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Today we have three topies to discuss as strain gage developments.

they cover,

Beneficial Effects of Post-Cure

as a function of temperature for three different quarter-inch bakelite strain gages.

REPORT ON STRAIN GAGE DEVELOPMENES

James Doxsey
B-L~H Corporation

These items should be of interest since

Beneficial effects of pest-cure techniques,
a new Stress-Strain Gage, and
NAS-942 qualification testing.

A program has been initiated to determine what can be achieved with
post-cure techniques. Figure 1 shows typical strain sensitivity curves
Run 2 shows consider-

ably better performance than Run 1 because of the cumulative post-cure effect from temperatures of Rum 1.
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Figure 1 Strain gage strain sensitivity

Reliable strain response is shown to approximately 350°F for all gages on Run 2.

as a function of temperature for
three typical bakelite gages.

Post~cure helps both the

strain gage and adhesive in addition to raising the temperature limit of the installation.

Figure 2 shows a number of representative cores and strain sensitivity obtainmed from each., Data has been

corrected for change in specimen material modulus due to temperature.

That is, if the gage alloy did not



increase its sensitivity with temperature, and if the specimen modulus of elasticity did not decrease with
temperature, then the strain sensitivity or gage factor would lie a2long the zero axis for its entire length.

The curves are typical and have been somewhat "idealized",
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Figure 2 Effect of cure cycie on hakelite
strain gage performance.

Curve A is for the nominal "package” cure of six hours at 250°F, and curve B is for one hour at 400°F, The
difference between the two curves is interesting, since it indicates that Egyeééfgnis benefited more by a
six-hour gure at 250°F than by one hour at 400°F. The other curves represeng-extensive post cures of
twenty-five hours and longer. Increased strain sensitivity is demonstrated to above 350°F. The same gage
installations represented by curve E, when temperature cycled for the second time, or recycled, should be

"fiat™ to about 600°F. .. . .

Figure 3 shows a larger number of recommended cures for various maximum test temperatures. In most cases,
the final cure temperature should equal or exceed the maximum test temperature. After the proper time at
one temperature level during the curing cycle, we increase immediately to the next temperature r.mqe and
hold. Figure 3 shows that two hours rather than one is uswally recommended for the 400°F curing temperature.
Tﬁis is done because laboratory technicians often start timing the cycle before the specimen has reached the
desired temperature.

There are two problems encountered with post cure of this type: They are;
l. Two materials are involved
a. Strain gage matrix
b. Adhesive
2. Bakelite polymerizes by condensation which releases minute quantities of water vapor

For this reason, an immediate post cure at 500°F, for example, does not work well at ail, and I think it
could cause deterioration of the bakelite. If heated rapidly to a high temperature, bakelite will blister
around S00°F,




Ha;ig:m Tota;tTime Specimen Cure Time, hours at temperature
Temperature || Cure Temps || 2500F | 300°F | 3500F | 4000F | 450°F | 500°F | 550¢F | &00°F

250°F 6 6

J00°F 6 6

300°F 3 3

350°F 6 4 2

350°F 1 1

400°F 4 2 2

450°F 6 2 2 2

&50°F 10 S 3

S00°F 14 4 4 3]

S50°F 30 2 g 16

S5T5°F 34 2 8 16 4 4
600°F 35 Use 575°F cyecle. Cool to room tempurature.

Reheat to 600°F and hold for 1 hour

Figure 3. Recommended Cure Cycles for SR-4 Bakelite Foil Strain Gages using
- EPY-400 Cement.

Creep at 550°F is definitely greater than it is at 350°F, but for some relatively short tests, the higher
temperature does not seem to cause unreasonable ¢reep. Our laboratory tested gages represented by Curve C
of Figure 2 which showed failure at about S00°F for creep at 530°F. Total creep in one hour was about 1.5
percent and for five hours was about & percent. The longest we have been able to get a single installation
to last in the oven has been ten hours, which seems inadequate when there is no sign of gage deterioration.
We know that gages can operate at 600°F for some finite period of time, probably in the order of one hundred
hours, This testing has been started, and we are going to expand it for more complete results. In time we
expect to supply information on a greater variety of cures than those described. We are alse working other

combinations such as bakelite with low temperature epoxy, epoxy gages with other types of epoxy cements and
Eastman 910 cement used with bakelite and epoxy gages.

There are two precautions concern1ng this information that should be noted. -
l. Wire gages with bakellte matrix are good to about 350°F even under rather severe treatment.
In some instances, if the gage is fairly long or if it is a flat grid of good proportions,
they can be utilized to about 400°F. Wrap-around bakelite gages, however, have limiting

temperatures considerably less than those mentioned previously.

2. Bakelite gages of the common variety are made with a polymeric reinforcing paper and soldered
wire joints which can be considered reliable to 450°F. If one antigcipates any elevated tem
perature strain gage work in the range of 500°F or above, special gages should be ordered for
the purpose. Ultimately, we plan to produce only gages which will withstand 600°F.

If someone erders 600°F foil gages from my company, the order department consults with me concerning what
is desired. These gages look identical te other foil gages, but they have leads attached by welding or
with 600°F solder. One can uwsually cure a gage above the meiting temperature of solder since the solder
will remain in position during curing despite its moliten state.

Question: Will the same cure cycles apply if one were to use other than a bakelite gage, i.e., a strippable
foil gage?



Answer: It will not work with a strippable gage and epoxy cement because the modulus of elasticity of
epoxy cement decreases rapidly at 350°F to 400°F regardless ef the post cure. We do not under~
stand why this works with bakelite, but apparently the glueline is thin enocugh that the shear
strength iIs maintained sufficiently to get good sensitivity. We constructed some gages of epoxy
similar to the EPY-400, and they just do not perform properly at 350°F, The curve drops right
off regardiess of post cure. It seems that the curve for phenclic materials also drops off at
about this temperature, but if one keeps curing them, the modulus of elasticity goes back dp.
When the temperature is raised and lowered, the line stays at a high level. The epoxy does not
do this, but is more iike a thermoplastic material.

Questions Are yon implying that EPY-400 is a phenolic, not an epoxy?

Answers No, it is an epoxy. It will not work in construction of a gage nor fer putting down a strippable

+

one, but it does work as an adhesive for bakelite gages.

Questien: How about gages with an epoxy matrix?

Answers: We have never been able to get these above 350°F on any kind of static testing.

Questions Why not use the bakelite cement, then?

Answers The enly reason is because it requires pressure for polymerization, which is sometimes more dif-

ficult to get than one would think., Bakelite cement with pressure is actually the better system.
We expect that it will give as good or better results than the systems shown here, and one can
cure it in considerably shorter time. It does require.pressure, however.

Question: Why don't you make epoxy-backed-gages that are good at higher temperatures, i.e., carry EPY~400
to 600°F?

Answer: The problem is the decreasing modulus of elasticity with temperaiure. We cannot find an epoxy
which will retain its modulus above 350°F. In fact,at room temperature the modulus of most
epoxies is 500,000 psi, while at 400°F it is only 3,000 psi. The properties that accompany this
low modulus do not provide enough shear strength to give a good strain-sensing assembly.

A New Stress-Strain Gage.- The material of Appendix A fully describes this device. Figure 4 is a standard
transducer that has been available. The angle & bears a direct relation to
Poisson's ratio for the material on which it will be installed. Figure 5 shows the new stress-strain gage.

The theory of operation is fully described with sample calculations and graphs of the error functions.

‘This gage is unique, since with proper switching and readout equipment, one can obtain axial stress and
biaxial strains from the same installation. Gage element resistances have been selected such that the major
element is 350 obms and the minor element is approximately of 100 ohms, i.e., 98 ohms in one case and 115
ohms in the other. The gages have been made for material with Poisson's ratio of 0.33 and 0.28, and will

be supplied in bakelite matrix only at this time. With proper construciion and proper post cure, they can
be used at temperatures up to G00°F.

Graphs for error in calculated stress, using these gages in various combinations of specimen properties
and stress—strain gage characteristics have been developed. These figures appear quite similar, but actually
they are different. :

Included in the text is the topic of Poisson's ratio with a discussion of values available and accuracies
of these values. A correct method for obtaining Poisson's ratio of any material by experimental techniques
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is given. A graph for the error in calculation of Poisson's ratio when using strain gages with various
transverse sensitivities is included. The errors for a large number of wire and foil gages are shown in
the plots so that one can make reasonable corrections if werking with Peoisson's ratio.
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Figure 4 Typical Wire Stress-Strain Gage Figure 5 Typical Etched Foil

Stress-Strain Gage

Question: Would these error factors and other data be satisfactory for use with a stress-strain gage of
different size and area?

Answers At this time we have one size only, so we do not know what effect size and shape will have.
The supposition that these fiqures apply is not necessarily correct. It is a matter of the
transverse sensitivity of that particular gage.

L] - *

Question: What honding do you use for this stress-strain gage?

Answers Bakelite, EPY-400, or any epoxy.

Questionr Is this true for 600°F application?
Answers: For 600°F, one would use EPY—400,

NAS 942 Qualification Testing. This iast item, which has considerable interest, concerns specimens that
Frank Hines has designed and worked on for the NAS 942 testing. Figure 6,
B-L-H Drawing 206701-1, is a channel specimen designed for tension and compression tests at temperatures up
to and above 1000°F, Figure 7, B-L-H Drawing 206683-1, is a sheet specimen intended for determination of
creep,.zero drift and mechanical hysteresis at temperatures up to approximately 600°F. This specimen can

be changed quickly and has low thermal lag which permits rapid temperature variations.

The reasoning behind the design of the channel specimen involved a desire to conduct evaluation tests of
strain gages mounted on the centroidal axis of the test specimen. This reduces bending effects on the gage
to a minimum. The average strain at the centroidal axis is not a function of the amount of bendingj there—
fore, strain calibrations are more accurate and more applicable to data taken on gages on the same specimen.
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The spécimen is wide enough to permit the use of a Tuckerman strain gage. The specimens and their jigs have
been thoroughly evaluated, )

The evaluation was begun with the channel specimen by clamping it at one end in two mutually perpendicular
directions for two different tests as a cantilever beam. The strain on the flange of the beam was over

one thousand microstrains while the indicated straim on the gaging area was less than eight microstrains

in all cases. This is considerably better than one can do with loading devices intended to eliminate bend-
ings Figure 8, B~L-H Drawing 206725-3 represents the channel specimen in the compression jig. The specimen
is located in the center with the dowels acting as ceramic heat barriers. These have caps which are cemented
to them, and are not numbered, but are shown with an arrow., Joints 4 and 5 on the assembly drawing are hall
and socket joints. The system is rigid from the socket to the upper ¢ross head shown on the left hand end
of Drawing 206725-3, and from the ball to the bottom of the pedestal which is free to be placed in any posi-
tion on the lower cross head. It is so arramged that the upper section of the jig is installed before
positioning the lower pedestal, thereby aligning everything properly. Thus, the jig consists of two rigid
halves. The ceramic pieces have been checked for maximum load capacity which was found to be about 12,000
-pounds. Actually, the manufacturer's strength value on the ceramic pieces is very high. To make sure that
the jig was adequate, the system was tested many times with the pedestal in various positions, and the
results of these tests were considered very satisfactory.

The effectiveness of the thermal barriers on the compression specimen was checked since their function was
to prevent a large heat sink at the end of the specimen rather than to protect other components. The speci-
mens in both tension and compression on the channel jigs are provided with end heating elements which slide
over the specimens. We use an oven with three-zone control and controls on each end heating element. With
these controls at 1000°F, we can maintain temperature at the center of the specimen within about 4° of the
ends. Figure 9, B-L-H Drawing 206707-4, shows the channel specimen in the tension jig and utilizes identi-
cal end arrangements with the specimen located in the center. The end heaters are shown dotted. At each
end there is a ball and socket which is shown between the numbers 4 and 5 on the drawing, and in our parti-
cular setup, the bolt number & is also in a ball and socket on the testing machine. This bolt goes through
the cross head of the testing machine and is secured by a convex washer. The thermal barrier in this case
is provided by stainless steel discs indicated by the number 3 on the drawing. About one hundred and fifty
of these are required at each end. The interface heat transfer is very low, and provides the desired end
result, In the case of our tubular furnace, this extends over the piece indicated by the number 4 on the
drawing. This arrangement does not prevent piece number 4 from incrgasing in temperature, but it does
provide the desired isolation of the specimen. As stated before, the temperature is controlled within 4°F
or 5°F over the entire specimen gage length at 1000°F, -

Figure 10, B-L-H Drawing 206687-3 shows the assembled tension sheet metal specimen. This specimen is
designed for testing in a creep chamber rather than in a tubular furnace. The specimen is shown on edge -
in the center. The holes in the specimen are drilled with a jig tu insure rapid change and maintaining
good alignment in the test jig. The knife edge shown near the number & and 7 is identiecal at both ends.
These provide a degree of freedom in one direction, while freedom in the other direction is provided by

pir number 3 shown on the drawing. The knife edge is a tool bit which has been ground to proper configura-
tion., It is not fastened by welding since it is held in place by the other picces that make up the assembly
number 10, The knife socket that fits on the knife edge is also held by friction, and the other system
fits between two sidearms. Two specimens were checked with this jig., One was essentially straight and

the other one was offset about one-eighth inch over its entire length. A4 preload of three hundved pounds
was required with the bowed specimen, but the one that was straight required ahout fifty pounds. Loads
above the preloads gave good straightening differentials as well as very accurate strain differentials on
both sides of the specimen. The fundamental principal invelved in the test is that use is made of a

strain measuring device with the specimen. At present, nothing is available which is considered very

8



acceptable for this purpose. The device has been designed for the evaluation of gages, not of specimens.
The aircraft industries have specified that true strain is to be measured, presumably by extensometers,
and they have given stringent specifications concerning the design of the specimen. The specimen shown
here does not match these specifications in length. It would be preferable to have a larger area that we
could put gages an. The sheet metal specimen is for creep testing that would be taken off, principally
after 600°F. Creep or drift at 1000°F is going to be a more difficult problem and we will probably try
to solve it with our extension or universal testing machine and with a channel specihen. Anyone éesiring
prints of these drawings and details of the parts used in the assemblies may obtain them by writing to:

Baldwin-Lima-Hamilton Corporation
Electronics Division
Waltham 54, Massachusetts

These specimens and testing procedures were brought about largely by NAS 942, One of our serious problems
right now with both of these specimens is the lack of an extensometer that is better than a strain gage.
Please inform us where we can get one because, at the present time, within the normal ranges of some of
these specimen materials, strain gages are far hetter than any extensometer we can get to compare them to.
The Tuckerman is good, as long as yom stay within its temperature limitations.



HIGH ACCURACY ASPECTS OF TRANSDUCER DESIGN

Frank F. Hines
B-L-H Corporation

It is well known that a strain gage, bonded to an elastic member and calibrated in terms of force or pres~
sure, can be termed a transducer. To be completely general the strain gage itself is a transducer. However,
the term "transducer” is usually reserved for a combination of elements including one or more gages bonded
to some kind of a mechanical structure which is used to convert some physical phenomena such as pressure,
force, load, torque or displacement into strain of the gage which results in an electrical signal.

This involves two elements in the transducer which can create errors:

de The mechanical transduction element
b. The strain gage installation

One cannot always separate the effects of the two, but at least one can reasonably describe what is happening
with both., The paramount cause of error in this type of transducer is a change in temperature during oper-
ation. The effect of temperature change can appear in the zero reading of the instrument, the output of the
bridges, or on the stabﬁlity of the bridge cirenits. The zero shift is probably the easiest of these to
correct. The difference in the temperature coefficient of the gages that form the bridge circuits often
cause serious error., For a half bridge and the full bridge, there is opportunity to obtain compensating
effects from the absolute temperature coefficient of the gages because of the inherent nature of the bridge
circuit. ’l‘hi-s is true theoretically, but rarely do two gages on a load or pressure sensing element have
exactly the same temperature coefficient. Inevitably,there is some random difference between the two or

four gages on an element, and therefore, there is a residual temperature coefficient in the bridge.

The difference in gage behavior can be caused by a number of things such as a random deviation of the gage
itself, or a difference in the expansion characteristics of the structure on which the gages are cemented.
There ¢an be a curvature effect where some of the gages are applied to surfaces with relatively sharp radii
and others are on flat surfaces, There can also be variations in the basic temperature coefficient of the
bridge circuit. These are relatively easy to correct for by temperature c¢ycling the transducer to determine
the deviation of the zero reading versys the temperature. Knowing this, one can open the bridge cireuit
and introduce into the appropriate arm another resistor having the known temperature coefficient which will
compensate for the residual temperature effect on the bfidge. Therefore, by adjusting the bridge, one can
achieve a zero temperature coefficient under no load conditions. Theoretically, this can provide a zero
temperature coefficient; actually, it is more difficult since one has to repeat the process several times.

Another very important effect of temperature is on the output of a transducer caused by two major effects.
First, the wechanical structure of the element is like a spring; the amount of deformation is dependent on
the modulus of elasticity of the material. This modulus is not constant with temperature, but will change
from one and a half to two percent per 100°F. Second., in addition to this error is the gage facter change
with temperature. Some of these errors are compensating, but usually no attempt is made to separate the
various effects. The simple way to compensate for such errors is to introduce a temperature-sensing resis-
tor into the input leads of the bridge circuit, thus reducing the actumal voltage on the bridge by the same
amount that the modulus is decreasing and the output is increasing. If all these parameters are adjusted
correctly, the output versus temperature under any given load conditions will be linear. The conventional
cirenit diagram for load cells using modulus compensation resistors in the circuit is a temperature sensi-
tive voltage attenuator that adjusts the voltage on the load sensing portion of the bridge to compensate
for the change iq output versus temperature.

io



Going further into the various effects on the bridge, one finds the problem of creep and hysteresis of
gages, or of the metal on which the gages are mounted. Another effect is zero drift which is different
from zero temperature coefficient shift. Terminology can confuse these two effects., There is thermo-
electric effect which is usually no problem in bonded strain gages because there are two thermocouple
junctions on each gage which are opposed and so close together the residual thermo-electric voltage is
negligible, Linearity may be considered sither an error or a fact, but many tramsducers can be linearized
deliberately, either electrically or mechanically.

*

Probably the most difficult thermal effect to correct for is an unequal distribution of temperature
throughout the physical structure of the transducer. To be completely honest, I do not know how to
correct for this because it is unpredictable. It is difficult to place gages to compensaie for random
temperature gradients within the transducer. The best advice for these conditions, is to insulate the
transducer and they do not experience transient temperatures or gradients. when wWorse comes to worse,
however, one can compensate each and every individual strain gage in the bridge in 2 normal temperature
compensation. This will do much for elimination of effect of uneven temperature distribution within a
transducer bhut it will not correct it all.

Another problem that will arise for missile people is that they are going te have to decide which is to
be measured, weight or force. It so happens that most of the standard units at the present time are based
on the gravitational constant of Washington, D.C. and the particular calibrated masses in Washington. If
one takes those same weights to another part of the country, one no lenger has the same force. In other
words, the accuracy of many load transducers is such that one can see the difference in the gravitational
constants over the various areas of the country. What one does about this is a matter of definition.

What gets the missile off the ground is the excess of thirust over weight at that particular location.

Questions What order of magnitude is this gravitational change?

Answer: it amounts to a fraction of a hundredth of a percent or a couple of hundredths of a percent.
Between Waltham, Massachusetts and Washington, D.C., it amounts te 4 pounds in 10,000. For
a 10,000 pound weight calibrated in Washington, four more pounds must be added to the weight
to make it correct.

Question: Is this effected by latitude or longitude?

Answer: tatitude, I believe. As a matter of fact, it is difficult to find the real standard number for
the gravitational constant, or anyplace where the gravitatioral constant fits the standard

figure,
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SPECIAL PURPOSE TRANSDUCERS

Keith Mcfarland
Ames Research Center

The Ames Research Center is a complex of some six major wind tunnel systems plus a relatively large
number of smaller wind tunnels and special research facilities. These research facilities include such
things as a high velocity ballistic range, supersonic preflight tunnels, atmosphere entry simulators, a
low density and heat transfer facilities, iron beam apparatus, flight simulators, ete. The primary funme-
tion of the Ames Research Center has been research in the field of high speed flight, and with the advent
of the NASA, we are working more in the field of space research in support of space projects. We are
continuing work in high speed supersonic flight and at the present time have a very important mission in
VICOL and STOL airecraft, which is am important field. )

In support of these particular programs and these facilities, the Facilities Instrumentation Research
Branch is required to provide a wide variety of mechanical, electrical, and optical, measuring systems and
transducers. A relatively large portion of these transducers utilize resistance strain gages. There are
a number of reasons for this. First, is the basic advantages of the resistance strain gage, and second,
is the availability of a wide variety of excellent strain gage instrumentation. A third reason is that
Ames has been fortunate enough to assemble a small but highly skilled group of strain gage technicians.

Assuming that a strain gage transducer is the most economical way to make a large number of our measure-
ments, one might ask why commercial transducers are not always used. Of course, this is the best solution
to many of the problems, and this is what is done except for the conditions requiring special purpose
transducers. These may involve a peculiar configuration, special ramge, special éccuracy. or practical
consideration of ecdnomy and time.

Special configurations may require a tramsducer on a strut in a model, on the end of a sting, or the trans-
ducer may be vequired in a minimum shape or size to measure more than one parameter, A higher or a lower
range transducer than is available commercially may be needed, or it may have to withstand any number of
parameters -such as extreme temperature, shock, vibrations, or any number of special conditions which a
standard commercial transducer is not specifically designed to withstand. In the case of accuracy, there
are now available some very high accuracy transducers on the market, but there are certain conditions where
high accuracy is requ1red in a particular range where one might need to build his own transducer. In the
case of economy, there are sitvations that would justify the use of special purpese transducers, although
commercial transducers usually cost less than a specially built transducer. Changes in test schedules can

-require transducers on short notice which means fabrication at the test facility.

There is an almost unlimited variety of shapes and types of strain elerents that can be used in meeting
various specifications. These include bending beams, columns, rings, diaphragms and torque bars, There

is seldom only a single design that would satisfy the requirements of any given situation. Here are a few
considerations that might help in the development of a transducer for a given set of conditions. First, the
transducer should be made as simplie and rugged as possible, since in most cases, minimum deflection is desir-
able. Try to aveid all pins and screw joints in the actual body of the transducer. The figures show that
most of the Ames' transducers are machined from one piece, which has not been found uneconomical. A second
item concerns the actual beam stiffness. The beam element, particularly in bending, should be made as stiff
as possible so that the strain gages carry a negligible portion of the load. For high accuracy transducers,
we try to design for.modest strain levels, primarily in the range of 500 microstrain. Another consideration

is to design with thermal problems in mind, particularly thermal gradients. The gage placement should mini-
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mize these effects during operation of the transducer. The same thing is true of loads. A transducer to
measure normal force should ignore lateral and torsion forces. To do this, it is best to design the mechani-
cal system of the transdmcer so that this force does not effect the strain element. Often gages can be
arranged to cancel out unwanted stresses, but it is better to design the mechanical system so they are
eliminated. Using these various design considerations. we have made many transducers at Ames.
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Figure 1. Ames Research Center of National Aeronzutics
- - and Space Administration, Moffett Field, California.

Figure 1 is a view of Ames-Research Center. The big building at the left of the picture is the 40" x 807

Wind Tunnel where we are doing a relatively large amount of strain gage work in connection with VIOL testing.
The complex immediately above the 40' x 80 Wind Tunnel is the Unitary Wind Tunnel composed of three major
tranéonic-superxbnic tunnels operating on the same power system. At the extreme upper left are vacuum spheres
for the three and one-haif foot facility which has capabilities of mach 10 to 13 in the high temperature range.

Figure 2 is a transducer milled from a rectangular block of 17—4PH steel to obtain the desired beam shape.

The block is slotted to form a shear beam or a double cantilever with no moment across the center of the

beam length. An advantage of this design, beside simplicity, is its lack of sensitivity to bending mements.
This transducer also has flexures on it to make it even less affected by moments. The thermal gradients through
the transducer are such that their effect on the gages is minimized. The deflection is very low, the deflec—
tionbeing less than a thousandth of an inch for the gage beam lenath of one inch. This particular unit has

been equipped with stops 50 that when overloaded in tension or compression it becomes a rigid structure. Con-
sequently, this type of transducer can carry leads almost. JOO times the rated capacity without damage.
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The transducer of Figure 2 was designed for twenty-seven pounds full scale, with 2 tare load of nine pounds
and operates with an accuracy of approximately one-tenth percent at room temperature.

This type has been
built in enough quantity to obtain statistical data concerning the performance.

Twelve were made of 17~4 PH
steel of which six were instrumented with ADF-1} gages, which are bakelite fine wire flat grid gages, and six

*
had foil gages on them. All installatfbns were satisfactory, but the ABF-1ll gages were significantly better
in terms of hysteresis and linearity.

This unit is used in electronic computing of the platform forces in
the 40" x 80" Wind Tunnel.

Figure 3 shows a similar type transducer for moment-balancing compressor blades for one ef our wind tunnels.

Figures 4, 5 and & show transducers that were developed for a special purpose and to fit a particular config-
uration. The 40" x 80" “ind Tunnel is now being used for vertical takeoff and landing studies, but the mas.

sive floating frame platform has too low a frequency to respond to dynamic changes in 1ift and other parameters.

It was desirable to have a multiple component force unit to fit on the end of the existing strut system and
mount on the models under test.

-

Figure 4 shows a transducer designed for 3000 pounds normal and 2250 pounds axial force. The normal force
produces a double bending in the two outhoard flexures, while the axial forece transmits a tension and com~

pression through the outboard flexures and preduces bending on the irboard flexures. All forces are measured

in bending, and the reselution between the applied loads is very good; i.e., when a normal force is applied,
there are negligible effects on the chord force.
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Figure 5. Two-Component Force Transducer;
8,000 1bs,. Normal, 7,000 lbs, Axial

Figure 5 shows an 8,000 pound unit which could not use the bending beams. Because of space limitations,
two columns were used. Although the inter-action error was relatively high to begin with, a very small

[ -

change in angular position of the gage reduced it to one percent.

. + * £
Figure & is a 15,000 pound load cell of a different design. Each time tlhie load increased substantially,
we ran into different problems which necessitated new designs. We tried to go back to the first two com=
ponent unit of Figure 4 and use tension-compression heams in place of bending flexures. Deflection was
excessive and the design of Figure 6 was evolved as the solution.

Figure 7 is an entirely different type of transducer. In our ballistic facilities, and we have quite a
few of them, we use strain gage devices to measure the ballistic pressures which vary from 10,000 psi up
to 400,000 psi. A piston with a strain gage wound around it is clamped into the ballistic barrel. The
pressure is sealed with a neoprene "0" ring which withstands the very high temperatures and high pressures
that act over a very short period of time. The piston diameter is about am eighth of an inch for the
standard unit. Unit A of Figure 8 is a 100,000 psi unit; and the one on the right is a two step measuring

device which is a bending beam for measuring low pressures plus a column.

Figure 9 shows some older type pressure transducers. These units are flush diaphragm pressure cells, and
the ones in the center are about 0.2 of an inch inside diameter. We used ABF-11 gages for a while, and

then wound our own spiral gages, flattened the wire and mounted them. At present we are using Baldwin spiral
gages one~eighth inch in diameter.
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Figure 10. Ames Precision Strain Gage Differcntial Pressure Transducer.

Another type of pressure device, shown in Figure 10, which has turned out to be quite successful is the
pressure transducer used to replace our 1iquid monometer. The strain gages areé cemented to a cantilever
beam passing over to a small flexure attached to a floating piston which is sealed from the differential
pressures by a neoprene diaphragm. The total diaphragm area i5 a small angular ring which takes up very
little of the pressure and produces negligible hysteresis and other bad effects. This is used for rela-
tively low pressure, that is, about 4 psi. e have made some 1 psi and many 15 psi transducers. Figure 11
shows the actual cell bedy. The large size contracts with the small flush mounted diaphragm cell and, of
course, there is a tremendous difference in their accurasy.

. AND Tom
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Figure 1l. Ames Pressure Cell Bodies
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Figure 12, Calibration Curve for typical Ames
Precision Differential Pressure Cell.

No presentation is complete unless cone can show a curve as in Figure 12 apd prove that his transducers are

better than any available elsewhere. There is about .05 percent overall scatter of these data and have an

overall accuracy of 0.1 percent when housed in temperature controlled cabinets.

Figure 13 shows a fail-safe stick force transducer for measuring pilot control forces.

A-22853-5 " i am(:_‘;&:mcl‘m CALFORHA

Figure 13. Two Component Aircraft Contrel Stick Transducezr.
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UNIQUE STRAIN GAGE INSTRUENTATION
IN BOEING WIND TUNNELS

Truman RB. Curry
Boeing Airplane Company

At this time the Boeing Company has ir use approximately 90 internal sting balances. A three~page tabu-
lation in Appendix B shows most of them and the facilities for which they were designed.

Each page of the
tabulation contains balances associated with @ specific type of vehicle.

There is considerable variation
in appearance for we have no philosophy tending to standardize configuration; instead, we try to select
the measuring technique that is most snitable to the situation.

The Boeing Wind Tunnel Laboratory Unit consists of five major wind tunnels in addition to two pilet tunnels,
two shock tunnels, one hypersonic aeroballistic range. In addition, we conduct force tests in out—ei-town
facilities, and keep approximately a dozen facilities occupied with our force tests,.

We are now working om our six hundredth model in the last 16 years. Consequently, we use our balances for

more than just the models for which they were designed. ifost of our balances are designed for a specific

model and tailored to a specific Boeing facility. Design criteria differ for balances used in different
facilities. For example, in our transonic turnel, temperature is one of the most sigrificant quantities

which must be considered in design. Our supersonic tunnel, which is a blowdown tunnel, requires a design

g™ Envelope of maximum
+h o design bending moments
: in support members
S g Center of pressure
I . corresponding to
! / test condition "C"
lta) Min. design NS o’
bending moment S X Support member
_ B <174 ——
— ,-:j—"_ 'i' T “' - gt \]'x __-....?]_ '—>"',x -
test
tcandition
“p" . NOTE: Slope of the
test Station corresponding moment curves Is
con?jsitiun to the min. design proportional to the
o pending moment " applied force (eg
integrated pressure)
N

Moment center ]

\\ X —»
liby R {7)
‘ Axial force _//- Transverse logds

; measuring elements
measuring element

Figure 1, Typical internal force balance installation
and external loads,
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with factors of safety which consider starting and shock loads. In our hypersonic tunnel we must watercool

the balances, and in hot-shot testing, frequency response is of prime importance. Our balance designs com-

ply with test requirements, and reflect the facilities at our disposal for desigm, fabricatiom, gaging and

calibration data reduction.

Boeing places considerable emphasis on wind tunnel testing, and gives priority usage of computers to aid in

selection of configurations for balances, in doing stress analysis on the.selected configurations, and in

reducing calibration data. We have two electric discharge milling machines:

machine, and a Swiss copy of this Japanese machine called an Eleroda.

a Japax, which is a Japanese

These machines give more freedom in

design than conventional milling machines, allowing best usage of the space available,

Great emphasis is placed on reliability in design and development of our balances, since this is more impor-

tant than accuracy, which seems to have been realized. A greater effort is made to minimize random and unpre-

dictable errors rather than predictable errors, such as interactions, because we have facilities for handling

them. Extra compensation equipment is minimized that would be associated directly with the models, balances

and readout systems. To simplify test installations, mathematical compensation is relied upon heavily.
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The first topic that I will
discuss relative to specific
designs is the technique we

call "stress-cancellation moment
transfer”. Because of space
limitations in these balances,
the axial force element is the
weakest section in bending.
Figure 1 represents a model sup-—
ported by a sting showing the
moment diagrams of the support
member for various critical

test conditions. If one draws
an envelope of maximum design
berding moments on the sting,
this locates the position of
minimum design bending moments;
therefore, the axial force
measuring element being weakest
to moments is placed there.

The transverse load measufiné
elements must thus be located
remotely from the point where
we want to reduce data. In the
past, moment data has been elec-
trically transferred with an
analog device or mathematically
in data reduction to the point
where we want to reduce data.
The subject of this mechanical
stress cancellation technique
takes advantage of two different



sources of stress due to normal force, applied at the desired moment center, that tend to cancel each other
in the structure. We place the moment gages at @ point of zero stress due to normal force onm the structure.
Therefore, they are out of the influence of the normal force irrespective of its magnitude.

Figure 2 shows the development of the princeples that have been mentioned, Figure 2a is a diagram showing

a simple two-legged device with forces and moment applied at the moment center which is remote from the cen=
ter of the cage. Figure 2b is a free body diagram of the split cage. External loads are balanced by the
vertical reactions and internal moments. Figure 2¢ is the stress diagram due to the bending moment about
the center of the cage. The heavily shaded portion is that part of the moment which is due to normal force
times transfer distance. The lesser shaded area is that portion of the moment which is caused by pitching
moment. Figure 2d is a stress diagram due to the vertical shear (normal force) only.

Figure 3 superimpeoses the stress due to the vertical shear caused by normal force on top of the bending
stress due to normal force times transfer distance. The upper surface of the top beam (AA) has a point (Xm)
wiere there is zero stress due to normal force. On the under surface of the beam the point of zero stress
is behind the center of the cage. Either of these two points would be satisfactory for lecating pitching

mament gages.

Figure 4 shows a small stress

=

cancellation moment transfer
type balance designed for three -

x

Y

component testing of "Dynasoar”
in our eight inch Hotshot tun-

nel where the importance of
natural frequency was stressed.

I
Je achieved 250 cycles per - - x ]
second in the pitch plane and 8 ? B ///

1000 cycles per second in the
axial force direction. The

rErMrMTTETTTrTTer:

front end of this balance is //ﬂ_,
made out of hardceated aluminum, =
which is an electro-chemical
- . ] F [ -
process that deposits alumina
on the surface about 3 thou- . NORMAL FORCE
. +5 STRESS CANGELLATION

sandths of an ineh thick.

The larg; balance of Figure 5
was designed for boost glide
testing, and is a six-component
balance. The left end of this
balance is the moment cage which o

is completely formed by conven-
tional milling techniques. The

design of this five~component }

cage is similar in complexity

to a seven—component cage since
it is designed for stress can-

cellation moment transfer.
Stress levels must be controlled Figure 3. WNormal force, stress cancellation.
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for normal force vertical shear reactions, as well as for normal force times transfer distance; also for
vertical shear due to side force, and the overall hending moment of the side force times the transfer dis-
tance., To satisfy the requirements for a good working balance with suitable factors of safety and adequate
measured stress under these conditions is very difficult, Xncluded in Supplement 2 of Appendix B are the
development of mathematics and derivations for a five-component moment transfer cage. The asterisked equa-
tions have been programned for digital computing te aid in configuration selecticn, which is done om an
iterative hasis,.

A general mathematical statement is given in Supplement 3 of Appendix B for the stress amalysis of a parallel
member prismatic heam after the configuration has been selected. The first part contains the derivation of
expressions for internal reactions in terms of geometric configuration and external loads. The next section
in the analysis is the tabulation of these internal reactions. The three intermal forces and three internal
moments acting on each member are determined, followed by the computatioﬁ of overall safety stresses which

are the combined stresses; i.e., combined effective tensile and combined effective shear. Equations are writ-
ten in terms of such things as the moment of inertia, and area. Written sub-rontines are included for compu-
ting various inputs to the program for different cross—sectional shapes. These sub-routines aid in a stress
analysis, since one merely has to indicate the beam geometry by indicating the configuration number with
dimensions of the members. This program has been worked out for rectangles, octagons, vertical I-beams,

horizontal I-beams, vertical “T*s" and horizontal "I's".,

The design of a balaice for a Hotshot facility is quite simple since loads are low Tor a given size model

and compact assembly is not mandatory. In addition, temperature is a minor problem because thermal inertia
of the model prevents the balance from changing temperature during the "blow", which lasts about a 25th of a
second. lowever, high frequenecy response is extremely important. e do not use inertia compensation but
design our balances to such high natural frequencies that inertial response frequencies are separated from
the frequency components of the aerodynamic forcing function by as much as possible. The inertial frequencies

are then filtered out with electronic filters,
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Figure 6. Balance Number 6143 assembly. Figure 7. Balance Number 6143 closeup.

Figures 6 and 7 depict a balance configuratien for the Hotshot facility in which the measuring elements are
as "stiff" as possible to the quantity which they are measuring and limber to other components not being
measured by them. Thus, a great percentage of the total load is carried by members which are designed with
large sections which contributes ta their high natural frequency; The outer flexures {normal force) are
cut out at the center to make them very limber to pitching moment and drag. The center element is very
stiff to pitching moment and drag and very limber to lift because of small flexures that have been cut in
its ends.
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Figure 8 is a diagram of the
balance shown in Figures &
and 7 showing the placement
of the gages for six-compon-
ents measurements,

Force measurement at Boeing
has shown that high tempera-
ture gages have not acheived
the degree of reliability
and accuracy required for
making force measurements in
our wind tunnel. In the past
we have built water—cooled
balances by making water jac-
kets which are essentially

in series with the balance
and the model using flexible
jumper tubes to supply the
water.

The balance shown in Figure 9
is a one-piece balance utili-
zing drilling and boring to
form tubes and ressrvoirs for
water within the one-piece
balance structure. The water
goes through the inlet tube
on the right end of the bal-
ance, branches out through

a "Y" and goes down through
the twe side members. The
lower left section shows the
hollow beams for the tubes.
Water enters the reservoir,

reverses back through the reserveir, up through the top and bottom beams, back through the drag section, down

through a "Y', and into the aft reservoir which empties via the outlet tube.

like this for about a year.

One of the smallest balances we have ever built is shown in Figure 10.
could not have been six because we were unable to find or make room for more gages.

inches in diameter.

We have been building balances

This particular balance was designed for missile tests in a hypersonic tumnel.

It measures 0.40 of a pound of drag, and three pounds of lift.

It is a five-component balance and

This balance is 0.40
It was designed for

Dynasoar testing, and it is water-cooled very similarly to the diagram of Figure 9.

Calibrations are performed manmally because of the flexibility required to calibrate a wide variety of bal-

ANCELS «

calibration equipment is easily modified.

cent.

determines the presence and magnitude of the coefficients that go with all twenty-seven of these terms.

The calibrator’s ingenuity is relied upon to make his own setups for the particular balance since the

However, load application accuracy is controlled within G.10 per-
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Every component is assumed to have twenty-seven possible interaction terms.

Our calibration procedure
Data
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is reduced by digital computers and monitored by a complex system that assists in evaluating the quality of

the balance and the data.

Questionr What quantity of water is required to cool the balance and will variation in water pressure
affect the gage response or the balance itself?

Answer» For a balance of this size, (Fignre 9 or 10) repeatability is about 5 percent. This is a very
small balance, only four inches long, and is made of aluminum, hard coated on the ends. Water
pressure is regulated at 50 psi.

Sometimes the water pressure can be shut off while gathering data if it is turned on immediately
after the data is taken. On this small balance, one pint of water per minute will affectively

cool the unit. There are reservoirs in the model support and sting support.
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Question: Is the difficulty largely the detexmination of the gage location or its placement?

Answer: No, the problems are:
1. to determine the exact center of the gage.
2. to place the gage where it is supposed to be.

Question: What temperatures are you isolating the balances from?

Answer: We are testing in wind-tunnels at temperatures between 1000°F and 2000°F.

28



WIND TUNNEL STING BALANCES

“-Richard R. Tracy
The Task Corporation

The term "balance™ warrants an explanation since it is obtained from the earliest use of force meaéuring
devices in wind tunnels which were balances., Dead weight was either hung from pans or moved on beams. to
counteract applied aerodynamic forces. The original devices were called external balapces and are still
used to some extent in numerous facilities with high accuracy where there is no space restriction. How-
ever, other limitations led to the development of “sting balance". This was made possible by use of re-
sistante wire strain gages which allowed a localized strain measurement.

The first sting balances were essentially beams milled to provide a surface for strain gages and were fairly
crude in a modern sense. A later development, brought about by reduction of the strain gage size, is the
floating frame internal halance which is philosophically similar to the external balance except it is turned
inside out. Instead of supporting the model with external stress members attached to force transducersy

the model is supported by internal stress which earries force transducers attached to an interior strustural
member. ’

It is worthwhile to delineate between the "single piece balanca" and the “floéting frame balange", The prin-
ciple of the single piece balance is that a set of applied forces on a cantilever member uniquely determines
the state of strain throughout the body of the cantilever member. Of course, it i5 impossible to measure the
state of strain throughout a body whichk eliminates the possibility of obtaining forces from partial strains.
If such a thing were possible, then it could bz written in the form of equation (1) in Appendix C. This is
an equation for the output of a strain gage or a bridgq of strain gages mounted at the unique location on the ~
surface of the body and its output is a linear combinatiom of products from all the applied forces or moments,
taking 1, 2, 3, 4, 9 and & at a time. This is not the most elaborate equation that could be written for the
output of these components, but a mathematician would guess that it is probably adequate. However, it is a
difficult equation to use to determine forces from an electrical output. There are six of these equations
and each equation has 5ix major terms which are a summation involving about 300,000 coefficients. One.could
not calibratq such a balance, much 1$ss reducg t@e déta involved.}

A practical limit is represented by equation {(2). This is an equation containing two terms, each of which

is a summation of forces taken one or iwo at a time. This equation is worth mentioning in more detail
because it is typical of the actual equation used in Teducing wind tunnel balance data. This equation says
the ocutput of each element is a sum of six terms, each of which is a constant times a single applied force,
plus another sum involving a constant times the product of pairs of forces taken two at a time. It is’
practically reducible or invertible so you c¢an solve .for the applied forces in terms of the electrical out-
put. The first terms in this equation are called linear outputs. They are first order terms, one term
being the float coefficient and the remaining term being the first order interaction. The second ierm
involves quadric non-linearities of primary outputs. These are interactions that arise as a result of two
forces being applied simultaneously and is based on the single piece balance which has beer shown to be very
successful. Mr. Tom Curry stated their facility uses this type of balance in various configurations. I
think, however, they exhibit some difficulties which lad to consideration of a differeat type of balance.

Cne of the difficulties mentioned was performance which is sensitive to location of the strain gages.

Reduced Strain gage size led to the attempt to build an external balapce inside out which was done some 13
years ago for the first time. The system is "ideally" a statically determinate system involving isolated

transducers to measure six force or moment components supperting a model. To accomplish this statically
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determinate "ideal" depends to a great extent on the applied loads, the ratio of loads, and the means used
to isolate the transducer. If you have seen rocket thrust stands, which are external balances philosophi-
cally similar to the internal balance I shall discuss, you are probably aware that there are a number of
possible arrangements of these force measuring transducers. In fact, there are a limitless variety of
arrangerients which permit a resolution of applied forces into distinguishable, individual components of
force. In the internal balance, the.package space which contains the force resolution system is very limi-
ted and very repeatable, It is usually a cyclindrical body, circular in cross section, or nearly so and
fairly long. This shape restricts the possible ways of resolving forces mechanically and results in a
particular force resolution system which is shown in Figure 1., The tapered member at the back of the attach-
ment is for mounting to the sting support. The pair of vertical elements which we call forward and aft
normal force, resolve normal force and pitching moment, The pair of similarly spaced side force elements
resolve side force and yawing moment; an axial member cavries axial or cord force loads, and a torgue tube
measures rolling moments and carries the same., This arrangement is very successful, In principle, this
balance has no difficulties in that each transducer is isolated from all of the loads but the one to be
measured. By using a perfect pivot at each end a transducer is obtzined which is insensitive to stray loads
and only sensitive to a primary load s¢ that interaction effects are non-existent.

Obviously, minimizing defléctions in its crucial end, and improving the performance and reducing the second
order interaction, in.addition to the other criteria, such as natural frequency should be optimized if pos-
sible. The actual internal balance of the floating frame type deviates somewhat from an ideal balance for
several reasons. The elements themselves deflect and cause deformation of the balance. The transducers
may be sensitive to extraneous or lateral leads and its performance may not be ideal nor proportional ner
repeatable, etc. Finally, the transducers may be sensitive to the thermal environment.

The floating frame balance is susceptible to a fundamental error which the ide»1 single piece balance is not.
The error is its sensitivity to thermal environments, and the unwanted outputs due to thermal changes. This
is not to be confused with thermal strain or lack of compensation on the bridges, but is an actual force
that occurs on the transducer because of thermal gradients in the balance. This type of balance develops
forces in the presence of a thermel gradient in a multiply-connected region. Modifications of the trans-
ducer such as moving the axial and roll element to the center, halfway bhetween the normal and side force
element precluded thermal forces arising from the model and the balance. This mutation of the original
force reéolving arrangement is the one that we currently use. It is the most acceptable force resolving
arrangement and is thermally inert. ' ’ 4 S

Let us now consider, in detail, the floating frame balance and not consider in detail the single piece bal-
ance becsuse it has been discussed, and I am more familiar with the floating frame bhalance. The design of
this balance is a very highly integrated problem invoelving a great deal of structural and electronic trans-
ducer design. I will divide the design into that of a mechanical force resolution problem, Structural
problem, pivot design, transducer design, and odds and ends such as an attachment, calibrations and selection
of a balance. We shall, henceforth be dealing with the system shown in Figure 2. The figure is a cutaway
view of a typical balance and with careful inspection, one can see the normal force elements at each end,

and the side force elements at inboarded ends, two axial members sharing the applied axial load and two torque
tubes sharing the applied rolling moment. This is the thermally compensated floating frame balance. The
structural problem for this balance is severe. Sirength of the inner member, which has the sting attachment
joint, is the load limiting factor. Pivots in this type of balance are very definitive on the performance
ef the balance. They have backlash, and hysteresis resulting from occasional large deflections affects the
balance performance adversely. The only pivot that approaches our requirements is the elastic pivot, and

the simplest type is composed of flat strapped flexures. These pivots have one drawback, and that is that
they are not rotationally free, since they have an elastic restoring moment. It is necessary to examine the
nature of that restoring moment and its effect on balance performance, which is accomplished in equations 3
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through 8 and explanations. Equation 8 is very important because it shows the analytical results correct
in that flexure length is not dominant, but thickness and spacing is deminant in making an internal balance,
rocket component stand, or any force resolving system using transducers and £lexures.

The length of a flexure beyond a certain point does nothing to improve the quality of the system, and such
an elastic pivot is a very complex device, Figure 5 shows some of the most important characteristics.
Further discussion of the hehavior of an elastic pivot or flexure under applied axial loading will attempt
to answer how applied load affects the center of rotation change and what angle of rotation is allowable.
Also, further discussion will explain the restoring moment change, which may be a surprising fact to some.
Analysis shows that the flexure is not a device that has a given fixed stiffness to deflection, but depends
on how mich axial load is being carried.

Figure 3 shows the change of center of rotations, non-dimensionalized by ‘the length of the flexure strap, as

a function of applied load over the yield load. The left hand plot of Figure 6 has an abcissa of P over Per
and the right hand plot is P over Per, while the center plot zlso has P over Per. In the center of Figure 6
is & plot of allewable angular rotation undimensionalized by the maximum allowable rotation as 2 function of
applied load over yield load. Deflection for several yield load over critical buckling load are shown and

as the yield load approaches the critical buckling load, the allowable angular rotation drops off very rapidly.
This is not very important for balances for which these angular rotations are of the order of milliradians,
Finally, the most important plot for our purposes shows the rotational stiffness divided by the rotational
stiffness at no load as a function of appiied load over critical buckling load. The rotational thickness
increases with compression load and is essentially infinity at the buckling load.

By increasing the length of a flexure, the buckling load is reduced so that the fixed rate of axial load is

a bigger percentage of the buckling load. Thus, the change in restoring moment is greater and greater as the
flexure is lengthened. The flexure is lengthened to improve force resolution; however, the flexure becomes
more non-linear so the restoring moment depends heavily om the load it is carrying which is a first order
interaction. ’ ‘

In our balances we use circular arc flexures which are very difficult to analyze, so we relate it to an equiv-
alent flat strap. In other words, a circelar arc fiexure whose total length is equal to the diameter of the
hole that forms it is equivalent to a flat strap of shorter length with thickness equal to the minimum thick-
ness of the circular arc flexure. Tﬁese effective lengths are shu;n in Figure 6. The effective length with
which we are operating in most of our balances is between 1 1/2 and 2 1/2 times the flexure thickness; a very
short, thiek flexure, and the critical buckling load is far above the yield load so that we are operating in
a very small band of the restpring moment change curve shown at the top of Figure 6. If we find that the
force resolution is not as complete as we like it, that the redundency is high, rather than lengthening the
flexures by making long straps of them or by making larger hole diameters, we reduce the thickness. Reduc-
ing the thickness reduces the bending and improves the resolution of forces because the thickness over the
flexure separation appears squared in the expression indicating how well they resolve forces. We have made
balances with fairly long flexure straps, and we have come up with very significant second order interactiens
which we will eventually trace to this effect.

We use the equation (9) through flexual redundency equailing 6 % 2 as a means of establishing a load
criteria within which the balance should operate well. The allowable noimal force capacity for an ideal or
good balance is about 500 pounds for a one inch balance, with scales up and down according to the square of
the diameter. If we double the load capacity, then we have to double the required flexure thickness, and
this increases the redundency of the balance by a factor of four. This factor very quickly becomes signifi-
¢ant if we consider balances with a 10 to 1 normal to cord force ratio. Instead of losing 3 to 10 percent
of the applied cord force through the other flexures, 50 or 60 percent of the applied force is lost.
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The transducer has to fit into the balance and it has to be sensitive to the loads if one desires a sense

in the balance. Beyond that, it should have low deflection, linear output, low hysteresis, repeatibility,
insensitivity to extraneous moments, insensitivity to thermal environment, insensitivity to pressure change,
humidity and should be readily manufacturable with accuracy. The transducers that are usually used in bal-
ances are the tension type reading direct uniaxial stress; ecceatric column which is a bending type element
and ring type which is also a bending element. Probably the most important criterion, which shonld be opti-
mized is deflection. Deflection is calculated using principles of conservation of energy. wWe use this
method because it shows a very important consideration in transducer design which is illustrated by equation
(20).

The analysis has been carried out for the case of a pure bending member. For the same surface strain level,
comparison of the equation (22) with equation (20) shows the deflection to be approximately 1/3 as much for

a bending member as it is for an axial member. Unfortumately, all of the.transducers that appear in a float-
ing frame balance are axially oriented members so our bending members are essentially eccentric columns. In
addition to a bending strain, we have an axial strain; consequently, the equation (22) does not strictly
apply to our transducers. This correction has been made resulting in equation (27) as an expression for
axial deflection. A4n eccentric column is minimized at an eccentricity ratic of 0.3, When the eccentrfﬁity
is reduced below this value, a constant bending stress is maintained, but less, because the member is getting
thinner and thinmmer, and it is deflecting in the mode of a tension type element. Since this stress is not

being measured, this is the optimum eccentric column; i.e., eccentricity from a deflection standpeint.

A ring element has much more deflection than an eccentric column or a tension type. There are reasons for
using rings in situations where one can tolerate these excessive deflections. It appears that there are no
restrictions to deflections if one is able to make the thickness of the gage or strain member approach zero.
This is not practical since the gage must dissipate heat to prevent serious thermal effects. However, some
shear elements can be made with very thin webs because the member that is carrying shear has heavy flanges.
This type of gage can be used for measuring shear, with resulting small deflections because the volume of
the strain material is very small,

Linear members are more useful in data reduction since non-linearity is a second order interaction or equiva-
lent, A tension type element is non-linear in the sense that output decreases with applied compressive loads
and incréases with applied tensile loads. A bending element of this type, either a ring or eccentric column,
is non-linear in the opposite sense. * Qutput increases in compression. The results are due réépecfively to
the fact that a tension type member or compression member will increase in its c¢ross sectional area under
compressive loading due to Poisson's ratio. On the other hand, a bending type element has its eccentricity
increased under compressive loading due to the bending. Equatien (28) is an approximate expression for non-
linearity in an eccentric column, and includes both the bending eof an eccentric column and the Poisson's
ratio increase of the section due to axial strain in the column. The expression shows that if the column
length or the column thickness is equal to about twice Poisson's ratio the non-linearity disappears. This
usuyally is not pessible since strain gages have a finite length and Poisson’s ratio is rather small, In the
denominator we have the expression eccentricity over thickness so that by increasing eccentricity we reduce
non-linearity. However, it was previously pointed out that the eccentricity should be 1/3 or less for mini-
mum deflection. This is one of the many dilemas we are faced with, and we normally allow the non-linearity
and try to obtain the minimum deflection in our bending element, although there are cases where this is not
done,

The attachments shown in Figure 9 are considered to be a disadvantage by many people because they are a

Joint in the system which permits friction, motion and hysteresis, They have an advantage in that they pex-
mit adjustments to be made in the positioning of elements that eliminate interactions in the first place.
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They permit removal of the elements without cutting the balance apart for repair or changing the lead
range. This configuration also permits stops to be placed in the balance between the outer sleeve and
inner structural member to carry overload. In ordering a balance, regardless of the type, bear in mind
that when it is smaller than will fit into the model, a very severe penalty is present because of the

increased flexure thickness that is required for such a medel. Allowable force and roll capacity are

associated .respectively, with balance diameter squared and cubed. One loses very rapidly by going to

smaller balances than required. Ordering a balance with a very high output or using high bridge voltages

can materially depreciate balance performance.



INEXPENSIVE STRAIN GAGE TRANSDUCERS

Pierre M, Hahn
Lockheed @%gsile and Space Division

Any transducer, except perhaps a friction scale, is rather expensive when it requires strain gages. Instru=-
mentation is required which increases the cost. For most of the testing involved in the development of rocket
engines and attachments to these engines, loads and forces must be measured. This often is accomplished
expediently and economically using an eccentric bending beam or hollow link.

Figure 1 is a cutaway section of a hollow link . This load link is used for thrust or drag and bending at

the same time using 2 bending bridge and a tension or compression bridge. Interaction and non-linear response
is not serious if held to minimum since calibration data is stored in the computer used for data reduction.
The first units sent to the Santa Cruz test base for calibration were constructed using Eastman 910 cement

and waterproofing compound.

Figure 2 shows a transducer returned from the test sight. After reroving the outside coating, inspection
indicated that someone must have grabbed the end of the wire and used it like 2 yo-yo. It appeared to have
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Figure 1. Sectional view of Figure 2. Used and abused trans—
hollow force link. ducer returned for repair.



been overheated, for the gages peeled off easily. Part of the problem was assumed to be aged Eastman 910.
However, it is still not certain why the gages came off. Eastman 910 cement is good for certain applica-
tions, but only in the laboratory under very careful supervision and extreme care.

Figure 3 shows a more reliable method; i.e., bakelite
gages applied with EPY 400 cement. Transducer installa-

tions of this kind seem to last much longer with the

< ! mishandling in the rugged operation which these load

links have to endure. The lead wires still get pulled

offf'which has yet {o be remedied. Perhaps this is why
: some of the Baldwin manufactured load cells are better
- E ; than many laboratory built load links.
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1 . increase the natural frequencies of the rocket stand
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protected with thermal insulation and the ends are made
thermally large, to eliminate the effect of the tempera—
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ture change due to external sources. The maximum tem~—

B e — perature change noticed has been 25 to 30 degrees which
s gave only one-half percent of full scale. This is not
Figure 3. Improved model of axial the high accuracy needed for most cases, but is the
: force transducer.
least expensive, and is adequate for this particular
purpose. Repeatability is of more concern than linearity,
and it has been within ~ne-tenth of one percent for all our transducers. This is quite good. Other factors
are included in the calibration- applied load versus output. This is an old method of ‘transducer construc—
tion which is reliable and ihexpensive hecause almost any machinist can produce a serviceable unit without

having to worry about dimensional tolerance. -

35



WORKSHOP SESSICN I

.Transducer Problem Areas

At this time we will welcome questions from anyone, on any subject having to do with transducers and we have

questions

Questions

Answers

Question:

Answer:

Question:
P

Answers

Question:

Answer:

that have been mailed in which will be considered.

In preparing EPY-400 for lahoratory use, have difficulties such as "stringing™ been noticed?

We have some of this "stringy" EPY—00 cement, and I haven't been able to find any strings in it.
In my opinion, the manufacturer's method is difficult to use when mixing this cement and I would
suggest that you simply take the bag apart and transfer the contents into the container and mix it.

Does the filler cause trouble?

This is definitely true. If we remove the filler we will have ahout a 300 or 350 degree cement
because of the lower modulus of the epoxy. It is generally pessible with a little bit of practice
to obtain good EPY~400 installations with a glue thickness approximating 0.001 inch. This is one
reason why bakelite cement will always mzintain some of its popularity. On internal transducer

work we use a phenolic material which has no filler in it at zll.

There is one other thing we have had some trouble with occasionally and that is quality control
of the cement. If you get some you think is not good, put a little on a speecimen and send it back,
and we will see that you get a return supply for it.

The offer of replacement is appreciated, but what about the gage installations we lose and the
time that we could be "down" waiting for replacement? Our solution to this problem is to buy
EPY-400 in larger quantities, then re-package and weigh the components. Ahen we need cement, it
is mixed in quantities to suit the job, usiﬂg proportions determined by the weight of components
in each bag., Tt is used in a warmed condition on a preheated specimen. -This seems to have solved

our problems. °

Your question of who is going to replace the money and the time expended in the installation is
certainly valid. It is the same one that confronts ws when the manufacturer of one of our adhesives
malkes a mistake in a lot of° 1000 units,. : ¥hen this gets out into the field, we have to replace not
only .the cement but the gages. When we go back to our supplier and ask him who is geing to replace
this ten fold amount of gages, he just shakes his head the way I'm going to shake mine at you.

Cost per package of the cement is not worth the effort to get it replaced even though you are
willing to do it. There are elements of time and paperwork, as far as the user is concerned, that
make replacement impractical. It is more economical to throw it away and get anether package.

Would you people say that if there is a possibility that you could buy this material in bulk, you
might like the arrangement?

. Yes.

I know that -there are a number of people here who use nothing but bakelite powder and mix their.
own, I believe Baldwin also sells the bakelite powder, is that right?

I do not think that we do except in foreign countries, but we certainly could. This group can
do many things that the average man cannot do. This is one reason we do not push bakelite because

it is necessary to have pressure for the chemical reaction to take place.
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Question:

Answer:

Question:

Answer:

Questions

Answers:

Question:

Answers

Question:

Answer:

Question:

Answer:

Question:

Ansver:

We have had & little trouble with the EPY-150. It just does not set up unless you put a heat
lamp on it.

There was a lot of about 1000 units that went into the field, and we have been unable to deter-
mine what was wrong with it, but there is no doubt that it wasn't right. You obtained some of
this bad batch.

Has anyone found the difference between the EPY-400 and Mithra? I am interested in cements for
high temperature which are easy to apply and conveniently packaged like EPY-400. [Is Mithrz any
better?

As far as I know, they are approximately equivalent cements. They are the same two-componént
system, but do not mix well when you try to cross breed them; that is, using liquid ilithra with
powdered EPY-400 or conversely even though they use the same catalyst. It seems that Dupont
Company made the catalyst for these systems and has decided that it is not worthwhile manufac-
turing: Our supplier $ays they are not using this material or they have sufficient quantities
on hand to cover development of another supply or a substitute material. One or the other of us
is going to have trouble.

We have done some work with both of them and we have a feeling that Mithra is better for higher
temperatures. It does not seem to carbonize quite as rapidiy. We mix the entire batch of
cement, use what we need and put the rest in the freezer.

Are the NASA pressure transducers as good as indicated?

We-have had considerable experience meking several hundred transducers ourselves, and by having
more than a hundred made for us. Although they could be made quite temperature stable, they are
kept in temperature controlled cabinets so they experience very small temperature changes. Je
believe that they meet specifications to better than 0,10 percemt full scale. in a range of 4 psi,
which is below the range for which you usually get this degree of accuracy in pressure cells.

Do you feel they are better than Statham's precision units?

Wle have not compared them recently. Generally speaking, Statham has tried to make units accurate
to a tenth of a percent, but .15 percent seems to be their hest effort. They bid on our design,

which is rather unusual. ' .

I might mention there is nothing paiticularly perfected about this design, and we have others
that would decrease the deflection by a factor of 10. I do not think there is any veal basic
limit to the accuracy. ’

What is the price_of your unit?

I know we have paid approximately $300 per cell, but I do not kaow if this includes the whole

system.

What is the leak rate of your pressure transducer?

I am not sure there is a leak-rate problem. When they are used in banks of 100, it is necessary

to hold the pressure while the readout is being made for 100 channels. As far as I- know, thé
leak rate is negligible. -

How do you calibrate these pressure pickups? .

We have some standards we are using; an Exactal Manometer is more or less a primary standard.
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Questions:

Answer:

The output of this is bucked against the output of the cell and plots an error curve. The curve
you saw on the slide was essentially a plot of error output agsinst what we consider to be
standard.

A number of people who sell load cells have asked me if there is a market for am inexpensive
2 percent load cell, opposed to the quarter percent ones which is about all you can buy. Do
most of you people have some use for load cells that would be less accurate and less expensive
to build?

I think the building of a load cell in that price range is not geing to help much because of the
many different applications.

I was thinking along the line that you wouldn't have to have modulus compensation; you wouldn't
need specially heat treated material. Perhaps these load cells could be made in a gemeral con-
figuration and the user.coﬁizvjﬁst drill a hole to convert to 10,000 pounds instead of 30,000
pounds. Is any of this practical from a manufacturer’s standpoint? It seem to me that if manu~
facturers made something that the user could modify for different ranges, they could do their
own calibrating. I was thinking of something you could stock, like resistors.

I think it could be doﬁe. The corporation tried the technique of grading cells as they were
mades They had an ultra-precision grade which was supposed to be that smail portion which fer
one reason or ancther happened to be better than the rest. They put this list out and no one
bought the middle ¢lass and they suddenly got a tremendous order for the high precision ones.

It could be impractical from the scheduling standpoint. It is not a problem of can you make or
supply one for a low price, but the fact that everyone wants something different makes it diffi=-
cult to stock items economically.

It seems to me that the main reason for buying the cell is to obtain accuracy. The others can be
made up in a hurry. The reasen you get no one to order the lower grade ones is probably because
they make their own.
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WORKSHOP SESSION IX

General Strain Gage Problems

Strain Gage Specifications. Most of you avre familiar with [NAS 942 since quite a few of you helped write it.

After trying to use this specification for a little while, it became apparent
that revisions were necessary. For those of you who are not familiar with NAS 942, it is a specification that
told how to test strain gages and determine their characteristics. It was started under the auspices of the
Aerospace Industries Association and was intended to be a purchase specification for strain gages, but the
purpese was changed at its very beginning. During the past year or so, it has been in effect as a testing
standard.

In its present form it attempts to set forth the standards for minimum qualification test data that the manu-
facturers of strain gages are required to supply. It specifies how the test data is to be obtained, the
format in which it should be presented and the test procedures and instrumentation accuracies that should be
used in obtaining the data. Once we started to apply the specification, some of the problems with it became
readily apparent. In November, 1960 there was a meeting at the Bureau of Standards on strain gage evaluation
which was attended by strain gage manufacturers, representatives of various government agencies and represen—
tatives fxrom the Aerospace Industries Association. At this mecting there was considerable discussion on
several things having to do with gage evaluation.

. - -

One of the things discussed was NAS 942 and some possible revisions that should be made. Several things were
suggested that probably will be attempted. One of these was to eliminate the requirement for testing all

gage types according to the specification. This could be accomplished im twoe or three different ways. For
example, by grouping gages up into different types, or by grouping gages into various temperature spans. It
was proposed that some of the measurements, for example, change in gage factor as a function of temperature
could be made on a more qualitative basis. It requires absoluie measurement of gage factor at each tempera-
ture and this data is not too useful; at least it is not required. The specification‘will probably be changed
from its present form requiring steady state measurements to allow certain types of tramsient measurements and
the use of automatic plotting equipment. Origimally there were no requirements for the use of this equipment
because people felt that someone could develop the world's best Strain gage in a "garage shop’’, and he would
be penalized if required to buy a bunch of fancy equipment to evaluate his product. On the other hand, -
established straih gage manufacturers could be inconvenienced or put out of business by the amount of data

reduction if they cannot use automatic plotters.

The drift specification probably will be changed. It has been the experience of several people that require~
ments now set forth are impractical and not too useful. Most of the drift occurs during the first portion

of gage heating and this is more critical than spelled out in the procedure, We may specify drift rather
than drift rate, There have been several proposals in regard to how thermal output and hysteresis should

be measured. One proposal was that the output should be recorded as 2 slope plus a deviation curve in order
to get the required resolution with the results. It was also suggested that d simple check of self generated
electrical output might be included by removing bridge exitation and measuring residual signal. This is a
function of the installation, but it would be an indication of what can be'expected in your own testing.

The leakage resistance tests could be automated te allow X-Y plots of leakage resistance versus temperature,
possibly under-low speed transient conditions, A requirement for measuring transverse sensitivity has been
praposed for addition to the specification. Other portions of the specification are to be left unchanged
such as requirements for fatigue testing and information on the gage installation procedure and previous
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history of the gage, physical description, etc. It has been strongly suggested that a required number of
specimens to be tested be specified. Between 4 and & of each type should survive the test program, rather
than leaving the number up to the manufacturer.

Since this meeting the ARTC Committee of the Aerospace Industries Association has authorized revision of
NAS 942 and the project set in motion. At the ARTC meeting, it was again requested that NAS 942 be made
a purchase specification, The first step is a questionnaire to Aircraft Industries Association members,
various governmental agencies and load cell manufacturers to determine what the characteristies of a stan-
dard family of strain gages ought to be., This questionnaire by necessity is incomplete. Considering the
possible parameters and combinations of parameters, you end up with a voluminous questiomnaive. I tried
to cover what appeared to be the main points and limit responses to require them to talk about a particular
gage that they think would best fit their needs. Ve will put these responses together and try to generate
a characteristic family from them., Just how successful this proposal will be, I do not know. Je hope teo
have this completed by February 1962, )
Question: The requirements for flight testing are much different than requirements for laboratory struc-
tural testing. Are there to be two separate specifications for this?

Answer: There will be one response per company division; include your more strenuous requirements. If
you decide that grading is a good idea, it could be possible that for certain applications flight
test may need a premium grade strain gage and the laboratory people might need something else.

The specifjcation as it is now written, is sectiomed. Section 1 is scope; Section 2 is applicable
documents. The specifications as refexred to the specific company purchase decuments. The only
thing that is covered now is how to measure physical quantities, It does not say anything about
what they should be.

Question: Is the revision trying to say what they should be?

Answer: Yes, to set minimum requirement.

Questionz Isn't this achieved automatically when grading is included?

Answers: Not necessarily. Manufacturers may feel that they have to produce different grades. From the
standpoint of buying a reasonably priced strain gage in large quantities for high volume work,
the accuracy requirements a%e not too high. If the minimum requirement is high enough to meet
50 percent of the required work, then the other 50 percent has to pay the premium.

Question: Does any document get down to specifying by type, because then you are specifying a manufacturer's
type?

Answerz The fellowing are proposed definitions for these various grades. The top grade would be a gage
for which strict quality control is required and it would be subjected to all of the qualifica- )
tion tests that are presently requnired in MAS 942, The second grade would come with essentially
the information that you get now; the nominal gage factor and the resistance, and if possible,

., the temperature coefficient for lot number. A third grade of gade would be for people who want
something that gives a strain indication, and who de not require a gage factor.

Question: When this is done, don't you think the manufacturer cught to say that this is a grade A and this
is grade B?

Answer: I do not know exactly what the manufacturers have in mind. Baldwin has been very goad about
helping with the specification. They have been running qualification tests under the existing
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Question:

Answers

Questions

Answer:

specification and have a pretty good feel now for what is involved. One thing that has caused
some consternation is that the definition of the word "type", the gage type. I think that for
the rnost of our purposes, take the flat grid bakelite gages and perhaps call this a type. Manu-
facturers want to evaluate this type of gage, say this is typical of this line that everything
will be this good or better.

low do you settle a case where the strain gage installation is outside of standard procedures?

We try to determine the maximum limit of endurance as far as curing them out. ¥e then use that
cure to evalmate our gages, I& makes a great deal of difference what adhesives we use and what
cures we use, NAS 942 calls out that manufacturers specify the adhesives, cure cycle, handling
and instaliation procedures in great detail. If you use the manufacturers' methods, results

should be similar. This is one thing that you do not get now. We get the results, but little

or no indication as to how they were obtained.

There is another problem that enters in here. ile have the same trouble with strain gages that
you mentioned with transducers. Purchasing people in various aircraft companies have rules that
they operate by, With so many people getting into the strain gage business, if purchasing people
buy the lowest price item, you may lose control over what you put on your airplane or test struc-
ture. This specification was intended to alleviate this problem.

As an example of this, we received some new gages that uere supposed to solve all our problems,
but no gage factor on the package. So we c¢alled the manufacturer and asked for the gage factor.
He said I do not know; I do not have any way to measure ite. I'11 give you the name of the guy
down the street where I bought the material and maybe he can tell you.

The constant stress beam for fatigue has been shown photoelastically to be otherwise. In the
interest of accuracy and correctness, shouldn't NAS 942 use a theoretically correct specimen
for the fatigue tests?

Definitions and fundamentals should be compatible and in complete agreement with basic fundamen-
tals of theoretical and applied mechanics., However, when it comes to evaluaiing competitive pro-
ducts, the evaluation is not required to be completely and one hundred percent compatibly oriented
with theoretical and applied mechanics to obtain the last "gnats eyebrow” of refinement in our
techniques. The prinicpal requirement in this case is for all evaluation tesis to ke conducted

in precisely the same manner for comparative purposes., If we control the conditions, whether

they are theoretically correct or not, we will still héve the comparative data that we are looking
for, MAS 942 is oriented to give a practical approach to comparative testing and establish
techniques whereby we are controlling the testing conditions and environment for comparative data.
There is more latitude possible when setting up a performance specification tham in setting up

basic definitionse.

Strain Gage Problems. We will move into the area of general discussion and will be happy to have questions

on any of the subjects. We have received questions on waterproofing materials for

cryogenic and high temperatures. ~If Someofne will volunteer information in either area, we would all like to

hear it.

Question: We have obtained pretty decent Strain gage data from tests using liquid nitrogen, but have been

unsuccessful in preventing atmospheric moisture from degrading the installation dvring warm-up to
ambient temperature. The two or three materials tried have been failures even though liquid
nitregen does not appear to affect the installations. Can this be averted?
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Answers

Question:

Answer:

Question:

Answer:

Question:

Answer:

Question:

Answer:

Question:

Answers

While working at cryogenic temperatures with liquid nitregen, we conducted 2 number of immersion
tests allowing frost to form on warm-up. 7e encountered the same phenomenon and solved the problenm
in the manner shown in the Douglas Seven Step Installation Technique that appeared in our Proceed-
ings of the 1959 Seattle meeting. The lead wire electrical connection is made well in on the gage.
Using some EPY-400 or other strain gage adhesive, work some of it over and around the end of the
wire and connection to anchor the lead. This sealing attachment provides a mechanical bond and
seals the wire end to prevent a "wicking" action. Closing off this end of the system in itself
gives a very effective moisture seal for rather severe conditions, even for repeated immersion in

liquid nitrogen.

Further precautions for mechanical handling were also described where we used some PRC products

or equivalent. There are a number of products that have worked fairly well and should be applied
lightly. Churchill Chemical Company 3C1300 worked quite well. There are a number of these rubber-
like materials that are compatible with the epoxy and are rather easy to use. The key to the whole
thing is closing off the wires in a satisfactory manner.

Can you use Epon?

This method is applicable to any of the adhesives., It works well with EPY-400, Epon VIII, Epon VI,
or any similar adhesive for high temperature work. It also warks satisfactorily with the bondable
type teflon wires.

We have tried to do the very same thing, but the EPY-400 bond ecracked after several cycles.

An excessive quantity of adhesive will tend to c¢rack due to the mass present and its own thermal
expansion properties resulting inm a progressive failure. Other materials may be acceptable, One
of the newer synthetic rubbers such as Viton B which is being used in high temperature areas could
be used. They seem to be promising for higher temperature moistuwre proofing. If they are as
compatible with other temperature extremes as they are with the 600 to 700°F environments fhey are
used for, then they may be very serviceable for cryogenic temperatures until you get into problems
from direct contazet with liquid hydrogen and oxygen. )

Are these some things that come in tubes?

Mo. Liquid Viton is similar to liquid neoprene, It is soluble in methylisobutyl ketone {MIBK)
until final cure at 600°F, Vitons are high temperature synthetic rubbers. They appear to be
good sealants which are unaffected by other organic liquids which are encountered in the aireraft
industry, including a lot of the hydraulic fluids. Jire manufacturers are coming out with high

temperature cables using Viton jachketing with a higher sexvice temperature than teflon.

How does one improve adhesive action of Eastman 9107 T

Too many people have had trouble with it., Je have had our troubles, although we use it extensively.
There is one thing that we have to do, and that is buff the back of the gage. If you do not, you
night as well not use it at all, especially on bakelite gages. One of the techniques for buffing
the back of the ggées'to remove the gloss, is to use the pencil style, refillable fiber glass
typewriter erasers. They are very handy. You do not use Eastmap 910 with wire gage§ in paper
matrixa

Do you use it on epoxy backed gages?

He can and do, but do not use many epoxy gagcsS.
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Questionz Have the data presented at the last meeting for Curvature Error Strain been verified?

Answers We had an instrumented test part for usc om an airplane with the gages laid on 5/8 inch diameter
rod with the end of the rod enlarged to accept a bearing. The gages were on the cylindrical sec-
tion and temperature error was about 10 times greater than the formula would predict. 1In order
to determine the cause of t'is effect, we used simple specimens and checked the formula with good
agreenent. Teriperature distribution scemed to be the trouble. We cured the immediate problem
by installing the gages on machined flats,

I want to point out the effect of thernal masses on some parts ¢an develop misleading data. If
gages are to be applied.on a2 section near sorme thermal mass, significant errors are still possible

even under stoble temperdture conditions. Variable temperature conditions are even wWorse.

Question: Has anyone using the weldable type gages experienced a transverse buckling phenomona?

Answer: To increase the performance of prerounted, weldable gages in compressive strain fields, apply a
bondable teflon terminal on top of the gage and over the grid. This will stiffen the assembly
for transverse buckling, provide mechanical and thermal protection and serve as an insulated point
to attach a thermocouple for thermocouple compensation of the strain gage circuit. This method
will permit the use of thinner shim stock for less stiffening effect and better iastallations. If
vou make your own assemblies, cut the piece large enough to cover the grid of the gage and cement
it in position at the time strain gages are applied to the shim stock tab. In effect, this applies
a geometric stiffening effect to inhibit transverse buckling effect obtained at higher compressive
strain levels without the undesirable effect of localized buckling in the gage. Geometric mass
and stiffening are added without adding strength to the total assembly because added material

rmodulus is insignif

icant compared to the rest of the assembly.

Question: hy haven't strain gage menufacturers provided high temperature strain gages with one large and
one standard tab for use.in the single gage three wire system?

Answer: T do not think it has been mentioned before and it seems to be 2 very good idea,

lligh temperature gages made with one tab much wider than thie other to accept the two wires attached
at the same point would be convenient and helpful. We have found that installations give different
outputs from tenperature variation because of different lead attachment locations.

.

I think that tabs on the strippable back gages could be enlarged in many respects, either lengthened
or widened. There seems to be space between the tabs which could be used for enlarging the tabs.

Question: Why not meke both tabs larger, then you do not have to worry about an irregular installation?

Answer: This could {ncreage the gage size to the point you iould be unable to place the gage in the desired
location.
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THE STRESS--STRAIN GAGE

Frank F. Hines
Staff Engineer
Baldwin-Lima~Hamilton Coxporation
Electronics and Instrumentation Division

GENERAL:

The term Stress-Strain Gage is used to describe a unique bonded resistance strain gage whose change in resis-
tance under applied strain can, at the option of the user, be made proportional to either the strain or te

the stress in the direction of the principal gage axis. Figure 1 shows a typical configuration of an etched
foil type of Stress-Strain Gage. Basically, this gage consists of two single upiaxial strain sensing elements
of different resistance values oriented at 90° to each other. The two elements have one common comnection

50 that only three lead connections arve available., Either of the two elements can be selected and chserved
independently or the two elemepts can be read together,
depending upon which two of the three gage terminals

are comnected to the readout instrument. Thus, by con-

nection to Terminals Tl and T3. Element 1 only is in
the measuring ¢ircuit and the observed readings are
proportional to strain in a manner similar to any con-
Element 1 ventional single element strain gage. Connection to
Terminals Ti and T2 places both Elements 1 and 2, in
series, in the measuring circuit and the observed read-
-n ings are a function of the strains in both elements.
This latter hookup, .through proper design of the gage
déometry and the resistance ratio between the two
elements, can be made to produce observed readings that

RE
S
H
2

‘are proportional to the stress along the major gage axis.

Element 2

Measurement need not bz limited to either strain or

stress alone., By the use of three lead wires and smit-
able switching arrangements, both strain and stress

along the principal gage axis can be obtained. In

2 addition, by connection to Terminals 'J?2 and T3. it is

possible to obtain strain readings from Element 2 only,

Figure 1 Typical Stress-3train Gage
Confiquration in Etched

Foil Construction (approximately 1/3 that of Element 1) may make it unsuit-

although limitations on the resistance of this element

able for use with some instrumentation.

STRESS GAGE THEORY

The theory of the bonded resistance stress gage. as applied to both T and V configurations and including.

1' 2

tigid proofs, has been thorcughly explained in published literature, The fellowing is a brief

description intended oﬁly to reveal the essential characteristics required in a stress gage.
Let the following symbols appl} to the combination of gage Elements 1 and 2 as shown in Figure 1 (leads
connected to Terminals T, and T2). i -

Fa = Strain sensitivity of the combination of gage elements for uniaxial strain along axis a=-a

for zero transverse strain. Ohms/ohm/in/in.

NOTE: Superscript numbers refer to references at end of discussion.
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F_ = Strain sensitivity of the combination of gage elements for uniaxial strain along axis
n-n, normal to a-a, for zero longitudinal strain along a-a. Ohms/ohm/in/in,

-~
1]
Ve

= Transverse sensitivity coefficient.
F_ = giress gage factor as supplied with the gage. Ohms/ohm/in/in.
R1 = Initial resistance of gage Element 1. Ohms.

R2 = Tnitial resistance of gage Element 2. Ohms.

R = Rl + Rz. Ohms .,
ARI = Change in resistance of gage Element 1. Ohms.

Aﬂa = Change in resistance of gage Element 2. Ohms,

AR = le + AR Ohms .

9¢
The following symbols app}y to the material on which the gage is bonded,

¢, = Stress along axis a-a. Lbs/sq. in.

o = Stress along axis n-n. Lbs/sq. in.

e = Strain along axis a-a. In/in.

& = Sérain along axis nen. Infin.

B = Poisson's ratio of the material on which the gage is calibéated and designed to bhe used.
# = Poisson's ratio of any test specimen material,

E = DModulus of elasticity of the material to which the gage is bonded.

From the general theory of elasticity, the stresses and strains along any two orthogonal axes are related
as follows:

g, —%— (da - pdn) (1)
Wt (e o
9 = 1 f p_2 (ea - ”en) . . - - (3)
% T L f 92 (En = B - - - -(4)

The unit change in resistance of a gage exposed to a general strain field is
AR .
. R &F, tef . (5)

Substituting Equations 1 and 2 in the above gives

é% = E% (da - pdﬁ) + 5% (dn - pda)
_ o s .
" (w3 () ©

By definition,
F = kF (N
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Uﬁder calibration conditions, in order to "fit" the material on which the gage is bonded, two conditions
must be satisfied. The first condition is that when ¢, = 0, then é% = 0, which means that the change in
gage vesistance must be independent of the transverse stress, Iy The second condition is that when

¢, = 0, then Q% = a F ¢ Which means that the change in gage res:stance must be proportional to the stress,
o + applied along tﬁe ¥-a axis. If these two conditions are met, the gage will respond only to the stress

applled in the direction of the principal gage axis, a-a.
Applying the first condition to Equation 8 gives
¢ F
AR .. _‘na =
R . 12 (ks-p.u)—[}, @

from which

0. (10)

Applying the second condition to Equation 8 gives

6 F ¢
AR _ _aa = &
R E (1 = p'oks) E Fst (11}
from which
Fg = Fy (1 - p'oks) 12)

Equation 10 shows that a stress gage, in order to have a change in resistance proportional only to applied
stress, must simply hazve a transverse sensitivity coefficient equal to the Poisson's ratio of the material
on which it is bonded. Equation 12 shows how the stress gage factor, Fs' is related to the other gage
constants.. Note that Fo» the strain sensitivity for uniaxial strain, is not the same as the conventional
gage factor of a simple single element gage., . . . “ N

In the stress-strain gage configquration shown in Fignre'l, Element 1 is the principal strain measuring por-
tion of the sensing grid. Element 2 provides the necessary transverse sensitivity when the two elements are
connected in series. The amount of transverse sensitivity introduced by Element 2, and hence the transverse
. sensitivity coefficient of the gage as a whole, may be controlled through the ratice of the resistance of

Element 2 to Element i, If the individual elements were perfect uniaxial strain measuring devices, them the
ratio would be ’ )

R2 _ k B

Ry

This ratio is only approximate, however, because each individual element has a small but measureable trans-
verse sensitivity coefficient of its own. Correction of the approximate resistance ratio can be made through
actual calibration or by computation from the known characteristics of the individual elements.

Using the resistance ratio as a guide, the following table shows some possible combinatiens of gage resistance
values for g, = 0.30.



R B R, + B,

Case 1 2 1 2
1 120 36 156
2 92.5 27.5 120
3 350 105 455
4 269 81 350

It appears that cases 1 and 3, in which the resistance of the single strain measuring element, Rl' conforms
to conventional strain gage resistance values, are the more desirable. In general, instrumentation systems
will accommodate an increase in gage resistance over the common values hetter than a decrease. In addition,
an increase in gage resistance will reduce extransous effects, such as those caused by lead wire resistance.

The “"stress gage factor", F e should not be confused with the "strain gdge factor™ supplied with the more
conventional single element or multiple element rosette type strain gages. Although both have the same dimen-
sional units, ohms/ohm/in./in., they actually relate to different quantities. The “strainm gage factor" is

the proportionality constant relating the unit change of resistance of a strain gage to the total axial mechan—

ical strain to which it is smbjected. In contrast, the "stress gage factor" is the proportionality constant
relating the unit change in resistance of a stress gage to da/E, where % is the stress along the gage axis
and E is the modulus of elasticity of the material to which it is bonded. da/ﬁ is, of course, a strain, but
is not the total mechanical strain except under very special comditions. A stress gage may be regarded as
an automatic computer that solves the general stress-strain equations, rejects the axial component of strain
due to stress in a transverse direction, and responds only to that component of strain produced by the stress
in the axial direction. The fundamental relationship, then, for interpreting the result of a stress gage
measurement is ’ .
Y S T
5

w5

ERRCRS FROM NISMATCH OF TRANSVERSE SENSITIVITY COEFFICIENT TO POISSON'S RATIO:

Ideallx. the transverse sensitivity coeffiecient, ks' of a stress gage should be exactly equal to Poisson's
ratio, p, of the material to which the gage is bonded. This precise condition will seldom be obtained in
actual practice, however, because of the wide range of Poisson'’s fatios exhibited by common structural mater-
ials, the lack of accurate data conterning the exact. value of Peisson'’s ratio for the particular condition

of the test specimen material, and because of normal gage manufacturing tolerances.

To determine the reading error caused by a mismatch of ks and |, consider the equation for the response of

8 Stress gage when exposed to 2 general stress field as already derived in Equation 8.

F - .
3‘%=—%‘[da (l—pks)+ cn(ks-p.)] - (8)

The apparent stress, (d;)ec, obtained from the change in resistance given in Equation 8 and from the stress
gage factor given with the gages will be, from Equation 11,

{oy)e = %— x %
s
F
- s g falm) s afnee)]
= i—i[[ua(l-pks) * g, (ks—p.):l] (13)
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The true stress is, of course, da. The error, e, in the calculated stress is

e = (% .%
%
= FaloG-pe)+ot_-p| -0
F a Bg RS a (14)
$
%
nfg[ﬂ-pk)+i(k—wj-l.
F & g |
s a
But, from Equation 12,
F
S .
F = . . (15)
a Imp ko
Then, by substituting the above for F_ in Equation 14,
1 u: “n
e = (1 - pk)+-— (k-p):ﬂnl
l-F'OkS S da S
. 9
= (1—pks) + 3; (ks-pzﬂ - (l-uoks)
1'“bks
%
_ k(g ~p)+ = (k -p)
= T80 9 S . (16)

l-ghks
Since K, = ks. the condition under which Fs was established, the error expression can be further simplified to

. (ks + ;;—'-) (ks-p.)

e 2 an

e

Equation 17, then, is the general exprgssion for the error in a stress gage reading caused by mismatth of ks
to p. Note that when ks = i, the intended condition of use, the error is zero.

The general error expression contzins three variables, ks. K+ and the ratio cn/da. and therefore canno. se
represented on a single compréhensive graph. The following series of graphs, howeyer, show error function

plots under enough conditions to permit determination of the probable error for practically any combination
of conditions.

Figure. 2 shows the percent error in calculated stress versus the difference between the transverse sensitivity
coefficient and Poisson's ratio, (ks-u), for fixed ratios of °n/°a ranging from -1 to +1 and for p of 0.28,
and 0.33. These are the only graphs in which the error funetion is not a perfectly straight line. The
deviation from linearity is small, however.

Figure 3 shows the percent error in calculated stress versus Poisson's ratio for fixed values of dn/da ranging
from =1 to +1 and for fixed values of k, of 0.28, 0.30 and 0.33, respectively.

Figure 4 shows the percent error in calculated stress versus Poisson's ratio for fixed values of ks of 0.26,
0.28, 0.30, and 0.33 under uniaxial stress conditions only, when dn/da = 0, These same conditions are pre-
sented separately as a part of Figure 3.
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Figure 5 shows the percent error in
calculated stress versus the stress
ratio dn/da for a number of fixed com—
binations of ks and g, The combinations
of ks and g have been chosen as repre-
sentative of those that might be met in
practice when using a stress gage on a
material other than that for which it
was intended. The stress ratio has been
extended to -2 and +2 with the signifi-
cant rangelimits marked at -1 and +1.
Beyond this range the stress being
reasured is not the maximum and is
therefore of lesser importance.

In all of the error function plots shown
here, the basic variables cover rather
wide ranges, and the magnitude of the
error is consequently quite large at
some of the limits, These extremes are
not apt to be encountered in practice,
however, if any effort at all is made
to match the stress gage to the test

specimen material.

In any case where p does not match ks' and where the best possible measuring accuracy is required, the true

stresses can be obtained_from two stress gages mounted at right angles to euch other.

The selutjon of two

simultanecus equations based on Equation 13, and the relationship in Equation 15, gives

(1ap k) [(l-p.ksJ (6 = G (an)c]]

(I-po

K

(1 P - (ks-p)z

) ek (o) = G (o)

- [+] CJ

apk® = Gk

(18)

(19

where (ca)c is the apparent stress calculated from the respomse of a gage on the a-a axis and (on)c is the

apparent stress calculated from the response of another gage on the n-n axis.

In the denominator, the

quantity (ks-yt)2 is usually very small compared to (l-pks)2 and can therefore be dropped with little loss in
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PERCENT ERROR 1N CALCULATED STRESS: ("a)c

2.0 1.5 -1.0 -0.5 o +0.5 +1.0 +1.5 +2.0
STRESS RATIO, 12
a

Figure 5 Percent error in calculated stress versus
stress ratio for some combinations of ks and p.

aceuracy. If ks-p = 0.04, for instance, the error from dropping this term will be approximately 0.2 percent.
Equations 17 and 18 then become

6, _ Lt ks (a), = (ks'“ O (20)
R =T ¢ T~k e
1-p k k_~p
. _ 0§ ~{ s
n = Tk, [[(u“)c (L'pks') (da)c}] 21

These simplified expressions will, except in extreme cases, give results that are more accurate than that

with which the mechanical properties of the test specimen, san‘E and p, are known,

POISSON’S RATIO

Poisson's ratio appears in all general stress-strain formulas and its value is, therefore, of some importance
in experimental stress analysis.

Poisson's ratio is normally regarded as one of the fundamental mechanical properties of structural materials.
A search of literature from manufacturers of metals and alleys, however, shows that it is omitted almost as
often as it is included in the tables of mechanical properties. The indications are that Poisson's ratio and
its determination are genrerally treated somewhat casually by most investigators of the properties of metals
and alleys. Only infrequently is its value given beyond two significant figures, the probable accuracy is
almost never mentioned, and the method of determination is rarely described. This general indeterminate
nature of the value of Poisson's ratio should be recognized when applying stress gages and in solving stress-
strain relationships, although it is probably of lesser importance in the latter case.

Table I lists values for Poisson's ratio obtained from various sources, including handbooks and manufacturer's
literature., The accuracies of the listed values are unknown and none have been verified. This list is not
intended as a reference source, but only to illustrate the range of values and the common practice used in
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TABLE I
Material

Steel

Structural Steel, Hot Rolled

Aluminum Alloys

" Magnesium, Pure

VMagresium Alloys

HE31A Magnesium-Thorium

17-7PH Stainless

Inconel

Inconel X

Monel

Duranickel

Permanickel

Zircoloy 2, Annealed, 27°C
Annealed, 150°C
Cold Worked, 27°C
Cold Worked, 130°C

Invar, 36 Percent Ni

Dumet, 42 Percent Ni

51 Percent Fe, 49 Percent Ni

Titanium, Comm. Pure

Stainless W, 75°F

300°F
500°F
TOOCF

Columbium

Rhenium

Tungsten

Vanadium

Copper

Brass

Cast Iron

Molybedenum, 100°F
250°F
500°F
TT0°F

. 1200°F

1300°F
1600°F

Silver, Annealed

Hard
Platinum

Poisson's Ratio

0.28

0026

0.33

0.35

0.35

0.34

0.28

0.29

0.29

0.32

0.31

0.31

0.368 to 0,390
0.425 to 0.460
0,382 to 0,406
0,392 to 0.432
0.2%0

0.290

0.290

0.34

0.20 to 0.23
0.19 to 0.24
0,20 to 0.24
0.21 to 0.27
0.38

0.49

0,284

0.36

0.33 +0.01

0.33

0.21 to 0.30
0.324 +4 percent
0.330 +4 percent
0,319 +4 percent
0.317 4 percent
0,314 4 percent
0,321 4 percent
€.321 +4 percent
0.37

0.39

0.39

reporting them. Strain gage users with a2 need to know
accurate values of Poisson's ratio are urged to use
original sources or to determine their own values

experimentally.

In the absence of any evidence to the contrary, it may
be assumed that a large percentage of the experimental
measurenents of Poisson's ratie have been made with
bonded resistance strain gahes. Such gages have been
generally accepted in metallurgical and other labora-
tories for many years, the method of measurement is
simple and easy to employ, and it will give results of
adequate accuracy provided the applicable strain gage
It is the
question of whether or not the gages were properly used

characteristics are known and used properly.

and the results correctly interpreted that raises doubt
concerning the validity and accuracy of much of the
published data.

The conventional methed of determining Poisson's ratio
with bonded resistance strain gages is by measurement
of axial and transverse strains on a standard tensile
test specimen, either flat or round type, undexr applied
load.
double element 90°X gages, not stress gages, should be

Conventional single element strazin gages or
used. The best arrangement of gages is that of two
axial gages positioned directly opposite each other on
a flat specimen or diametrically oppesite on a round
specimen, and two circumferential or transverse gages
also positioned directly opposite each other, Readings
of each pair of similarly positioned gages are averaged
to cancel the bending strains always present in tensile

L * K
specimens and which, incidentally, e¢an be quite substantial in magnitude. The ratio of the transverse or

circumferential gage readings to the axial gage readings, properly corrected for the transverse sensitivity

goefficient of the particular gages, is Poisson’s ratio.

The need for making a correction based on the trans—

verse sensitivity ‘coefficient is emphasized because it is the operation most likely to be neglected or over-

logked.

Simple formulas for applying a correction for transverse sensitivity te two similar gages positioned at

right angles to each other have been published many years ago.3

(l-uok) (scl—kecz) ,

£ 1 =
l-k2

&5 = (1—p°k) (gc2"k cl) '
1-K°

These formulas are

(22)

(23)

where €1 and €. aTE the apparent strains given by the gages aleng € and €y axes respectively based on

the manufacturer's gage factor, Fc' as given with each package of gages, and where g is Poisson's ratio
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of the bar on which the gages were originally calibrated to determine Fc' The symbol k designates the
transverse sensitivity coefficient of the single element gages. Then by definition and from the ahove two

equations,
B f2 legomkegy) {24)
£
1 (e,1=ke s)

Equation 24 is the proper formula for determination of Poisson's ratio from strain gage readings taken from
axially and transversely positioned gages on temnsile specimens. Note that in the general correction Equations
22 and 23, the algebraic sign of g1 and Eun is positive for tensile strains and negative for compressive
strains. The same sign convention must alsc be followed in the special case, Equation 24, so that the sign
of p actually is negative, although the negative sign is normally used only in formulas applying p.

The magnitude of the error in the determination of Poisson's ratio caused by neglecting the correction for
transverse sensitivity is of some interest. OSome strain gages have very small transverse sensitivity coeffi-
¢ients and the correction may be omitted if the ultimate in accuracy is not required. To find the error, e,
let p, be the apparent Poisson’s ratio as determined frem the uncorrected strain gage readings, then

By o 02 (25)
ecl
The error is
e _ B7H . (26)
B

fgg - _C cl
o = el go1Keo (2n
) €oo~k8eq
a1 e + . - -
This expression reduces to
. 32 - 52
e T k(Cel = 63 ). (28)
€o1 (502-ksclJ
But, from Equations 22 and 23,
g, + ke
€] = 1 2, (29}
I—pok
£ ke
€0 = 2+ "1 . (30)
'l—pok

By substitution in Equation 28 the error expression becomes
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2 2
« (51 + kez) _ (52 + kel) “
LK et /A 31

which reduces to
2 2
k(‘ﬁ - Ez) . (32)

e =
2y {5y 4 KEg

In the case of uniaxial stress,

&y o HBEp (33)
Then Equation 32 becomes

(s 2 _ 2 2)
SN U | (34)
~pe, (sl-kp.el)

k) .
pl1-kp}

Equation 34 is the general expression, in terms

of k and p, for the error in the determination. . a2

of Poisson’s ratio caused by neglecting the 2

transverse sensitivity coefficient k. Figure & +1 _]‘2‘- E

shows graphs of the percent error in caleulated o _1..‘5, LN ;

Poisson's ratio versus the transverse sensiti- 0 ""EE ,,!‘_,‘ 1 .

vity coefficient, ks. of the gage for values =° . _< 3 | %

of 1 of 0.28, 0.30 and 0,33, For reference g 2l | 13

purposes "the transverse sensitivity coefficients f = f 0 | =

of a few of the most commonly used SR-4 wire g JE 2 I T 4 -

and feil type strain gages are marked on the g - ':? | &

graph. It is cbvicus that the error can be % -6 3_ - 8:

quite large in some cases ax}d that the proper é I g l ""og, E ::;

correction is required. - . = %? > %% I :
g ,I:-?: o) -

Figure 6 also reveals a simple rule of thumb a - < ¢

for estimating the approximate error, ie., the 52 10—

error is approximately three times the trans- g AL e Il

verse sensitivity coefficient but opposite in 12 by N\

algebraic sign. For example, gages having I é: i

k = +1 percent (+0.01) will give an error of

approximately ~3 percent in p if uncorrected. e

This rule leads the simple approximate cor- o1 ) 0.01 +0,02 +0.03 0064

rection formuia. TRANSVERSE SENSITIVITY COEFFICIEHT, k,

o Yo = _L_(f.‘@) (35)
1-3k -3k \ e,y Figure 6 Error in determination of Poisson's

ratio caused by neglecting the cor-
rection for strain gage transverse
sensitivity.



Tables of the mechanical properties of materials frequently contain values for both E, the modulus of
elasticity in tension and compression, and for G, the modulus of elasticity in shear or the modulus of
rigidity. The relation between E and G is given, from the general theory of elasticity, as

E L

& 30

Solving the above expression for ., Poisson's ratio, gives

p_ E-26
2G

If Poisson's ratio is unknown, it would appear that it could be computed from this expression, using the
given values of E and G. The use of this method is unacceptable, however, because of the magnification of
errors that is inherent in the formula. The computed value of g will he in error by approximately 5 percenmt
for a 1 percent error in E, and by approximately 10 percent for a 1 percent error in 6. It is thus evident

that this method cannot he used for an acecurate determination of Poisson's ratio.
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THE BCEING WIND TUNNCL FCRCE MEASURINENE PROGRAM

Ta Ma Curry
The Boeing Company

The Boeing Wind Tunnel Lahoratories Unit consists of five major wind tunnels ranging from subsonic and
transonic through supersonic, hypersoniec, and hypervelocity such as our 8—inch and 44-inch Hotshot tunnels.
In addition we have three pilot tunnels, two shock tubes, and a hypervelocity ballistic range. Out of town
tests are scheduled in government and contractors facilities on a more or less regular basis. With the
exception of the shock tubes and the ballistics ranges we are running force tests in an average of about a
dozen research facilities.

The Boeing Wind Tunnel Unit has some 90 multi-component internal sting balances currently in active schedul-
ing. These designs represent many different approaches based on analysis and experience which are in genersl,
tailored to the testing requirements. The identification charts of Supplement 1 show most of our balances
graphically associated with the facility and type of vehicle for which they were designed. It is our phile-
sophy to utilize those concepts of measurement which seen to best suit the situation, remembering that a
successful balance represents many compromises. Thus the balances that Boeing develops show a high degree
of variation in appearznce and in the general principles utilized.

The development of multi-component strain dage balances for our wind tunnel tests falls in three separate
categoriess

1. 1Internal balance requirements based on long range forecasting for specific types of aircraft
tests (i.e., missiles, airplanes, boost glide, etc,.).

2. Redﬁirﬁments for internal balances based on specific tests for specific model configurations.

3. Requirements for special purpose balances for control surfaces, fins, nacelles, ete. for speeific
model configurations.

The first of these categories permits the most sophisticated analytical and fabrication techniques in that
the long lead time {six months to a year)} is anticipated. The second and third categories permit only ome

to four months of development and therefore, the most simplified“techniques are justified.
A1l of our designs reflect not only the testing xzequirements but the facilities at our disposal for design,
fabrication, -heat treating, gaging, calibration and data reduction. We are fortunate in the emphasis that
Boeing places on the value of Wind Tumnel testing which resuilts in priority usage of existing coempany facil-
ities and a cooperative outlook in helping us get the tools and manpower required te do the job righty, High
speed digital computing facilities are available to aid us in programmed computations for balance design
eriteria, stress analysis for generalized balance configurations, preparations of tables of section proper-
ties, force calibration data reduction, and wind tunnel test data reduction. Special machinery for the fabri-
cation of balances, such as Eleroda and Japax electric discharge milling equipment has been installed in our
balance development machine shop. This pexmits the construction of bhalance configurations, otherwise impos-
sible, so that maximum utilization of material and space.may he realized. Advantage is taken of our high
quality metallurgical facilities and personnel at Boeing, Salt bath martempering is used on all of our steel
balances with the advantages of extremely low warpage and surface scale during heat treat. This permits heat
treating after finishing most of the surfaces on the balances,

Because of the size of the investment and cost of testing time it is of prime importance that the balance
designs should reflect strong emphasis on dependability, reliability and utility. Considerable effort is
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made te ninimize sources of random and unpredictable errors such as temperature effects and mechanical hyster—
esis, However, because of our ability to handle compensatable errors, such as interactions, we are only
secondarily interested in minimizing them and then not at the expense of reliability. This is not to say that
our desigm approach sacrifices accuracy but definitely emphasizes reliability because of the fine support

that we have for calibration and data reduction.

Likewise, another design aim is to minimize the amount of compensation apparatus and extra equipment associated
directly with the balance and model so that we may reduce the sources of human and mechanical error. This,
tow, has contributed to our reliance on rather sophisticated laboratory calibration teclmiques and off line
digital data reduction programs for compensating predictable errors mathematically.

This philosophy has led us toward one piece balance designs whose ontputs are directly proportional to the
components to be measured. Some of cur balance development techniques will be discussed in the following text.

1. Stress Cancellation floment Transfer Technigue The linited space available for the construction of

internal balances poses especially severe problems in
the design of the axial force element because of the other loads which must be supported, but not measured
" by this element. One of the problems is that the axial force element is that part of the balance structure
which is characteristically, weakest to bending moments, Ilence, in most of our compact (high loads-small
space) designs the axial force element is located at the station about which moments are to be reduced,
since statistically the maximum bending moments about that peint are lewest (Figure la).

- watt cI;th\r.&alopl;a o; maximum
+ R esign bending moments  #
A 4 / A in support members e
d Center of pressure
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In order to measure moments about the moment center with our typical five component cage which is 1oca£ed
remotely from the moment center (Figure 1b), it has been necessary to transfer moments from the center of
the cage either electrically through an anclog device or mathematically. The subject of the discussion in
Supplement 2 is a parallel member cage on which advantage is taken of the fact that two sources of normal
force {or side force) stress due to force applied at the moment center tend to c¢ancel, (See Figure 2,)
Points are picked on the structure at which the normal force stresses are zero, Hence, pitching moment
gages may be handily mounted there, which are outside of the influence of the normal force; thus, they read
moments about the moment center (see Figure 3) regardless of the magnitude of the nermal force.

This tcchnique has been developed for use im two component {normal force and pitching moment) and five com—
ponent cages (normal and side foreces, pitcﬁing. vawing, and rolling moments) of which our balances 3124A
and 61324 and B (Figures 4 and 3, respectively) are typical oxamples., The analysis and mathematics of the
design, which are given in Supplement 2, have been programed for use in sélecting balance configurations.
Final stress analyses of the selected configurations, which have also been digitally programmed, appear in
Supplement 3.

2, High Frequency .liesponse Balances for Hypervelocitv Hotshot Testing Extremely high Mach numbers and

temperatures may be achieved for
very short time durations in our "Hotshot" (arc discharge, hypervelocity) wind tunnels. Aerodynamic force
balance designs for these facilities, otherwise enhanced by low g's and the relatively high temperature
inertia of the model - balance structure, are fraught with instrument dynamics problems associated with the
short time duration of the aerodynamic loads to be measured.

The technique of inertia compensating a force balance with actelerometer outputs can, if analysis is applied
rigorously, provide true aerodynamic loads data. [lowever, at the Boeing Hotshot facilities we have utilized
another appreach:

The output of the force transducer (essentially an undamped system) is comprised of aerodynamic loads and
inertia loads. In order to filter out the inertia loads, either by curve fairing or with clectronie filters,
it is necessary to separate the strmctural natural frequencies from the frequency compeonents of the 2ero-
dynamic forcing function by as large an order as possible. This approach minimizes the phase shift and
amplitude distortion to the relatively, lower aerodymamic frequencies.in low pass electronic filters, or
permits accurate curve fairing through the relatively higher inertial frequencigs when using unfiltered

traces.

The advantages of this approach are the comparatively simple wmodel installation aﬁd data handling procedurcs.
However, the problems in designing a model support system, including the support base, angle sector, sting,
and internal balance, with sufficientiy high natural frequencies are considerable. To these ends we have
programmed sting frequency and amplitude parameters for digital computation in selecting suitable sting con~
figurations.

The balance shown in Figures 6, 7 and 8 is a design which emphasizes high structural natural frequencies;
hence, high response rates for the dynamic forcing functions which must be measured by the balance. Addi~
tional advantages are achieved by the compactness of the design and the relatively simple procedure required
to fabricate this balance from one piece of metal. One piece construction eliminates problems caused by
relative motions in discontinuous joints and the resulting dry friction which is undesirable in making
dynanic measurements. Figure 8, not to scale, shows position of the gages on the balance structure required

to measure the six components of the resultant force and moment.



AW tap e ok e Wl T AT Y T ke dhdn g MASE TR A O N R mwr
: T A \t....e@‘..

_“.__ ol
....\mrn :

l
4

! ' [N

¥
.

: ’
.-
1
.
L

'

4 -

h-id

', o

: 13

. w.. .,

. -

= Txe

T

)

i

1

{

¥

P

g

-

;

e

Figure Se



Figure 6.

SECTION X=X

Figure 8.

65



FORWARD
RESERVOIR

3 cammctive:
T
T Ty PR Y L s ] TR
o L et A b
REgaae o Cag . o LN W pte il
5. 2Ll 3
1IN AT X
= e O 5
7 1)
R e T it '& [
Erur e TR R < 5
L7 5 rat e i Jel P St i s 718l Wi et
W mm el PR PETT = k>

Y mRTE a1
BE Ly SNTE e i

= ]

Figure 9,

AFT RESERVOIR

I ooy e
ors = s A A T e ran L LT INLET

T AT g
§ '-:T?-'.-...'nt.’.‘y-' "'E’J'ék-\ﬁ‘:w»n.». - TUBE




In order to keep the balance configuration as stiff as possible, the measuring elements are designed so
that as large a percentage as possible of the load compenentS to be measured are supported by thelr respective
measuring elements. The percentage of the lpads not measured (but supported) by those elements is minimized

by making the measuring elements as limber as possible to components of loading not being measured by them.
Thus, designing the measuring elerments to the relatively high loads vesults in relatively thick bending
sections. This gives more stiffness for a given measured bending strain level resulting in high element

natural frequencies.

3. MWater Cocled Balance Designs The development of high temperature commercial strain gages has not

achieved the degree of reliability and accuracy that warraats their use
on our wind tunnel force transducers {(balances). We have, therefore, chosqn the course of water cooling
our balances. Some of our earlier attempts incorporated an inner body which acted as a reserveir to which
were attached inlet and outlet tubes which spiraled around the balance and sting. Although this technique
was successful, it was bully and difficult to apply in our smaller models.
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More recently we have been building one piece balances which are so drilled and bored that we achieve water
cooled members in our moment cages with reserveirs in the forward model fitting and aft sting fitting.
Figure 9 shows several views of our balance design 6143, a six component balance designed for hypersonic
missile testing. This balance is .85 inch in diameter and has soft rubber jumper tubes bridging the axial
force element. Fiberglass wool insulation is installed around the flexures and the entire actively strained
portion of the balance is covered with an aluminut foil radiatiom shield to minimize the temperature gradi-
ents due to local conduction from ambient air and radiation from the model.

The smallest water cooled balance we have designed to date is a five component balance for hypersonic Dyna
Soar testing which is .40 inch in diameter and about three inches long. This balance, which bears the number

5158, has an axial force range of only .4 pound and a normal force range of 3 pounds (Figure 10J.

4, Force Calibration and Data Reduction System Analysis of the deflection and initial displacement of

balance axes in respect to model axes indicate that the
equations of gage output of a typical strain gage balance component may be adequately expressed, qualita~
tively, as a polynomial of the second degree in tweaty-seven {(for a six-component balance) variables. These
variables are the six primary variables of components; their squares; and their cross products.

Thus, the expression for the measured output (BM) in arbitrary counts, of & component may be given as follows:

(1) B, = KN+ IS5 + Ki + —-—K.,Nz + [(852 +OKGE e KygS Ky Ky SH

of which only one of the linear terms is the primary output of the balance component in question, The form
of equation (1)} is that which appears most logical to the calibrator wherein he sees an output wiich can be
accounted for Dy an expression in terms of the external loads applied to the balance.

However, by transposing terms we can achieve an expression for predicting a load component being applied to
the balance in terms of the output of that component in arbitrary counts and other load components being
applied. Expression (2) below for reducing normal force illustrates this form of the gage output equation
which is most useful in force testing.

8 K Ky K. 0 Ko .2 Kog Ear
(2) M=ol o (=B)S 4+ (2 F e (TN F (25T 4 e (SN (ER)SLM
K KN Ky 5 Ky Ky &
) . A ) ..

The contents in the brackets are the interaction errors which are subtracted from the taw output term ’
8, . . s sl . . s eiinn - .
(CN in this case). The individual interaction sensitivity constants are ratioced to the primary somponent

K, i )

sensitivity constant (KN in this case) and, thus, the interaction constants {parentheses) are seen to be
not o function of instrument sensitivity. Thus, the values of the interaction constants may be determined
from calibrations run in the laboratory, while wind tunnel force tests may be run on different, but come
patible, readout installations.

Our standardized six-component calibration procedure consists of 35 primary (variable) loading routines and
eight initial weight tare c¢alibrations. The initial loadings are substituted in expressions of the form of
equatioﬁ (1) for the "zero"™ conditioms, while the initial and applied loads are substituted for the loaded
conditions. These equations are solved simultancously to derive the constants of the form Kl through K27 in
expression (1). Of course, these constants are valid only for the calibration setup. However, by dividing
by the appropriate sensitivity constants we achieve the interactions constants as used in wind tunnel force
testing (see expression (2) ). Ton aid in test monitoring the size of each term in percent of maximum com-
porent range with maximum balance loads applied is also computed.
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These computations were originally programwed for the IBi-650 machine but are now performed on our Univac,
Any combination of cormponents up to 2 naximum of six may be computed since the form of the computatien is
identical for each compoment. Calibration data at present is plotted and manually faired. The faired

values of the zeros and loaded end points and their corresponding loads (both initial and applied) are in-
put to the machine.

These computations, though straightforward, would be tedious and time consuming if performed manually. Our
calibration loadings absorb between two to six shifts elapsed time and are performed manually.

Cne of the more interesting phases of the calibration data reductiom program are the methods of checking our
data and computations. Using the derived coefficients of our gage output equations the machine program com-
puts theoretical values of the end point meter deflections for each of our standardized calibration conditions.
It then subtracts from these the values of the corresponding experimental (calibration) meter deflections,

hesa differences, which we refer to as "random scatter and/or error”, represent possible errors in calibra-
tion loading, curve fairing, reading the faired curves, data transeribing, and/or machine computation.

By far the rost common sources of error are curve reading and data transcribing. These sources of error we

hope to mininize scon with & new digitized force calibration readout system and programmed curve fairing.

BALANCE CALIBRATION DATA REDUCTION PROGRAM (DA-24)
OUTPUT INFORMATION

IDENTIFICATION INFORMATION

A RANDOM SCATTER
~ AND/OR ERROR FCOR
7 EACH CODED LOADING
LIBR BALANCE BALANCE INDICATOR CONDITION
%‘FE Ne F.%g COMPONT RANGE SET i
Zi0oriean coummy mas | 13 1KY l‘z‘mﬁ__;‘}l 14 g 2se ——= 35
2500 17— ————12(7 > »—35=
250071651 M Pas 1u 47 988750 1 1 4 732052@_'%‘J"“ COUNTS COUNTS
250071658 2 8789 S 5541 96= 122
250071665 3 1367666~ 1(i34= 1033500~ 4= 10—
250071672 4 42000= o 5= 31738~ 36— 72
250071679 5 E 1707142 T ep2 1290031 fa 136 80~
250071686 6 630102 A 3 Eb 576147 1 n11-
250071693 7 120689 < 2 =1 91200 11- 181
250071700 ¥ s B $2339- i} 3- x | 39550~ a1 51
256071707 O ° 2 557857- po- & 421554— A1~ 81
250071714 \Z 10 3 104166 ﬁ S B 7sr18- 52- 58—
250071721 oL 11 v 38683 9 Z3 | 29286 5 4
250071728 0 12 166666 =z hs 05 rasoss
250n71735 E 3 2 14696875~ 613~ usi3e- L1~ AT
250071742 01 BAG21= Ej 9= g 0| 33945- 39- 61
250071749 ZZ 13 —f 598571 211 452320 < 1
2500717456 0gi1e F 168367 ¢ 3 E94127229 49— 59
2500717563 FU 17 1} 1693571 7 12797758 ]J;Iu 85 Th=
250071770 18 70-’ 644897 8 3 587327 S4= Th-
250071777 L&is G 1es7a1 5 2 - thg 147915 50 70~
250071784 32 20 a 8923 5 3 6756 EN 12-
250071791 Oz 21 W 42346 9] 1 Z| 31999 30~ 18—
250071798 Whkizz 2 1125000~ T 1pe- < j850125=~ 17 5
250071805 23 W 214285- o 3= zl—- 1561928= 23- 25
250671812 I C2s V132333333 Qoo 2 iboooonoo 24 47 135
250071819 a- 25 5 2n9sTo- 5  fro- b} % 158365- 49- 1
250071826 0 26 13541 16 %P 10232
250071833 N 27 E 8928 E o 5 6746 49= &9
250071840 rp zs 4751 5 359¢
250071847 it 29
250071854 = 30 CAQUNTS COUNTS COUNTS COUNTS ]
250071861 31 s 13— Kgl 390 Ksnja38 K‘?i 371 51~ 157
250071868 32 Kay?r 407 5= kL 408 Han335 Kk 4363 97
280071875 33 a 2 2 g7=
250071882 14 Kt 16— i 2" U235 Kirt33o KoL H268 s1- ha7
250071889 35 Kag T e~ Ky 2153 30 K 3258 [S 3 Re7
DATA MONJTORING INFORMATION
COLUMN 1
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Hamber of digits to therdpght of the dacimel for the folloming colusmns:
Galugzns
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35 I Equel to the mcher of dipits to theright of the deciasnlof the imput meter readings.

Figure 11,
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The "random scatter” computation, when coupled with the fact that we compare many of the constants which

are computed by several completely independent metheds, provides the information for engineering monitoring
of the calibration. The presentation of the digital machine program is so arranged that to the experienced
engineer or engineering aid errors are readily apparent and are then usually rapidly recomciled. Figure Il

is a sample of the machine output for a typical component (chord force in this casel.

We have shown & cross section of the type of balances developed at the Boeing Wind Tunnel Labeoratory for
experimentazl force measurements in our wind tunnel facilities. These balances reflect our requirements for
developmental as well as research testing. They also reflect the facilities available to us and the relative
importance placed on wind tunnel testing by the Boeing Airplane Company.

Some of the detailed developments in ocur balance development program are discussed, while in the Supplements
certain analyses are presented for those who may be interested in following more closely the reduction to

hardware of the principles mentioned.

Cur philosophy in the general applications of strain gage balances has been arrived at by experience, but

remains fluid with the changing requirements and individual test requirements of wind tunnel testing.

REFERENCES

1. Samson, C.i., "Data Handiing Practices in the Boeing Airplane Company Wind Tunnel Laboratory". DBoeing
Airplane Company, Seattle, iashington.

2. Curry, T. M., "Patent Application for Balance Design Number 6132". Boeing Airplane Company, Seattle,
Washington.

3. Curry, T. i., "Patent Application for Balance Design Number 3143". Boeing Airplane Company, Seattle,
ashington.



Supplement 1

THE BOEING COilPANY'S FORCE BALANCE TEST CAPABILITIES



AIRPLANE FORCE TEST CAPABILITIES

d g‘&r”]i[:_, ]::U
2] [ElER T
el

e

@HMM

BSWT
BTWT
| A WD 6379 . '
236 & vz - —530  afgpr| - lg ; ' *E 3130
A w Nl ] -] ' )
—H36  cw¥Ri i ' g Emmr R
0 m izl ) . V] = L}
B w Mkt £ 1o 635 EL }‘IH mﬁz] 13l
G om B g {21
—652 Dulﬁ!b«’t-‘ll",ﬂ'ﬂ ‘ ﬂﬁﬂ?@ﬁ
E m &l E
| g ot idel el —4lll %]—[S:]E —|—6147
GRS 15
_...558 . {l‘% E. i ce i - __5”0
¢ et "
oo I
w o] —6(8
2= [%1:%:3 17T
—658 v El J&QT”EE Ml 554

At p—d]] 1] ’
S ATEAT

A )TL_:'T; P%J}L————'—m—o-}

» DESIGN
s DESIGN

ST
s I b0
o WU et H
TE S e

2 WY o 5}
B bt 220 -



IOOST GLIDE FORCE TEST CAPABII.I'I'IES

AVAILABLE
GONSTRUGTION
DESIGN _\

AVAILABLE

e e
« Qror

FACILITIES FOR WHICH DESIGNED GONSTRUDGE'TE!,IC()SF?I\I
BTWT ,
o s - —
658 EW_H "!" :_U ”_'_"“‘L N Y TR | 305W
— Al
& relEEn-5 AEDG B-II _I“Q:"._:;"'-;;*:: 5l05W
T Temk, - J A wiel™ LT
s . 5 LA Gisew
= e ) K JPL 21" A i
lL@L = ) - E— 6I57W
E%ﬁ ML =4 "*‘“-c'ﬁ’f] - ] BAG 8" B '
6132 T ol ] neralar L gllggw
S . ‘A - = N
: rw,}’”" L:‘{E:__D_—"___A' BIHWT "“"—"[2 EMEID 3153 W
3133 T L — s IR 3152 W
Elt e —— OHIO STATE RN 314
U | Mefon B L :A— |2" = U._]mﬂ M _[] [ 11
eI34wW o LNl B 2 - __|: HEEVEE 43
RC 1II" n - U HEAE-r
ey HE LIUM A |
e i N :
Ve GORNELL 24" H
<B ][] >
ol CELLIE N A i A HO-IAES[I_)_I%T il —
46 W AT I 30 0 i :
——1 . BAG 44" |
3149 W ] s———— | HOT SHOT
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Supplement 2

{ULTI-COMPONENT MOMENT TRANSFER CGAGE



MULTI-CORPONENT MOMENT TRANSFER CAGE

General Apgalysis:

In a system with any number {n) of parallel beams {a two-beam system shown in Figure 2 for simplicity) an
overall bending moment m', about the group centroid at their axial center, produces zn overall bending
stress (see Figure 2C) on the system given as follows:

(1) s = -n' % where ¢ is distance from group centroid to the fiber
o in question and I, is the overall group section moment
of inertia, about its own centroid,

Transposing equation (1) and substituting in (3) yields:

[=113]
.

= =) S = _mE - =
2} Sm. = =(m+ Nx) T, (m)fo (N)x

0

From Figure 2C it is evident that the overall stress distribution due to moment along the individual beams
is constant. Thus, gages located at any axial station (x) along the beam on the outer top and outer bottom
surfaces are provided compressive and temsile stresses respectively, which may be used as a measure of the

overall moment m' in a typical bridge circuit.

Now the stresses along the top and hottom outer surfaces caused by normal foree reaction (RN) are shown in
Figure 2D to be propertional to the distance (x) from the center of this system of beams. Thus:

C.
= %
{3) SN = RN(x) T

i
but since
_ I.
(4) RN = N (_"i 3
i=n
= Ii
i=1
then
. X c1
(5 sy = 1= (N} where c¢; is the individual distance from centroid of
s I individual bezm to fiber in question, and I; is indi-

i vidual beam moment of inertia about its own centroid.

Thus, by superposition

6) s = S, + 5, = -m&) + NOA_ | X,
total m* N I0 Mi=n I0
: T I,
i=1

Hence, we can select configurations whereby the two terms in the right—ggnd most bracket of equation (6)
cancel each other at some station (x) lying within the half length of the heams (see Figure 3). Thus,

at this station the portion of the stress level which is proportional to Normal Force (N) is zero. Since
we can locate our gages at any station {x) without affecting the moment Sensitivity we can thereby readout
moments about amy point external to the center of the moment measuring structure by any distance (x).
Hence, the condition for normal force cancellation is as follows:

D f_Ei__ = xC which might be applied in the pitching moment plane
i=n I or the yawing moment planes
I,
i=1 *

T4



Frequently in the practical application of equation (7), in balance design, stress levels required for
accurate measurenents, as well as strength (stress levels) requirements afford situations in which it is
impossible to satisfy equation (7) because the stress level caused by xC/I, is too large5 in respect to
that caused by

X Ci

i=n
= Ii
=1

1

Thus, the following analysis shows a practical method of easily controlling the relative magnitude of these

two terms in the selection of a working balance configuration.

& Tt could never be too small since x may be varied to zero.
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MOMERNT TRANSFER
FINE COMPONEBENT CAGE
DESIGN CRITERIA
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WIND TUNNEL STING BALANCES

Richard R, Tracy
Task Corporation

INTRODUCTION The fundamental tool of the experimental gas dynamicist or aerodynamicist is the wind tunnel.
Of the many measurements made in wind tunnels, the most important, at least from aa engin-
eering standpeint, is the determination of aevedynamic forces and moments acting on 2 body. In early tuneels,
the model support struts attached to beam balances and the forces were measured by direct comparisen with
dead weights. The balances were necessarily situated outside the tunnel working section. Such "external
balances" are still in use in some present facilities. However, although servo~driven self-balancing devices
(and more recently, the replacement of balance beams hy foree transducers)-have reduced the tedium and time
involved in making force measurements, the external balance exhibits several undesirable features:

1. Large tares due to the weight of the model support system (and pitching system when
measurerents are in "wind axes").

2. Large force transfer due to balance location away from model.

3. Support struts must be windshielded, hence pressure sealing may present a formidable problem.

These difficulties were largely overcome by locating the "balance" (as it is still called) within the model
or between the model and a supporting strut. Where such an arrangement is employed, the support strut
extends downstream from the model base and is called a “sting"; hence, the name "sting balance™.

The construction of the interral (or sting) balance was made possible as a consequence of the invention of
the resistance strain gage. Early examples were little more than instrumented stings; strain gages were
located in such positions as to give signals ''proportional” to the applied aerodynamic forces and momentse
Despite the subsequent refinement of both strain gages and balance geometry, single piece balances were
generally characterized by significant coupling effects (interactions), large deflections, and limited load
carrying capacity.

A reduction of sirain gage physical size later permitted the consideration of an entirely different type of
internal balance, It was conceptually very similar to the external balance in that the aerodynamic_forces

and moments were mechanically resolved by a statically detexminant array of members, each of which was instru-
mented with strain gages. Thus, each member (or element) was a single force transducer isolated from the
remaining forces by pivots located at each of its ends., Supported on the six elements was a model attach-
ment frame or sleeve, giving this type its mame — "floating frame balance". Despite the similarity of
function, size, and location of the two types of internal balamces, it is edifying to examine the important
aspects in which they differ.

THE SINGLE PIFCE BALANGE The single piece balance is essentially a cantilever beam supporting a model at

its end and instruwmented with strain sensitive devices. If such a member is
loaded at its end by some combination of forces and moments, the state of stress (and hence strain, for an
elastic material) is completely determined throughout the member, Since it is impossible to completely
determine the state of strain throughout a body, the loads on the member must be determined frem 2 knowledge
of the surface strains at a few discrete locations. That is, if several combinations of one, two, or four
gages are each wired to give an electrical ocutput (fox example, a heatstone Bridge) proportional to local
surface strain, is it possible to equate each output te, say, a linear combination of the six applied ferces
and their products?
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Suth a representation is sufficiently gemeral; however, if the above equations for the outputs of a six
component balance were written out in full, they would involve 335,916 coefficients! Even though only
5,562 of these are independent (under the assumption that outputs depend only upon load combinatioans rather
than loading sequence), the calibration required for their determination and the problem of inversion (sol~
ution for the forces from a set of output signals) would be formidable. The practical limit for calibration
and data reduction requires a system whose outputs may be represented by:

. 6 6 0o
(CUTRUT) = Z(kn)p Fp + = E(kn)pq Fp Fq 2)
- PRl =l g=1

Fnd further that the calibration slope comnstant of each component, (Kn)n' be much greater than the remaining
coef{icients. That is, each output depends predominantly on only one applied load component, It is rather
surprising that a cantilever member can be constructed and instrumented with strain gages whose component
outputs meet these requirements.
In the general case, a bridge of strain gages is applied te an especially“méchined section: one such for
each force or moment component to be measured. Each sectiom is configured and the gages mounted on it so
as to be sensitive to strains resulting from the application of only one force component and, insofar as
possible, insensitive to the strains produced by applicaticn of the forces. The achievement of this end is
approached by:

1. Thoughtful design and careful machining

2. Careful matching of gage sensitivities within each bridge

3. Precise gage placement

It is further apparéﬁt that the ratios between appliéd forces to be measured must be in the nzighborhood of
unity. That is, a section greatly weakened to measure a very light force is incapable of supporting the
remaining large forces, not to mention the inability to remain insensitive to the large strains imposed.
{Note that moments may be approximately compared with forces by dividing each moment by the largest balance
dimension lying in the plane of the moment’®s actiona)

. The above limitation renders this type of balance unsatisfactory for measurement of chord (model axis) forces
in most aerodyramic problems, Balances which must measure relatively light chord forces are equipped with

a pivoted axial element, isolated from the remaining forces by a flexured cage. In this sense the balance

is partially of the floating frame type. The most successful recent examples of the single piece balance,
group more than one measuring component at each statiem. In fact, it is not now uncommon to sense five
forces or moment components at one elaborately machined section and chord force as described above. The
section offers multiple parallel load paths to the applied foreces and in philosophy approaches the floating
frame balance.
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THE FLOATING FRAME BALANCE The floating frame balance consists of a cantilever member which supports a

model mounting frame or sleeve by means of a statically determinant array of

one—component force transducer links. Ezch link or element is provided with pivots at each end in oxder to
permit only one component of load to be transmitted through the element under any combination of applied
loads. -

In general, there are any number of possible orientations of the elements which provide mechanical resolu~
tion of applied forces and moments into single force components through each element. For a specified
combination of capacity loads, a particular configuration usually provides optimum resolution and over-all
accuracy; however, the wind tunnel internal balance is confined within a very specialized package shape.
The most usual external shape is that of an elongated cireular cylinder whose sxis is aligned with the
model axis. Somewhat fortuitously, these spatial confinements are compatible with the element arrangement
most suitable for resolution of the usual force and moment combinatioms.

Broadly, this arrangement may be described as a pair of wertically situated elements spaced apart longitud-
inally; another pair of elements similarly spaced but lying in a horizontal plane; an axial element; and 2
concentrically placed torque tube, The result is a rectilinear arrangement of normal force, side force, and
axial force members and a pure moment measuring element. It should be emphasized that each element is capa-
bie of transmitting oniy one component of force (or moment) by virtue of its placement and the pivots provided
at each end, and that, additionally, the transducer associated with each element is designed to be sensitive
only to the applied force. Consequently. the output of each transducer is proportional only to the value of
its associated applied force and not upon any other applied force or combination of applied forces.

The preceeding discussion applies strictly to an idealized internal balance (rigid support structure, perfect
pivots, perfect initial alignment, negligible transducer deflections, and transducer output proportional to
load). These effects are an approximation to the behavior of a real balance, albeit, 2 very close approxi-
mation in several important casss — notably the lower force range balances. The reasons for departures from
the ideal behavior may generally be attributed to the following real effects:

1. Distortion of the model support frame ("outer sleeve")

2, Deflections of the cantilever supporting member ("imner rod”).

‘3. Imperfect pivots preventing complete force separation and resolution,

4. Deflection of elements (including transducer) under loading.

S« Transducer sensitivity to incidental non-primaxy loads,

6. Transducer failure to produce output propbrtional to load.

A final important source of abberative behavior not heretofore considered is:

Te Sensitivity to thermal environment.
Before investigating in detail the results of these deviations from ideal, it is well to state some general
consequences which may be inferred.

Initial misalignment will be ¥ source of first order imteractions, as will be the finite stiffness of the
pivots in transmitting small spurious loads te a slightly "cross-sensitive" transducer. These are minimized
by careful pivot and transducer desiqne.

About one-third of the mathematically possihle second order interactions will necessarily exist. Their
magnitudes are in proportion to the degree of misalignment produced by applied loads, and may be approxi-
mately caleulated from estimated element and structure deflections, Several of these are usuzlly negligible
and the rest are reduced by minimizing angular deflections under loading.



Third order interzctions are, at most, on the order of second order terms squared. Ilence, they may generally
be considered negligible since second order terms rarely exceed about 1 percent even under the most adverse
circunstances.

Transducer inaccuracies impose a fundamental restriction on ultimare balance performance. WNon-linearity,
non-repeatability, hysteresis, electrical signal zero drift with time, drift under load, thermal change of
sensitivity, thermal zero drift, and sensitivity to other environmental conditions are all potential erroxs
which must be minimized.

A very important aberration to which the floating frame balance is susceptible is the introduction of thermal
forces arising from temperature gradients (or dissimilar materials) through the balance. These are actual
forces and not the therwal strains to which the transducer may alse be sensitive {in these as well as in the
single piece balances). Thermal forces always exist in a multiply connected body (i.e., one with holes} in
the presence of temperature gradients,

Generally, these forces tend toward zero as the pivot stiffness decreases., Furthermore, since the thermal
gradients encountered are vather counsistently similar in most applications, it is particularly important to
employ the particular configuration which renders the thermal forces a minimum under the anticipated condi-
tions, The most successful approach to this problem will be described in a later section of this paper.

FLOATING FRAME BALANCE COMPONENES®  The design of a floating frame balance involves the application of
several branches of engineering technology. Although, in balance design

practice, these several fields are intimately interconnected, an attempt will be made here to deal with them
as separately as is meaningful in order to emphasize the primary function of each of tlie components and to
bring out the principal considerations influencing their design. The balance problem may be subdivided as
followss

1, Mechanical foree resolution

2. Strength of structural support members

3. Pivots

4, Transducers and strain gage techniques

S« Attachments

6. Caljbration and operetion

7. Balance selection

1, Mechanical Force Resolution The arrangement of the forces resolving linkage System has been briefly

’ ~ mentioned previously. The general nature of the applied forces and the
restriction on shape dictate a particular arrangement of the pivoted links as shown schematically in Figure 1.
A pair of elements placed on vertical diameters (of the circular cylindrical package) sense normal force and
pitching moment. Another pair on horizontal diameters sense side force and yawing moment. Axial {chord)
ferce is carried by a central longitudinal element and rolling moment is taken by a cencentric tube around
the chord force element. ‘

The above arrangement effectively solves the force resclution problem in a manner compatible with structaral,
pivot, and trapsducer requirements. However, & radial temperature gradient introduces an axial thermal force
which may be significant compared to the axial force capacity. Thermal error proved to be a severe limita-
tion on the usefulness of this arrangement and for several years a variety of devices were employed in an
attempt to cancel or compensate the spurious thermal output. The first balance to successfully overcome
this difficulty employed a deceptively apparent and minor mutation of element arrangement which eliminated
.the troublesome thermal force even in the presence of the radial temperature gradients
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Figure 1. Schematic of early arrangement
for force resolving links,

In order to understand the method of averting thermal forces in the balance, it is necessary to examine the
basi¢ problem, If the roll and axial members are imagined to be removed, the resulting differential expan-
sion between the inner rod and outer sleeve is "centered” at a poingkmidway between the forward and aft sets
of normal and side force elements. At any other station there is a relative axial displacement between the
inner rod and outer sleeve. With the axial force element installed at the balance forward end, the relative
displacement there cannot exist and an axial force is developed of magnitude such as to overcome the normal
and side force elements’ pivot stiffness in removing the displacement. In other words, the differential
expansion is forcibly ™centered™ at the axial eclement station and if this does not coincide with the "matural”
center (with axial element removed) of expansion, then a thermal axial force will result. It is, thereférea
clear that the natural solution of the problem is to place the axial force element at the "thermal centex",
~The "Series — D" balances {(after Robert Davie who first realizad this configuration) employ dual (tandem)
axial elements acting in parallel and positioned symmetrically with respect to the thermal center or "center
of forces". The dual chord force permits the otherwise impossible achievement of a completely symmetrical
central position and, in addition, provides electrical cancellation of thermal forces arising from a tempera-—
ture difference between the inner rod and axial elements. The tandem axial elements are attached at their
¢ommon center to the outer sleeve and at their ends to the inner rod. An applied axial force produces forces
of opposite sense in each element while forces due to temperature differences between inner rod and axial
element are of the same sense in each, thus producing no net signal from the combined outputs. An example
of this arrangement is depicted in Figure 2.
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Figure 2. Cutaway view of a modern force balance.

As a natural consequence of the arrangement the roll element becomes a dual member attached as is the chord
force, and placed concentrically arpund it. Additional benefits are the virtual elimination of second
order interactions involving normal forces times chord force or rolling moment, and side force times chord
force or rolling moment. Also, the second order interactions arjsing from pitehing or yawing moment times
chord force or rolling moment are substantially redqced.

Because of its many advantages, this arrangement of force resolving members is now practically in universal
use for floating frame balances. Minor changes in relative spacing of elements, etc., are dictated by each

particular combination of loads to be measured and the permissible physical size of the balance.

2. Strength of Structural Support Members The strength of the inner rod and outer sleeve is a relatively

straightforward stress analysis problem. The outer slseve
should occupy as little space as possible yet provide adequate attachment for each of the elements and suffi-
cient strength and rigidity to carry the loads from the model attachment device,

Generally, the inner rod occupies all of the space not taken by the outer sleeve or the elements. This is
don&, not only to maximize rigidity, but because the inner rod, rather thanm the elements, is a limiting
comportent in the maximum load carrying capacity of a balancei Since, as shown in Figure 2, the inner rod
is machined to provide clearance holes (as well as mounting seats) for the elements, the size and shape of
each element is to some extent governed by the structural requirements of the Inner rod, The inner rod is
provided with a means of attachment to the supporting sting. Mest usually this is accomplished by a tapered



joint which is locked and keyed. While the design of this joint is not of fundamental jmportance in balance
performance, it is a very critical area and will be discussed presently.

3. " Pivots The pivots used at each end of the elements have a definitive effect upon balance performance.
While they need not deflect through large angles, they must be compact, rotationally free, axially rigid,
and absolutely without axial backlash or rotational hysteresis. The only pivot which approaches these qual-
ities is the elastic pivot employing Integral flexible portions or "flexures".

The simplest elastic pivot providing the two degrees of rotational freedom required {universal joint) consists
of a pair of flat strap flexures in tandem at right angles te each other. The only defect of the elastic

pivot is its elastic restoring moment resisting angular deflection.
This pivot stiffness introduces redundancy into the ideally statically
determinant system. However, if the actual forces in each element are
*closely approximated™ by a statically determinant anaiysis, then it
may be expected that, except for slight change in the apparent sensi=-
tivity of each transducer, the balance will behave substantially ag if
it had perfect pivots., A crude calculation serves to establish the
degree to which the real balance approaches the statically determinant
ideal. Consider six identical elements, each comprised of a pair of

filat strap flexures at each end and an intermediate strain gage trans—
ducer as shown schematically in Figure 3. The lateral force, S, required
to deflett each element a distance, &, is related to the restoring
moment of the flexures, M:

. 2
5 = [ (3)

where H is the flexure spacing.

Figure 3. Schemstic arrangement The moment is dependent on the deflection angle, 8, and the flexure

of typical flexural geometzry
element.

3
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where E is Young's Modulus and A is the flexure cross-sectional area. L is the flexure length and b and t

are its width and thickness, respectively. The angular deflection is the result of the axial deflection of
one element carrying the primary load, P:
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where 9 is the angular deflection, Lg and Ag are transducer length and cross-sectional area respectively.

.

Inserting these in the expression for the lateral force, swmming the lateral forces, S, produced by each of
the remining five elements and dividing by P, the primary force acting on the componrent under consideration
gives the fraction of applied load diverted by the flexures of the remaining element:
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Typically, Lg/L is of order 10 and A/hg of order 1/3 (for "tension-type™ elements), hence:

2 .
= g (.;.) (8)

%

Thus, the fraction of an applied load that is "lost" due to the redundancy of the system is very small if
the flexures” thicknesses are small compared with the dimension separating each pair. The above formula

is a result of great oversimplification and serves only to verify that the usc of properly designed elastic
pivots will permit the balance to fumction substantially as anticipated. ’

Each flexure is a thin strap comprising the material remaining between parallel holes drilled through the
element shank. Not only is this type of flexure straightforward to manufacture with great precision but
it possesses very desirable hehavior under ioad. Another advantageous feature is that all of the machine
work on an element may be completed before the flexures are "sawed-free” to permit the flexures to deflect.

Occasionally, coﬁpatibility or stress
requirements indicate a longer flexure

’)\e N K !% than can be obtained with "circular are"
M ™ types. In these cases the strap is
",):E;- elongated by milling slots on each side
fi:j& of the flexure rather than by drilling
1

—-—————~—————{— larger holes.

The term, "compatibility” is used herein
to describe the ease with which the

elastic pivots permit each element to
i . - -
. comply with the lateral deflections imposed F

1

-—(\-—l
I

on them by the axial deflections ¢f a
Figure 4. Typical flexure used in force balance. loaded element. A synonymous term is
. "compliance™: it is the reciprocal of
the spring constant.

The behavior of a flexure in bending while subjected to axial force is in itself a problem of some complexitye
The beam~column analysis required has been presented by Eastman and others for the case of a flat strap,
constant thickness, flexure for several possible modes of loading. The resuits of importance for balance
aﬁﬁiication are that as axial force increases:

1. The position of the center of the c¢enter of rotation shifts

2. The allowable angle of rotation decreases rapidly

3, The apparent restoring moment or angular spring comstant changes.
The proper axial force parameter is the ratio of applied force to critical buckling load. These effects are
shown quantitatively in Figure 5, with terms explained in the sketch of Figure 4, The surprising consequence
is that the effective spring constant in bending increases with compressive load and decreases with tensionl
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Figure 5. Flexure behavior under axial leading.

Immediately apparent are the two shortcomings of circular arc flexures:

1.
2,

These are usually unimportant concessions compared with the benefits acerued,

The usual Tange of D/t is from about 3 - 8 resulting in Leff./b of about 1.5 = 2,5 in bending.

The flexures used in the
irternal halance under dis-
cussion are useally of the
"eircular arc” type with
sides formed by parallel
drilled holes such that the
thickness varies continuously
It is
possible to define an effec-
tive flat strap length of-

along their length.

this type of flexure in bend-
ing and also for axial deflec-
tion. These are plotted as

effective length over thick-
ness {Le/t) versus flexure

hole diameter (arc diameter)
over minimun thickness (D/t)

in Figure 6.

The axial deflection is somewhat greater than that of an equivalent flat-strap flexure
The longitudinal space required is much larger than that occupied by the equivalent flat strap

(Greater

D/t is usually ineffectual while very small D/t results in poor compliance and excessive bending stress.)

Even for the extreme case of L/t = 2.5, the flexure working load is only about 20 percent of the censerva-

tively calculated buekling load. Since this case corresponds to a very compliant flexure, and since stiffer

flexures are typically working at
P/Pcr less than 10 percent, it may
be reasonably expected that the
effects portrayed in Figure 5 will
be very recessive in affecting
balance performance. In a few
instances where load eapacity has
necessitated thick flexures and
bending stress limitations dicta-
ted large flexure diameters (or
flexure elongation), excessive
second order interactions were
traced in part to the variation
of restoring moment of such flex-
ures with épplied axial fores.
This points up the fallacy of
excessively increasing flexure
length to gain compliance. There
is a peint of diminishing returns
beyond which increasing flexure

length does little but increase
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over-all balance deflection, Flexure lengths of greater than about 3 times their thickness are rarely
useful except to reduce otherwise intolerable bending stress levels. In fact, it is apparent that very
long flexures in a moderately non-compliant balance will lead to significant nen-linearity in the second
order interactions {tantamount to a third order interaction) due to the non-linearity of restoring moment
depending upon lead., Long flexures are justified only when the transducers invelved are much more deflec~

tive than "tension~type" or when the reduction of flexure bending stress permits the flexure to he substan-
tially thinner.

A general practice appropos the above discussion is to design the balance with maximuﬁ flexure sbaciﬁg;and‘
very thin flexures (so that the direct flexure stress is near the permissible working stress). Excessive
bending stresses should be reduced first by increasing flexure diameter and only then, if necessary, ineress-
ing flexure thickness. Only in severe cases will elongation of flexures be necessary.

It is of value at this point to note (with a 1ittle hindsight) that an estimate of the limiting loads for
which the balance may be expected to operate as & nearly statically determinant system can be made from
flexure considerations alone. If each normal force
- element has the dimensions shown in Figure 7, where
"D" is the diameter of the model cavity (and balance
outside diameter), then the average fraction of
applied load "lost" through flexure stiffnesses is

found from the previously obtained expression:

4
A 6 52 = ¢ (D 40)2 = 1 percent. .(9)
P H 5b/8
5 H:%D .
If the greatest ratio between capacity loads is of
order ten, then about 10 percent of the lightest
load may be diverted by the fiexures of the other
: elements. The normal force capacity of this balance,
! assuming a direct flexure stress of 50,000 psi, is
Figure 7. Typical dimensions for NTOTAL = (2)6AFlex. = (2)abt
T force element flexnures, Tt y 3. DD “2 - -
=(2)(50x 10 }(g)(z@‘) = 500 D (10)

Hence, for ideal behavior it would appear necessary to limit the normal force load parameter, Bn=

R =

Neorar,
n. 2

< 500 an
D -

Experience has shown that, other factors given due consideration, balances meeting this requirement have
very good performance and are considered "standard-range™ balances.

If the flexure thickness is doubled, then

é% == 4 percent {12}

and nearly half of a light load component (one tenth normal force capacity) may be diverted through other
elements. This may -be considered to he the absclute limit for balances having behavior approximating the
mechanical resolution concept. Thus, balances for which the load parameter lies in the range,

500 = B = 1,000 ’ (13)
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are considered "high-range™ balances. Balances for which Rn > 1000 are "extended range" balances and
are generally subject to aberrative behavior,

A similar "analysis"” may be applied to rolling moment capacity taking as typical dimensions those of
Figure 8 from which the average fraction of applied load diverted through roll element type flexures is

aP t.2 3/250 O,

T = 6 (H) = 6 ( 3710 5) = 1 percent €14)

And again, light load elements may be of the order of 90 percent effeciive. Then recalling that the rol-

ling moment, 1, is carried in parallel by two such roll elements and that each pivet has four flexure straps
sharing the load:

1 = 8oA, R = 8obtR
- 33 (2 D) (=2 D) (2
= (8) (50 x 10°) G55 D) 555 D) (g5 D)
~ 160 p° - (15}

Henc¢e, the maximum value of the roll load

D parameter for standard-range halances (here
again supported by empirical results), is
taken to be:

= 1
1 3
D
“'"%T And for high-range balances the parameter
L will have a value,
160 = Ry £ 320 (17}
Rl in exeess of 320 generally determines a
Figure 8. Typical dimensions for roll element balance to be in the extendedrange categorye
flexures.
» A -

Other factors, of course, influence the relationship between balance load capacity and the expected approach
to ideal behavior. Generally favorable to good performance are large balance physical size and component

capacities such that their load parameters are of the same order of magnitude.

Define for this purpose

Nporar.
R = et R = —
N o2 i 2
YromaL, . m
By = =52 Ba % 52
n
R = X R = A
X D2 n SyD2

where Sn and Sy are the distances from the balance center to the normal and side force elements, respectively.
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It shouid be emphasized that the above load 1imits do net ryepresent the maximum loads for which a balance
¢an be ce=signed. As was mentioned earlier, the force measuring elements generally do not impese an abso-
lute 1init on load carrying capacity. In fact, the high dynamic pressures now available in some tunnels
have necessitated constTuction of balances whose operating capacity resulted in load parameters nearly twice
those ecrTesponding to extended range balances! It is, frankly, startling, not that suck a balance exhibits
anomalies, but rather that it yields data of nearly the same order of reducible accuracy as a standard-range
balance.

4, Trarsdvcers and Strain Gage Techuniques The transducers integral with each element may be considered

the heart (or better, nervous system) of the balance. - The

fundamertal requirement of each transducer is that it be of a size commensurate with the available space
and that it produce the required output from the load component it is to sense. The additional objectives
of

1. low deflection

2. linear output

Ja low hysteresis or non-repeatability

4. insensitivity to extraneous forces and mument§:

5. insensitivity to thermsl environment

6. insepsitivity to pressure change and humidity

T. ease of fabricatien

8. ruggedness
are each separately achievable but difficult to attain simultaneously at an acceptable level. The trans-
ducer configurations possible are literally unlimited; however, a number of specific types have found
repeated application by virtue of their general satisfaction of at least most of the requirements. The
most cormon speecies ares .

1. tension-type -

2s eccenfric columns

3. ring-types
Before describing and comparing these specifically, consider a few generalities.

The deflection of a body under external loading is generally determined by applying the principal of con-
servation of energy:

- 'Y - * rl

W - 0 = Const. = O a9

~— - -

Where W is the external work done by the applied loading and U is the strain energy of the body; hence, for
the case of uni-axial leading of a linearly elastic body the equation becomes,

-

2% = %fff e dlvol.) = %fff e2 d(vol,) ‘ 19)

volume volume .

The formula is already specialized to the case where only one significant component of strain {stress) is
developed in the body due te the applied loading, P.

for the case of & prismatic member of length, L, width b, and thickness t, leaded axially such that the
axial strain is uniform threughout the member: .

L b t

2 f2 f2
G-B%-f-ff ezdxdydz

o o o

& thL = —f; ey (20)

]
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from which it would appear that for = given strain gage output (or strain level) and for the minimum
volume, v, on which a strain gage may be mounted with adequate power dissipation (whichk also places a
lower limit on the body thickness), the deflection decreases without limit as the load capacity of the
transducer increases. Unfortunately, there is a constraint between strain load and cress-sectjonal area
such that the proper expression is

3 = eL . : (21)

Hence, for a fixed minimum length for gage mounting and fixed output, the daflection is independent of load.

For the case of a prismatic member in pure bending such that the bending stress (and strain) vary linearly
through the thickness and upon whichk is superimposed & uniform stress due to the axial load P,

L b ¢
& = a%fzfzfz =325 ax oy
4] 0 Q

=%%32thL=%—%ezv - (22)

There is an apparent reduction of deflection by a factor of three compared with the direct tension transducer
element for the same minimum strain gage mounting volume. Furthermore, it is possible here to use a four-
active gage Wheatstone Bridge circuit while the tension-type element has only two active, or at best. two
fully active and two 0.3 active gages when Poisson's Ratio effect is utilized. The net result is that this
idealized bending member has only about 22 percent the deflection of the optimum tension-type element for a
given sensitivity. There is, furthermore, no longer the restrictive condition relating load, strain, and
cross-sectional area since the bending moment may be arbitrarily adjusted to achieve the desired strain at
the minfmum practical cross~sectional area independent of load. It must be moted that the vanishing deflec=-
tions indicated as load P, increases are not attainable. The shear strains in a cantilever member or the
axial strain for an eccentric columm are not negligible as the load increases and the section is kept small.
The result for the eccentric column including strain due to axizl icading as well as bending is

2

E 1 ,ty2
2 =5 oL [[1 + 12(e)]] (23)

i

where e is the eccentriecity of the active portion of the column, There is now an additional relationship

. . . . X . »
between load, eccentricity, strain and section dimensions:

Ee = 22 (24)
bt

so that the proper expression for deflection is
8 = 2:L || (B + - - 25)
t 12(e/t)
The deflection is minimized at e/t = 0.288 for which
8 . = 1,154 =L (26)
Mle

At the same strain, then, the best eccentric column is about 15 percent more deflective than the best
tension-type element; however, in terms of eleetrical sensitivity, the eccentric¢ c¢olumn is about 25 percent
less deflective!

This difference is not very significant in the Pight of the many practical considerations such as load
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magnitude, linearity, sensitivity to temperature and extraneous loads, and physical size which usually
govern the final choiee. It is apparent that the transducer deflestion may usually be estimated for pre-

liminary design purposes hy considering a simply tension-type element.,

The same principles apply to a shear semsitive section with the important result that where such a section
can be emplayed it may be much less deflective. This is because the shear web on which the gages are

mounted may be made an order of magnitude thinner than the tensile or bending sections dixcussed previously
since the unstressed flanges which are usually associated with a shear section serve as heitt sinks to dissi-
pate the electrical strain gage power generated., However, only @ particular combination of eircumstances
permit the advantageous ntilization of shear transducers in a floating frame balance, sinue practical shear
transducers are ungainly in size and shape.

A tension-type element is most simply a prismatic post whose cross-sectional area is detormined by the strain
level! requirements and whose iateral dimensions permit attackment of strain gages. Even shere only twe gages
are active in a bridge circuit, thermal compensation dictat-s that the two dummy gages be located proximate
the active ones. In practice, low sensitivity to extraneous loads is obtained by maintainiag large lateral
dimensions. Typically, an "I" or "H" section is used. Commonly, the active gages are monnted to the outer
surface of the flanges and the lateral gages are mounted on the web. In this case, it is often possible to
realize a slight increase in sensitivity by taking advantage of a secondary ring bemding ~ffect. An even
more successful arrangement is to mount the primary gages on the web which iy aligned with the adjacent
flexures for a local augmentation of stress, and to mount the lateral gages on the puter surface of the flanges.
The flanges are (with proper design) subject to a secondary lateral bending similar to anticlastic bending
such that the net output may approach that of a four active gage bridge operating at the sverage axial strain
level. Furthermore, sensitivity to extraneous loads are even more reduced, Many other arrangements are, of
course, possible and most have been tried at one time or another. '

Strain gage elements®of this type always exhibit "negative™ non-linearity (less output in Sompression than
in tension} due %o
l. Poisson's Ratio change of area under loading
2. the logarithmic dependency of “"natural™ strain (to which the strain gage is sensitive) upon
total strain.
These two effects result in 2 quadratic non-linearity of from 01 percent to 0.3 percent »% @ ndminal sensi-
tivity of eone millivolt output per volt input.

The eccentric column is simply & member displaced from the axis of loading, dimensioned t- Zevelop the proper
bending strain under the influence of the resultant bending moment, and instrumented to s=-:e only the bend-
ing strain with four active geges. The bending takes place in the same plane as that per— *ted by the
inboard flexures of the element so that the columm bending moments are nearly statically +stermimant. Depend-
ing upon the relative bending stiffness of the inboard flexures, the transducer is to a rrwater or lesser
extest dependent on extraneously applied mements in the plane of the eccentricity. This .-<esirable effect
is eliminated by splitting the column longitudirally into two halves, each of which is es+wstric, but on
opposite sides of the axis of loading. Hence, the sense of bending is always opposite in *iese iwo members
such that a met extraneous bending moment of the same sense in both members is electrical.y cancelled. These
elements may be mode to be sensitive to much smaller applied forces than the tension-typs tlement. They aze
always non-lineaxr in @ positive sense (increased output in compression) due to the changs 20 eccentricity
caused by loading. The magnitude of non~linearity is calculable to be proportional tos

2
(L/t)" = 2p
(e/t) (27)
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where L/t is column length-thiclness ratios & is Poisson's Ratio, and e/t is as defined previously. Rarely
is it possible to reduce L/t to the order of twice Poisson's Ratioe; hence, linearity is “positive" and may
be further decreased by increasing eccentricity. This is contrary to the deflection criterion which indi-
cates e/t ratios of about 0.3. The necessary compromise is a difficult one to make; the usual course being
to minimize length as mueh as possible and to faver the deflection in selecting low eccentricities at the

price of non-linearities ranging between 1/4 and 3/4 percent at one millivelt per volt. Again, many other

factors enter in the final choice.

d
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TASK RING GOLUMN

|
T 1 OR H SEGTION
RACE TRACK  (pOISSON EFFECT)

Figure 9. Flexure configurations used in force balances.

The "ring-types” are variations of the eccentric column, or rather the double-eccentric column described
last. 1Initially, they were made to approximate circular rings of constant cross-section for ease of stréss
analysis and design synthesis. These were difficult to machine, overly deflective, space consuming, and
presented only curved surfaces for gage mounting. Even so, such rings were not exactly predictable by
simple ring formulae. The modified ring or "race-track™ element has found wise use in internal balances.
Its advantages are
1. the width of the gaged portion is great enough to permit "stress-balancing" such that the
gage bonds in each case "see" only the useful bending strain and need not electrically cancel
the net axial strain
2. the distance between the inboard flexures is greater than that for an equivalent eccentric
¢olumn
3. it is very rugged and virtually unaffected by extraneous leoads.
The second feature is an advantage only in moderately large balances where maximum flexure spacing is
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desirable with minimum active gage length. Despite these features, the "race-track™, like all ring types,
exhibits positive non-linearities and its deflections are greater than the eccentri¢ ¢olumn which would
replace it. Its large deflection argues against its use except in some light load components of moderately
large balanéés and for light load applications in very small balances where size restrictions prevent
"doubling™ of the eccentric column and loads are too light for a tension-type member. This application has
led to the "square-ring": short because of length restriction; broad to enabls gages to be applied to the
inner faces. The result is a practically linear output but very large deflections (relative to a comparable
tension-type element).

The single eccentric column is often used in the dual chord force arrangement where space is limited and
loads are very light. The moment sensitivity and non-linearity of the twe (long) single columns cancel in
the net output of such a push-pull axial force element.

It may be mentioned that in high load parameter balances the chord force cutput is limited when the axial
force requirement is very small. The compliance of the remainder of the balance to axial deflections may be
less than that of the axial force element itselfi In this case, increasing the sensitivity of the element
may reduce its stiffness (increase compliance) enough to offset the sensitivity increase, while stiffening
may likewise be offset by the resulting reduced sensitivity. This problem mutually involves flexure and
transducer design;

The most effective rolling moment transducer is simply a thin-walled cireular tube on which strain gages
are placed at 45° to the axis of the tube in order to sense only the shearing strain produced by torsion.
The deflection follows the same law found for tension-type members and non-linearity is negligible.
These by no means exhaust the transducer possibilities, since a complete morphology would be voluminous.
Suffice it to say that others have been tried and still others are under development, some of which offer
great promise for standard and special applications.

Likewise, a discussion of strain gages, their selection, application, connection, temperature and output
compensation, protection, and operating environment would be a treatise beyond the scope of the present paper.
With-regard to balance design and practice, several (often conflicting) requirements should be approached as
closely as possible: . . »

1. Locate the gages of a bridge near one another with good thermal connection;

2. Locate gages away from fibers strained by extraneous loadsi

3. Locate gages on surfaces as flat as possible;

4. Use four fully active gage bridges where possible;

S. Avoid mounting on thin surfaces (generally take 02" - 03" as a minimum);

6. Use large-high resistance gages with maximum gage length;

7. Design for surface strains of 500 to 1000 microinches per inch macimum;

8. Use super-clinical cleanliness and care in preparing and mounting strain gages.

5. Attachments The balance fittings and attachments are quite ordinary and yet require the utmost care
: to avoid their compromising the balance's strength and accuracy potential.

The model must fit very closely on the balance diameter. The balance outer sleeve is a structural member
and as such is subject to deformation necessitating the tightest possible fit in the model cavity. Axial
and roll loads are carried by ome or more very closely fitting pins between model and outer sleeve. It is
strongly felt that a significant contribution to hysteresis and non-repeatability {especially these of first
and second order interactions) can be traced to poor calibration body and model fits on the balance. This
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should not be too surprising since the only joint on the balance system that is not either screwed or
heavily pressed together is the model-balance attachment.

The normal and side force elements are customarily attached to the immer rod and outer sleeve with specially
machined cap screws. Clearance is provided at the outer sleeve joint to permit adjustments of element align-
ment to be made, This is one of the most important features of the floating frame balance in that eight
important first order interactions of the thirty possible may be often reduced virtually to zero. (Onmly 2
half dozen or less of the remaining twenty-two are generally significant.)

The axial and roll members are attached at each extreme end to the inner rod with hardened steel pins pressed
in burnished holes. At their center two rows of similarly pressed pins earry axial and roll loads from the
outer sleeve.

The balance connection to the sting is the most difficult area of the balance to properly analyze. The
"sting-socket" tapered joint must carry bending and shear in two planes and axial and rolling moment {(with
the aid of two pins or keys). The most common modes of failure, aside from bearing failure of the voll
restraint pin slots) are:

1, Fracture at the base of sting,

2. Bearing failure at base of sting,

3. "Bell-mouthing" or cracking of sccket lip.

The first two above are ameliorated at the expense of the third and vice versa. When the sting"gage diameter"
is adjusted accoxdingly, the remaining course is to lengthen the joint. When this has been done, excessive
galling of the mating surfaces resulted from the inevitable motion between sting and socket in bending. In
short, the limitation of balance lateral force and moment capacity currently lies at this joint rather than
with the complex system of pivots and transducers within the balance itself,

Stimulated by the need for thermal stability in the presence of continuous hypersonic¢ tunnels with high
stagnation temperatures (and model temperatures), an external water jacket for balance cooling has been
introduced., This accessory has far exceeded its expectations. Most important, it perwmits maintenance of
constant balance temperatures under virtually any conditions, thus practically eliminating thermal errors,
In addition, the slight pressure expangion of the jacket securely losks the balance in the model. Even
where temperatures can be withstood by a balance without cooling, such a jacket can greatly improve over-all
ZCCUTACY . -
6. Calibration and Operationh The calibration sequence begins with a load check to determine what, if
any, alignment is necessary. Following aligmment, a minimurt calibration
consists of step loading each individual component to Tated load {both tension and compression) and return,
and recording outputs to determine sensitivities and first order intevactions, For a performance calibra-
tion, this may be sufficient (although some second order interactions may be checked). Thermal zero drift
should be monitored along with the thermocouple outputs for several thermal cycles. It may be necessary to
determine change of sensitivity of each component with temperature. For a full calibration, it will usually
be necessary to check virtually 211 of the second order interactions to ascertain their values or nop-exis-
tence., Third and higher érder load combinations are normally unnecessary and, in any event, are often
difficult to apply with sufficient accuracy.

The use of a balance requires, bleck diagram-wise,
l. power supply,
2. balance,
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3. amplification,

4. analog to digital converter,

5. wiswal veadout or card, tape or typewriting system,

6. manmal or digital data reduction and presentation.
This equipment may be very simple and yet very accurate, or it may be very elaborate. The primary advanta},re
of an autematic readout and data reduction system is the increased rate at which data may be taken and pre-
sented in final form. A facility which is expensive to operate is usually economically justified in instal-
ling a high speed sutomatic data acquisition system. Closer study of each case is needed to make the decision
as to the use of autematic storaye and a low speed computer, or direct data reduction requiring greater com-
puter capacity. Such a sophisticated system is no assurance a priori of high accursey. In fact, greater
care is indicated in ascertaining that 2 highly automated data hardling system does not impose errors whose
magnitudes axe of the same order or greater than balance ipaceuracies. On the other hand, it is not prudent
to employ a balance whose aceuracy is less than desired whken the remainder of the system is capable of much
greater accuracy and a relatively small additional expenditure could secure an instrument (balance) of
greater precision. All this is to say that the data acquisition and handling system should not compromise
the best balance to be employed, while on the other hand the balance quality should be suck that truly necess—
ary accuracies may be obtained if at all possible. 1"ina].l_v. the choice of A-C or D-C; direct reading,
fractional resistance change, or null readeut; magnetic tape, card punch, type-out, or automatic plotting,
etc.y, do not materially affect the design or instrumentation of the balance itself and will not be belabored
herein, with the exception that the readout system should be sensitive to a maximum balance output level of
four millivolts for a very small balance increasing to not more than zbout twice this for z large balance.
The errers induced by self-heating of the strain gages due to excessive Imput voltage {power) can ke in
excess of all pther balance errorsi
7, Balance Selection froper determination of size and load requirements for a floating frame balance can

materially affect the accuracy of the data. Generally speaking, the load parameters

should be as small as pessible and the ratios of applied loads should approach unity. (The exception to the
above is that lateral forces of much below one hundred pownds and axial forces muck below fifty pounds intro-
duce difficulties in transducer design, although they can be generally overcome.)

If the desired notmal force and balance diameter result in 2 value of B (= N/D ) much greater than 500 ox
if rell capacity indicates Rl(— I/D ) much above 160, every effort should be made to employ a larger balance.
When it is realized that_z 50 percent increase in balance diameter reduces Rn by more than one<half and Rl
by more tham two-thirds and that zssoclated errors may be reduced by even greater amounts, the difficulty
of employing the very largest pessible balance is seen to be well justified,

A second possibility is that the high loads desired are needed for starting er emergency stop condinons.
If such is the case, overload stops cah be provxded in the balance withofit the detrimental effects ut.hermse i
" associated with h1gh load balances. Normal to side force raties greater than 3 or 4 and normal to chord.
‘force ratios greater than 10 or 12 are rarely needed and should be aveided. The absolute error of a very
light load element will generally be minimized if the above ratios are not exceeded even if only a portion

of rated capacity of the light element is used:

In the attempt to fully utilize the range of existing instrumentationm, high input veltage and output semsi-
tivity is often specified, Carried to excess, both of these requirements can intreduce balance errors whick
averwhelm the gains anticipated from full use of instxument range. A rule of thumb for excitation volitage is

Y, & 4V D (28)

while transducer seasitivities of 1.0 to 1.5 millivolts per volt are usually optimum.

Rationally, the accuracy of a six-component balance should not be expected to equal that of a precision
single~component transducer, especially when the balance loads approach these which would destroy a seolid
piece of steel of the same external configuration! The wind tunnel balance is often treated as the step-
child of the instrumentation field, yet it finds more “experts" ready to delve into its mysteries than
wany a simpler device. These balances are, unquestionably, the mest complex and compact transducers‘yet
achieved; capable of separating and measuring six different but interrelated variables simultaneousiy.

It is truly a tribute to those persons who have contributed to wind tunnel balance technology that such a
device can be made; and that it wili perform with an accuracy that does, in fact, place it in the precision

transducer class.
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