer to that
question is no. We're not that fast.

Q: DAVE BANASZAK

I'd just like to follow up on the lasﬁ question to Dr., Articolo, Do
you have any basic idea how long this program is? Is it jusl a page
or is it 50 pages or 100 pages?

A: GEORGE ARTICOLO
It's only about two pages, very short.
Q: JOHN ACH

I'd 1ike to ask Mr. Spataro a question. He 'said he used an acoustic
digitizer to digitize those photos. I'm not familiar with that.
Could you tell me what that is?

A: SAM SPATARO

Probably not very well because I don't do the digitizing, the experi-
menter does. But it's a system that allows you to move a couple of
cursors, which yield X and Y coordinates. It's a manual process and
maybe there are otBer people in this room that could tell you more
about it. I really can't. It's a semi-automatic system where you
have to actually tell it when to digitize. I can't go beyond that.

PAT WALTER

I just had one comment. I wanted to follow up on this morning's
session. I think it's really appropriate to interject it here and it
might be helpful to you. We were talking some about system calibra-
tion this morning, and the gentleman from AFWAL was talking about the
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different tumble tests. I had an occasion recently to go back and
look through some of the 113 documents that are available. I'd like
to give some kudos to those of you in the audience that participated
in that writing about 15 years ago and also encourage some of you to
use it. In the early 1970's, within the RCC Telemetry Group, there
was a section on system calibration and it started with the receiving
antenna. It turned out to really be a ground base calibratione. There
was a loud voice of outrage from the transducer comuittee and it was
pointed out that that wasn't a system calibration, that was just a

receiving station calibration. And so within the 118 documents you'll
find some information that's truly unique. It's not replicated in any
textbook and there is not a collection any place else. It's not

technically so deep, but what's unique is that it's collected. It
does deal wWwith system calibration of measuring systems. It goes
through either the measure and substitution or it goes through an
electrical substitution. It has all the equations in it for bridge
calibration, series assertion, servo instruments, and for using piezo
electrics and for breaking into the ground line with isolated power
supplies. And that's all pulled together in one nice area in the 118
documents. Then over and above that, there are some test methods for
instrumentation amplifiers. Alan Diercks was, I think, largely
responsible for the charge amplifier part of that ten years ago. A
fellow, Jacques Quei, I believe, from Ectron is not here, Fritz
Shelby was responsible for the DC amplifier portion. I had occasion
to dig into those things recently and they're very well written. Boy,
there it is and you can't find it any place else. I'd 1like to
encourage those of you that aren't familiar with the 118 documents to
read them. When you need some test methods for the instrumentation
amplifiers or some system calibration techniques, take a look at those
documents.

STEVE KUEHN, SANDIA NATIONAL LABS., ALBUQUERQUE, NM

Any other questions? All right. Well, I want to thank you and I
think these gentlemen deserve a hand for their efforts. (Applause)

RICHARD KRIZAN, ESMC

May T add also the 118 documents are being rewritten. At least
there's a sheet out for looking at it to be rewritten, to update it,
to make sure that some of the procedures that were used are still up
to date. So probably about the next year or two, we'll probably be
sent a revision to the 118 documents.

I'd like to thank everyone of their participation today in the
workshop.
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ABSTRACT

A positive step pressure generator suitable for the dynamic
calibration of ballistic pressure transducers is described. The
device uses a hydraulic system to generate pressures up to
150,000 pounds per square inch and is capable of delivering
pressure steps in one millisecond or less. Final pressure step
values can be traced to conventional deadweight calibration
figures with an accuracy of 0.2% by using a transfer standard
between 25,000 and 125,000 pounds per square inch. Among the
uses for the device are examining transducer response
characteristics (such as ringing frequencies) to rapid positive
pressure steps and comparing the relative response behavior of
several transducers to a common pressure step.

INTRODUCTION

Although ballistic pressure transducers are used to measure
dynamic events which occur in milliseconds, the response
characteristics are routinely calibrated statically against
deadweight pressure systems. The strength of this method is its
link with a primary standard; its weakness is the assumption
that the static and dynamic responses of the transducer are
equivalent. Differences in gage response between static
and dynamic events can lead to serious measurement errors. There
has been general agreement in the measurement community that
dynamic techniques are needed to supplement current static
calibration methods. Several techniques have been developed to
address this problem. [1,2]

A. Ballistic Pulse Method

In this technique, the gage is mounted at the end of a tube
in contact with a hydraulic fluid confined by a movable piston.
The tube quides a projectile which impacts the piston to
create a pressure pulse in the fluid. Different pressures may be
achieved by varying the compressibility of the fluid, the mass
of the piston, and the mass and velocity of the projectile. The
pulses rise within wmilliseconds and mimic the characteristic
rising and falling of a ballistic pressure pulse. One such
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device, capable of operating to a pressure of 100,000 pounds per
square inch, 1is operational at the Combat Systems Testing
Activity (CSTA), Aberdeen Proving Ground, Maryland. (3] o

This method is quite useful for dynamic comparison of
several different pressure gages; however, variatiens in
projectile velocity, +frictional effects on the moving piston,
and other energy losses make it difficult to accurately compute
the actual delivered pressures. Because a projectile is fired
during the calibration process, this method requires more
extensive safety provisions than are readily available in most
laboratories.

B. Shock Tube Method

Two general approaches of shock tube calibration are
followed. In the first, the test gage is mounted in the end wall
of a tube and subjected to a reflecting shock wave. The gage

output is monitored as the shock front arrives at and reflects
from the end wall. In the second approach, the gage is mounted in
the side wall of the tube and its output is monitored as the
shock front passes. Both methods generate rapidly rising
pressure pulses that are readily calculated by thermodynamic
principles using velocity measurements and gas properties.

Shock tube methods are useful in establishing the dynamic
response characteristics of pressure gages. However, calibration
is generally limited to pressures below 1000 pounds per square
inch, whereas ballistic applications require far higher
pressures.

C. Negative-BGoing Pressure Step Method

In this technique, the gage is exposed to a given pressure
under static conditions using a hydraulic fluid. The gage is then
sealed off from the hydraulic system and its output is zeroed.
The pressure on the gage is then relieved using a fast acting
dump valve, bringing the system to atmospheric pressure. The gage
output obtained during the depressurization is assumed to be the
inverse of the corresponding positive pressure step.

This method’s strengths include its relative simplicity and

suitability for use in calibration facilities. The response of
the negative step calibrator can be very quick, 100 microseconds
or less. However, the mmajor assumption, that the positive

response of the gage is equal and opposite to the negative
response of the gage, is not completely accurate; pressure
preloading of the gage-to-mount interface and hysteresis can
cause significant differences between the pressurization and
depressurization pulses.

D. Positive-Boing Pressure Step Method

In this technique, the gage, 1initially at atmospheric
pressure, is subjected to a pressure increase by the opening of a
fast—acting valve. Because the final pressure value is held, the
method is suitable for obtaining calibration response data.
Al though this technique holds a great deal of promise, the
engineering details of creating a working device can be
formidable. Johnson and Cross of the National Bureau of Standards
had designed a 350,000 pounds per square inch step calibrator in
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the 19590°s. Smith [4] and Dykstra [5] described low pressure
versions of this device. These calibrators were successfully
used to generate positive pressure steps up to 5000 pounds per
square inch in less than one millisecond.

Building on these ideas, we have developed a device capable
of generating precisely known positive pressure steps up to
150,000 pounds per square inch in less than one millisecond. The
step calibrator may be safely operated in a laboratory
environment and can compare the response of several transducers
to a common pressure step. Additionally, it is economical to use
as a routine laboratory tool for gage calibration and screening.

The discussion that follows describes the pressure step
calibrator and presents several examples of its operation.

DISCUSSION

A. DESIGN CONCEPT

Figure 1 illustrates the basic configuration of the device.
A large pressure reservoir is connected to a much smaller test
chamber by a fast acting ball valve. The test chamber is
equipped with several gage ports and a vacuum port which aids in
filling the reservoir and setting the baseline chamber pressure.
The large ratio of reservoir to test chamber free volume reduces
overall system pressure drop while generating the pressure step.
Reservoir pressure is provided by a conventional hydraulic high
pressure panel and monitored by a high quality static reference
gage. The maximum operating design pressure is 150,000 pounds
per square inch and the specified action time (10% - 90% of peak
pressure) is under one millisecond.

Outputs of both the reservoir reference gage and the
ballistic test gages are monitored during the course of the test.
The final steady state output of the reference gage is taken as
the true value of the pressure step maximum. Both short- and
long-term monitoring of the test gage outputs establish the
relationship between dynamic and steady state response behavior.

B. DEVICE DESCRIPTION

The device, 1illustrated in Figure 2, consists of a large
pressure reservoir (1) opening into a short wide channel (2)
which terminates in a very small cylindrical test chamber (3).
Located in the test chamber (3) is a ball valve (4) which
provides a high pressure seal at either of the valve seats (3)
located at each end of the test chamber (3). Located in the side
wall of the test chamber (3) are four gage ports (6) and one
vacuum line port (7). The channel (2), test chamber (3), gage
ports (6) and vacuum line port (7) are contained in the test
head (8), a monolithic assembly shown in lateral cross section in

Fiqure 3. The test head (8) is readily removed +from the
assembly, allowing changing of the gage ports (6) and the test
chamber (3). The ratio of the reservoir (1) volume to the test
chamber (3) free volume is 197:1. The channel (2) is kept short

and wide to minimize retardation of +fluid +Fflow during the
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operation cycle. The end closure of the test chamber (3) is
formed by the ball valve actuator piston (9) and the piston guide
bushing (10). The piston is actuated by a quick release top-
dead-center mechanism which consists of three pin joints (11), an
air controlled trigger mechanism (12), a hydraulic jack (13) and
a limit stop/buffer (14). The system shown in Figure 2 is in the
cocked position with the ball (4) pressed against the seat (35)

that isolates the test chamber (3) from the reservoir (1). The
jack (13) is pressurized to provide sufficient force to seal the
reservoir (1) from the test chamber (3). The ratio of reservoir

(1) pressure to jack (13) pressure is approximately 100:1.

A hollow stem valve (13) connected to a vacuum/drain line is
located at port (7).

A high pressure line (17) is connected to port (16) at the
upper end of the reservoir (1). This line connects the pressure
generation system to the measurement system.

Figure 4 shows the device after the trigger mechanism (12)
is released. The trigger (12) forces the middle pin joint of the
top-dead-center mechanism against the limit stop/buffer (14),
relaxes the force generated by the jack (13) and withdraws the
ball valve actuator piston (?) into the piston guide bushing
(10). Differential pressure between the reservoir (1) and the
test chamber (3) forces the valve ball (4) against the seat (5)
on the piston guide bushing (?). This action forms a new seal at
the piston end of the test chamber (3) and allows fluid to +flow
from the reservoir (1) to the test chamber (3) causing the
pressure in the chamber to rise to approximately 98%4 of the
original reservoir pressure. Figure 9 shows a typical pressure
versus time history of the test chamber pressure for a 735,000
pounds per square inch pulse.

C. DEVICE OPERATION

Starting with a drained system, the top-dead—center
mechanism is placed in the release position as shown in Figure 4.
The high pressure line (17) is closed off and the vacuum valve
(153) is opened. Gages are mounted in the gage ports (6), the
system is evacuated to a pressure of 2 Torr and the vacuum valve
(153) 1is closed. A S0%Z solution of water and glycol with a rust
inhibitor enters the system through the high pressure line (17).
Liquid is used rather than gas to minimize the level of stored

energy. When the system is filled and stabilized at atmospheric
pressure, the top-dead—center mechanism is cocked as shown 1in
Figure 2. The hydraulic jack (13) is pressurized to

approximately 17 of the desired reservoir pressure. Monitored by
a primary or secondary standard gage, the pressure generation
system pressurizes the reservoir (1). Once the desired reservoir
pressure has been established, the high pressure line (17) is
closed off from the standard gage and the pressure generation
system by a constant volume valve. The device is now ready to be
triggered.

Activation of the top-dead-center mechanism shown in Figure
4 initiates the event and the recording system. Pre-trigger delay
features permit the recording of initial baseline pressures, the
rising portion and final steady state values of the pressure—-time
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curve. One gage with exceptionally good response charcteristics
and known history is used as an informal laboratory standard.
The output from this gage is monitored for at least 10 seconds
after the trigger event to observe system behavior, particularly
possible pressure losses from leakage. Soon after the system is

triggered, the constant volume valve to the static reference
gage is reopened and the reservoir pressure measured by the
primary or secondary standard. Thus, the speed of the step can

be measured using the timebase of the recording system and the
magnitude of the dynamic response can be checked against the
response of a reliable steady state gage. ,

At the completion of the test, the top-dead—center mechanism
is recocked, the test chamber (3) is drained through the vacuum
valve (13), and the pressure is relaxed in the reservoir (1).
The gages can now be replaced for further testing.

D. PROTOTYPE PERFORMANCE.

Examples of both short— and 1long—-term responses of a
commercial piezoelectric pressure gage to a positive—going
pressure step are presented in Figures 5 thru 8. Figqure S shaws
a typical pressure versus time history for a 75,000 pounds per
square inch pulse acquired over 10 seconds. Monitoring the test
gage response for 10 seconds allows correlation to the steady
state response of the reference gage. Figure 6 shows a 20
millisecond window of the same 735,000 pounds per square inch
pulse; Figures 7 and 8 present progressively shorter windows.
Overlaying the traces indicates that the steady state value of
the pressure step is rapidly achieved and held after initial
oscillations have died out. Similar oscillations have been
reported in lower pressure devices by both Smith and Dykstraj; one
may conclude that these oscillations are caused by actions within
the pressure generation system and the mount, not by the gage
itsel f.

One important application of the step calibrator is
comparing the responses of different types of pressure gages to
the same input. Figures 2 and 10 show the pressure versus time
histories of both a piezoelectric gage and a strain—-type gage
measuring a positive-going 100,000 pounds per square inch
pressure step. The traces are virtually identical, exhibiting
initial system oscillations which quickly decay.

The calibrator may also be used to analyze the behavior of
experimental gages by comparing their output with a known
standard. Figure 11 shows the pressure versus time history of a
developmental pressure gage subjected to a 125,000 pounds per
square inch pressure pulse. This curve exhibits, as expected, a
smooth pressure rise and stable output after the peak pressure
has been attained.

The availability of the step calibration device in
conjunction with conventional deadweight calibration methods can
be very useful 1in isolating dynamic gage response problems.
Figure 12 exhibits the pressure history of another developmental
prescsure gage exposed to a 130,000 pounds per square inch
pressure step. The trace indicates a clear upward drift after
the step is complete. Since any system leakage would be expected
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to result in a decrease of pressure, the drift is probably due to
faulty gage response. In fact, we found that the bond between
the strain patch and the gage body was faulty.

The step calibrator prototype has been successfully
exercised from 25,000 pounds per square inch to 150,000 pounds
per square inch. For any given trial, the repeatability between
gage ports is within 0.1%. For any series of shots, the
experimental mean can be predicted within 0.2%. Series-to-series
variations are 0.8%.

CONCLUSIONS

The positive—going step calibration device described allows
the accurate, safe and simple dynamic calibration of ballistic
pressure gages. The gage response obtained can be related to its
static deadweight behavior. Several gages may be evaluated
simultaneocusly to a common dynamic event. The calibrator may
also be used as a diagnostic tool in analyzing and developing
experimental pressure gages.
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I. INTRODUCTION

We have a project to replace several outdated deadweight testers that
are used to calibrate various pressure gages up to 10,000 psi. We have
set the following goals for the new hydraulic pressure gage (Table 1).

At the start of the project we reviewed the standards quality transducers
available and tested several, including several strain gage types. 1

A new design transducer, bourdon tube/quartz oscillator, was included
in these tests. A]though a number of transducers passed many of the tests,
the hysteresis of this transducer was so low, the rest of this paper relates
characteristics of this particular item, see figure 1.

IT. TEST RESULTS
A. EXPERIMENTAL APPARATUS

The equipment used in these tests is shown in figure 2. Note that

the deadweight tester is only used as a pressure generator.
B. HYSTERESIS

The ability to produce consistent readings independent of increasing
or decreasing pressure is an important characteristic of a transducer.
The failure to do so, even if this failure follows a predictable path,
is difficult to remedy even with a resident microprocessor.

We considered several transducers that had predictable hysteresis
curves. The primary difficulty is the inability to control future users;
hence, one cannot predict what portion of the curve will be developed.

The old advice of exercising the instrument a few times to reduce

this hysteresis defeats a fast response, high accuracy, digital instrument.

163



The Digiquartz* pressure transducer exhibited such a small amount
of hysteresis as to render this problem insignificant over most of its
range. Figures 3-8 give typical results. Oftentimes the hysteresis the
transducer may have was less than our ability to repeat the tests. We
have established a 1imit on it of 0.02 percent reading from 20 percent
fs to fs.

What makes this transducer have such low hysteresis? We speculate
that in addition to the quartz oscillator, essentially hysteresis free,
the mefal bourdon tube is so stiff that hysteresis is much less than expected.

C. OPERATING EQUATION AND CURVE FIT

As the absolute pressure is increased thé force on the quartz oscillator
causes its frequency to change from approximately 38 to 42 kHz for a full
scale pressure change.

Since the pressure transducer used in the Hydraulic Pressure Standard
(HPS) will be used with a microprocessor the operating equation relating
its output to the input must be known. Furthermore, the equation must
accurately fit this data. This curve fit error limit (or "conformance"
as one manufacturer calls it) should be within + 0.01 percent to 0.02 percent

over most (10 percent fs to fs) of the range.

*Trademark of Paroscientific Inc., Redmond, Washington.
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After a great deal of work to obtain this accuracy of curve fit it
has successfully been accomplished. Of major help in doing this is the
Multiple Linear Regression (MLR) math software provided with the HP 9826
desktop calculator. One can simultaneously fit three (or more) variables.
In our case, with the transducer being considered,* we fit pressure (P),
frequency (f), and temperature (T). Table 2 gives the results for transducer
SN 18858. This equation

P =pg + apf + a)fz + apf3® + a3fd + agt + agt? + agP,T (1)
is quite a bit simpler than the manufacturers' or our earlier attempts.**
In this relation Py, ao.;...as are constants and P, is the nominal pressure.
Note that in table 2 the temperature.variation was purposely kept as small
as possible; hence, the T-value, regression coefficient/standard error,

Y
of that coefficient, is small.

* Paroscientific DigiQuartz Pressure Transducer.
** Qur earlier efforts and the manufacturer currently use
P = A(L - (f/fg)2) + B(1 - (f/fg)?)°
where fo is the frequency at zero pressure, f is the frequency at any pressure

P and A and B are constants.
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D. TEMPERATURE AND PRESSURE SENSITIVITY
If one reverses the role of P and f then the solution
f = fg + bop + byp2 + bop3 + b3T + bgT2 + bgpT (2)
gives a good fit to the data, although not quite as good as Eq (1). Dif-
ferentiating this equation with respect to P or T gives information relating

to some important transducer characteristics

df/dp = by + 2bjp + 3bpp? (3)
df2/dp? = 2bj + 6bop (4)
df/dT = b3 + 2bgT + bgp (5)
d2f/dT2 = 2bgq. (6)

The first term (3) is the linear pressure sensitivity while the third
term (5) is the linear temperature sensitivity. Note that both these values
are not constants, i.e., they depend on the pressure or temperature being

measured. +

Using the more familiar terminology of temperature coefficients

a = df/dt (units of Hertz/°C)
g = d2f/dt? (units of Hertz2/°C?)
then
frR = ft +a (R-T) + g (R-T)? (7)

where ft is the frequency at some temperature t and R is the reference

temperature.
Table 3 summarizes the known characteristics for three of these transducers.
In the actual microprocessor-based pressure standard the anticipated
sequence of operations would be
1. Measure the transducers temperature, T,

2. Measure the transducers frequency at that temperature,
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3. Using an appropriate number of terms in Eq 1 (2, 3, 4, or 5) obtain
an approximate value for Pp, the nominal pressure,

4. VUsing P, and Eq 5 and 6 calculate « and &g,

5. From Eq 7 find fR, and

6. Using first five terms of Eq (1) calculate an accurate value of
P and display it.

An error analysis has been completed that gives the expected error
in P for errors in Pp, and temperature measurement errors.

E. REPEATABILITY

Because of the small pressure sensitivity of the Digiquartz transducer
an exceedingly sensitive and fast frequency counter was needed, and a prime
question to be answered was: If a frequency counter with a sensitivity
of 0.0035 Hz (see appendix for derivation of this value) could be designed,
would the transducer's repeatability be small enough to make it worthwhile?
A corollary question was: Could one expect a high pressure transducer
(fs = 10 K psia) to offer good repeatability at its extreme low pressure
( 100 psia)?

Extensive tests were run to answer these questions.

The apparatus in figure 2 was used. The Ruska DDRS-6000's were cali-
brated against the US Army Primary Standards (Ruska 0-12,140 DWT) and the
pressure-voltage relation was

P = -0.341788 psi + 999.999 231 [v - ] (8)
where V is the voltage at the pressure of interest, P, and V, is the zero
pressure volts.

A series of pressure runs were made over a 3-day period, each by loading
the RQ-100 with a particular set of weights. By varying a nominal 5 pounds

for another the small mass difference would provide a real pressure change,
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bigger than thé desired repeatability, and the experiment was designed
this way. One would have A and B runs differing by this one weight.

It quickly became apparent that this was not necessary since the normal
day to day atmospheric pressure variations provided a measurable pressure
change. The Ruska DDRS-6000 barometer measured the atmospheric pressure.

The desired frequency resolution was provided by the HP 5316 counter
reading eight significant figures. This made the readings quite slow (1 to
5 seconds); however, for these tests this was not too slow. It was necessary
to measure and control the angular velocity and vertical position of the
DWT. The desktop computer program took three frequencies and computed
the average frequency.

El1. SHORT TERM REPEATABILITY

The repeatability of readings taken when the pressure is steady is
within the frequency counter resolution, %=1 in 3.3 * 107, or a pressure
value of ~0.0027 psia at 100 psia this is = 0.0027 percent, well within
our goal.

E2. LONG TERM REPEATABILITY

Since a.-normal reading would take only a few fractions of a second
and a normal pressure calibration takes upwards of an hour, repeatability
over a day or 3 days could be considered long term. As given in reference 1
data was taken over a 3-day period. At the low pressures the transducer
produces approximately * 0.03 percent repeatability.

By applying temperature corrections,* zero shift, and referencing
all data to the initial pressure an improvement to that data has been obtained.

Table 4 presents these results.

* The temperature corrections may not be quite correct since that subject

is still being worked on. See discussion on page 166.
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The transducer, at the very lowest pressures, will have a repeatability

error range of * 0.02 to * 0.03 percent (three SE values). It will, therefore,

be useful to have a frequency resolution better than this; hence, the answer
to both questions is yes.
F. ZERO SHIFT
Earlier work indicated the output frequency from the transducer changed
more than strictly due to pressures. To determine the amount of zero shift
a fiducial point is selected such as the initial pressures, Pj, and frequency,
fj. Since atmospheric pressure is a readily available pressure it has

been the usual practice to measure it.

The frequency at any later time can be predicted if one knows the
atmospheric pressure then, P,, by

fn = fi + 25 (Pn - Pj) (9)
where Af/Ap is the sensitivity of the transducer in the region of atmospheric
pressure.* Then the frequencies on later days were predicted for the given
atmospheric pressures. These predictions were then compared to the actual
frequencies and a difference (= zero shift) found.

In general the zero shift is defined by

fn(actual) - fn(predicted) = zero shift (10)
Typical zero shifts are given in Table 5 .

ITI. REMAINING PROBLEMS
A. TEMPERATURE COEFFICIENTS AND COMPENSATION

The biggest problem remaining with the transducer concerns temperature

variations. Since a change of 20 °F from the calibration temperature of

73 °F is very likely and the error budget, Table 6 , allows only 0.02%.
* It may be necessary to include a quadratic term.
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One must either measure the temperature, use the temperature coefficient
and apply a correction, or surround the transducers with an oven to hold
its temperature steady.

Since prior experience with ovens indicated the difficulty in obtaining
good results the correction method is preferred.

To date the temperature coefficient characterization of these trans-
ducers has been difficult. Figures 9 and 10 show two transducers, one
with a negative coefficient and one with a positive coefficient. Table
7 gives some data. This is undoubtedly caused by the quartz crystal TC
changing sign from one crystal to another. It has been difficult to gather
repeatable data on the transducer. Work on the subject is continuing.

B. ELECTRONICS

To take advantage of this transducer a new set of electronics is neces-
sary. The main ingredient is a high speed, high resolution frequency counter.
It will use a 100 MHz oscillator and be capable of 0.003 Hz resolution.
It will have an update time no longer than 100 milliseconds. There will
be a microprocessor in the instrument to do the calculations using a math
chip, AM 9511 or 9512.

A prototype set of electronics has already been assembled and is working.
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APPENDIX
ERROR ANALYSIS

A question related to temperature compensation by mathematical correc-
tion is this: What is the pressure error, AP/P, of the DigiQuartz transducer,
for a range of temperatures, 13 °C to 33 °C, if one attempts to correct
out the temperature effect, using our present knowledge?

Eq 7 gives

f="fg+ta (T-R) + g (T=R)?
or

Af = f - fg = a (T-R) + 8 (T-R)?
then

A(af) = %E-Aa + %%Tjﬁy a (T-R) +-§£ A8 + %{T:ﬁyf a [(T-R)2] (A1)

= |(T-R) aa| + |oa (T-R)| + [(T-R)2 ag| + 28 (T-R) & (T-R)?| (A2)
where for SN 18858

o = 0.27978 - 0.00928T + 0.00006 P
error is maximized if o« is maximum so using maximum pressure and minimum
temperature will give maximum «. If P = 10 K psia, T = 13 °C, then o =
0.75914 Hz/°C.

Aa = = 0.00066 Hz2/°C2 from 90 percent confidence interval on MLR,
sum of all terms involved in Aa.

g = 2 (-0.00464) = -0.00928 Hz?/°C?

AB = * 0.003 Hz?/°C? from 90 percent confidence of MLR.

Table Al summarizes the results of equation A2. The values are for

SN 18858.
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A(AF/AT)
0.0084 Hz/°C
0.0058 Hz/°C
0.0054 Hz/°C

2/l

_AT-R)

10 °C
10 °C
10

J

0.05 °C
0.05 °C
0.05 °C

I
13 °C
13 °C

13

Aa
0.00066 Hz/°C
0.00066 Hz/°C

0.00066 Hz/°C

TABLE Al

a
0.75914 Hz/°C
0.239 Hz/°C
0.16514

AR
0.0003 Hz2/C2
0.0003 Hz?/C2
0.0003

B
0.00928 Hz2/C?
0.00928 Hz?/C?
0.00928 Hz2/C?

PRESSURE ERROR AFTER TEMPERATURE CORRECTIONS OF DIGIQUARTZ TRANSDUCERS

Gn e
0.0024%/°C
0.0017%/°C
0.017%/°C

P
10K psia
1 K psia
0.1K psi

AP/P
0.024%
0.017%
0.17%
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(1)
(2)
(3)
(4)
(5)
(6)

TABLE 1
NEW HYDRAULIC PRESSURE TRANSFER STANDARD GOALS

Insensitive to gravity.

Used with common hydraulic fluids.
Error limits of * 0.05% of reading, from 10% full scale to full scale.
Range to &= 70Mpa (10 Kpsi).

Digital readout-maximum resolution of 0.005% of reading.

Be lightweight and portable.
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1..176482E+09

1.
1.
1
1
1.
1.

181445E+09
186406E+09

. 191365E+09
W201280E+09

216141E+09
’30984E+U9

WA NE PPN

"Variable # 5

(TEMP*2 )

561 .6%000
$71.21000

T 376.00000

S76.00000
580.81000
$85.64000
S$85.64000
590.49000
S95.36000
600.25000
600.25000
605.16000
605.16000
605.16000
605.16000
610.09000
610.0%000
615.04000
615.04000
620.01000



<
as 6985 .29000
26 7984 .52000
27 8984, 05000
28 ?983.45000
Variable # 6
(FREQ*TEMP )
ORS#&
1 800993 .87700
2 808438.05400
3 812267.04000
4 812705.52000
5 816531.685900
[ B820363.,78600
7 820807 .37200
8 824644 .07100
14 828484 .67600
10 833670.81000
11 835457.35000
12 840657 .27600
13 842442 .49800
14 843777 .04800
15 845554,89000
16 850772.97500
17 852549.15200
vl
(0]
[,
18 859555.35200
19 864855 .8%600
20 873625.96200
a1 877133.,62500
2 882358.689000
23 885822.,97800
24 898008.75000
25 ?206544,00000
26 214988.00000
27 9233446.0000¢0
28 93161