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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS
TECENICAL NOTE NO., 875

A ROSETTE STRAIN COMPUTER

By W. B. Klemperer
SUMMARY

An electrical apparatus that serves as a computer for
the evaluation of linear strain measurements taken in ro-
sette fashion on the surface of a structural element carrys«
ing tension or compression and shear is described herein.
The solution of the strain circle is accomplished by cou-
pled rotary transformers, one representing each of the ro-
sette gages. The output of the instrument furnishes di-
rectly the maximum shear and the orientation of the prin-
cipal strain axes with respect to the rosette axes as well
as the shear component with respect to any desired axis.
The machine affords great time saving over trigonometrie
or graphical evaluation methods.

INTRODUCTION

Experimental exploration of the stress flow through
stress—carrying thin-wall structures is becoming increas-
ingly helpful in developing and proving the stress analy-
sis of metal airplanes for which accurate understanding
of stress distribution is a prerequisite for safe and ef-
flielent design, On the surface of any monolithle strucs
tural element, the strain tensor is fully described by the
strain circle (reference 1) or by the magnitude and orien-
tation of the two principal strains. In order to deter-
mine the strain state experimentally, it is necessary and
sufficient to measure the linear strain in three differ-
ent directions on the surface element.

The conventional technique consists in the applica-
tion of three linear strain gages as closely packed as
feasible (reference 2), in the use of an eguilateral tri-
angular lattice of strain gages, or strain-gmage holes
(reference 3), or in the use of a single instrument de-
signcd to measure the distortion of a base triangle (ref-
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erence 4). Recent developments of reliable, compact, sim-
ple, and inexpensive electrical-resistance strain gages
(references 5 to 7) -and . improvements in indicators and re-
corders of consistent amplification (reference 8) have ex-
tendcd the application of large numbers of strain gages in
inaccessible places on structures subjected to elaborate
tcsts, so that the structural engineer need no longer comn-
plain about "too little and too late." Hundreds of delts
triplets of "band-aid" type of resistors are now readily
cemented along spar webs, gussets, bulkheads, skins, and
other shcet-metal plate, shell, or frame structures.

In order to exploit the abundance of experimental data
now within easy grasp, need arose for a quick method of
.evaluating the strain-gage measurements in terms of shear
flow, that is, a method of determining the direction and
mggnitude of maximum and minimum strain or the amount of
shear with respect’ to any particular axis. Various meth-
ods have been proposed to facilitate this evaluation for
both the 00-45°-90°-135° type of rosette (references 9 to
117 “and the 0% 80YZx20" "delta" type.of array (references
1, 4, 13, and 14). All these methods, however, which are
based on a trigonometric routine (refercnces 4 and 12), on
a graphical construction (refercnces 1 and 9), or cn the
manipulation of a mocchanical nomogram device, are tedious
and exacting. They require at least about 8 minutes per
gage station and load station. When there are several
hundred gage stations and half a dozen load stations in
any one test’, 'seversl hundred man-hours of engineering
labor are tied up. - :

In order to simplify the evaluation so that it would
no longer absorb the time of mathematically trained per-
sonnel, a rosette strain computer has been developed by
the Engineéring Research Department of the Douglas Air-
.ecraft Company, Inc. .This machine was designed to solve
the .strain problem-as a computer which derives the orien-
tation of the principal axes and the maximum shear or the
shear component in any desired direction from the measured
values of strain components. The machine is portable and
can be operated by a person with nontechnical training in
a fraction of the time required by any longhand method.

The author wishes to acknowledge the valuable contri-
butidions of HNwerett H. Pler for the electrical systemnm,
Darrow L. liiller for the meclhanical arrangement, Scott
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DESCRIPTION OF THE COMPUTER

Several physical principles that have characteristics
analogous to those involved in the strain circle might be
applied to the construction of such a computer. Because
of the nature of the strain cycle, it can be represented
by asvector in a polar field im which the phase angle is
twice the strain orientation angle measured from a princi-
pal axis. An audio-frequency alternating-current magnetic
field was chosen as the vector .representing the shear com-
ponent in the double-~angle polar field because the appara-
e s easy- to procure. The apparatus has analogiles to
the Scott connection of a two-phase-three-phase transformer.

The machine consists of a plurality of rotary trans-
Hormers, one for each of the strain gages coacting in one
rosette. ZEach rotary transformer is designed to generate
an alternating voltage proportional to the .input into its
gtabor and to the sine of the angle of rotation of 1it's
rotor. Such a rotary transformer has been designated a
"sinometer."

When this work was begun, no suitable small-~sigze
single~-phase rotary transformers of accurately sinusoidal
"characteristic were on the market. They are now being de-
veloped; as soon as they are available, a much more com-
pact machine can be made than.the two types which have
thus far been applied to practicsl service.  In one model
Pioncer Autosyns sand 'in the other General Electric Selsyns
model 2JD123A1 were used as sinometers by connecting only
pne of the two or three rotor coils. In the flrst model
a 400-cyclec electronic oscillator supplied power; in the
second model, power was taken from the 110-volt 60~cycle
utility system. ey

Whatever type of electrical device is used as a
sinometer 'in the computer, several such sinometers are
stacked on a common shaft or geared together with fixed
phase differences between their respective rotors and
stators corresponding to twice the angles between the ori-
entation of the individual strain gages which they rep-
.resent, In the case of a 0°-609-120° delta array of
gages, three sinometers are so coupled that the second and
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third rotors magke ‘angles of 120° and 240° with their re-
spective stator axis when the first one 1is alined with

its own stator. Conversely, in a machine designed to solve
the results of a 09-45°9-90°-135° array quadruplet of
gages, four sinometers are coupled with theilr respective
rotors phase-shifted to 0°-90°-180%-270°, 41l rotors are
connected in scries; whereas all stator terminals =re
brought out individually. Each sinometer is individually
shielded to prevent its field from influencing the others
around. 1t.

Each stator is provided with a potentiometer or Variac
input control and polarity switch to adjust the input cer-
rent from a2 constant-voltage alternating-current source %o
the strain value measured by the strain gage which it rep-
resents., A common alternating-current voltmeter with a
circuit sclector switch serves to indicate each stator cur-
rent-while it is being adjusted and also to read the syn-
thetic rotor output when the sclector switch is turned to
the output circuit.

A shaft of the mechanically coupled rotor system is
provided with a knob and angular scales or dials gradu-
ated in half the actual angle of rotor rotation to corre-
spond to thc strain orientation on the test specimen and
with a 45° fork to chcck the angle betwesn maximum and
gzero strain, - i e :

.“Tho-circuit diagram for a triple-sinometer type of
computcr for the evaluation of delta'strain-gage arrays is
shown in figure 1. The throc- stator-input - -circuits and
the rotor eircuilt are shown in bold lines; the accessory
circuits in finer lincs. The indicnator is a'voltmeter of
the-rectifier tybpe. T ' ;

. The acéompanying photographs show.the first two ex-
perimental machines assembled: figure 2, the unit con-
taining gcarcd Autosyns; figures 3 and 4, the one contain-
ing shaft-couplcd Selsyn devices. The second unit, though
somecwhat-bulkicer, was arranged for greater convenience of
manipulation.

OPERATION OF THE COMPUTER

The procedure for operating the machine for a 60°
delta set of three strain-gage readings of, for example,
8 = AR D =l B € = D B 10* strain units is as
follows:
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Thick seliiot o wwitith dis: turted bio sl o« ibhers Ay plotient i~
ometer iis so ad justed that the indiocator reads 14508 the
seleictor switich is turned to B, +the B. potentiometer is
so ad justed that the indicator reads 11.3; the selector
Swiibieh "1's” turned te . 0, " the polarity switch %  iig sgnaApped
to minus, the C potentiometer is so adjusted that the in-
gleator reads 7.5; the selector switoh is now burned to 5
and the rotor knob is rotated until the indicecator reagds a
maximum. This maximum is the shear-strain value, in thisg
example 13.6 X 10™%; and the index on the dial scale now
roads the orientation of the prinecipal axis, that 1s, that
of maximum strain, against the A leg in a conventional
sense (in the case of the example, 27°). The entirc oper-
ation takes less than 30 seconds.

If grcat accuracy in determining the oricntation of
the principal axes is required, the dial may be turmned to
zero output, which should occur at an angle of 90° of the
rotors or 45° in the strain field from the maximum. This
sectting can be readily checked with the aid of the ad-
Justable 45° dial fopks 8 paleof dlanps is provided bto
indicate polarity of the output and to accentuate the zero
posgition, If all three input values are adjusted to be
equal, the lamps will flicker alternately to indicate that
there is no solution for the angle. It would be entirely
feasgible to have the light circults actuate a pair of re~
lays that would control a servo motor which would auto-
matliceally find the direetion of the prinecipal axisg; but
thus far the additicnal time saving of about 5 seconds of-
fered by this automatization hHas not seemed to Jjustify
the extra apparatus.

If the shear component at some definite angle from
the A gage line is desired, the. knod is turned to the
corrésponding dial angle and thc indicator is read with
thetselector switelw on “ 8. 'The Vinear sbralan in this di-
rection can be obtaincd by adding this reading, with due
regard to polarity, to the average strain (a + b #+ ¢)/3.

For the convenience of utilizing the indicator at =a
fair pazt of lts range, ite dlal is provided with threa .
scnles in the ratio 4:1:2. Any one of these scales may
be used -for each problem but should be kept consistent for
all input adjustments and for the output reading., The
scale giving the largest meter deflection affords the great-
est accuracy for the evaluation.

The maximum and minimum tensile strains sre readily
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found by adding and -subtracting the shear amplitude & to
and from the average. strain: ep el Sede ey =t NG .
and s are determined from

8
) P e
the principal strains ¢p and ¢q by introducing the elas-

The principal stresses

tic modulus E and Poisson s ratio- W -in the equation

R < o > 2 -E—¥j<e * uqy
S P hed %5 s gt
and the maximum'shear.stfééé‘in.the eqﬁétion
oSl ;. -BS N
» ( i >=l~———€_5>='——=2G5
Tmax 2 b g1 + p 1Y q 1 + W

where G = E/2(1+p) . is the sheérAmodulus, which is a known
material constant. ' " ' :

BASIS OF ‘THEORY -~

The theory_ of the instriument, as previously suggested,
is based on the: fact that the linea¥ " strain'in any direc-
tion defined by an angle § “from the axis of maximum
strain can, be expressed by the relat1on g

ge = € +J§'cos“2Q:,‘a :i o e (1>

where € is the average strain and & ~the amplitude,
which.is half the. difference between maximum and minimum
tensile strain.and numerically equal to the maximum shear
stimaitne. he. average strain €'  is8 immedlately determined
as the arithmetlcal average of the three llnear strain
components. Eqr €y and €q . measured at three directions

60° from each other (or, for that matter, of any number of
strain-gage readings taken at regular subdivisions of 1809} .
The values of the shear-strain‘amplitude 8 and of the
orientation angle 8 are detormlned by the machine.

From the deecrlptlon of tho constructlon, cirecalit,

*The pr1nc1pal stresscs themselves can also be indlcatcd
dircctly by the machine. TFor this purpose, a separate
circuit and switch cnnprlslng a resistor adjusted to the
valuc of Poisson's ratio can be provided.
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" and eperatlon of the delta triplet type of ingtruments; it

will be evident.that the voltage generated in each of the
thrce sinomecter rotors is cxpressed by a time~phase voe-

bor, preoportional to €, cos o, €, €Os (m 4 130}, €, COS

(p - 120), respectively, if ¢ 4s the incidental anglo
at which tho magnotic axis of the A rotor is set with
rospoct to its stator-coil axis, If the various measured
lincar-strain values sre regularly spaced components built
of the terms defined by cquation (1), then

€y = € + § cos 2P
ey, = €+ §'oos (20 % 120) § (2)
€ = € + 8 cos (28 - 120)

and the sum S of the voltages generated by all rotors
in series, inasmuch as they are all in phase because they
are derived from the same primary alternating-current
source, is the sum of the three lines

€5 COS © = € cos @ + 8 cos @ cos 2§

il

€, Cos(@+l20) = € cos(@+120) + 8 cos(p+120) cos(26+120) r el

€. cos(p-120) ‘= € 'cos(p-120) + cos(p-120) cos(26-120)

I

and may be expressed as

S = ¢ cos m(} = %-—%) + 8 cos @ cos 20(1 + 2 cog” 120)

¢ sinqa(%v/m—-%«/§> + 6 sin @ sin 206(2 sin® 120)

=0 + % 6 (cos ¢ cos 20 + sin ® sin 26)
ol 7 q
o & cos (p - 28) (4)

$hls oqunbtlen proves that, for o ='28; +the valne of &
becomes a maximum and that it varies as a cosine function
of the departure of the phdse angle from this principal
axis. The guantity 5 1is 3/2 that of the unknown strain
amplitude. This factor 3/2 is taken care of in the machine
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by a shunt connected when the selector switch is in the S
position,- so that the true value of § ' can be read di-
rectly ‘on the .same scale of the indicator .as the wvalues
€0 eb,_and>tc to which the inputs had been adjusted.

" The proof that a similar machine having four sinome-
ters at 90° phase difference to represent a type rosette
quadruplet of gages placed at 0°-45°-90°-135° frem a
"refercnce linc can be adduced in a similar manner. Here
it is presumed that the four strain values really are
consistent with

g § cos 26
€ = € - 8 sin 28
: a0 (5)
e =" €= 8§ o8 20
(¢]
. + 8 sin 26 4

When these values are set into the computer, the sum
of ‘the voltages generated 1n the robtor circuilt is

-
pBRRipe . ERREIO ¥ 5 cos @ cos 28

-€, sin @ = ¢ sin @ + § sin @ gie 20 ‘
i > (6)

~€, CO8 ® = —-¢ cos @ + 8§ cos @ cos 20
€ SiE O = € sin o + & 8in o sin 280

and may be expressed as

S = 0+ 28 (cos ¢ cos 20 +.sin o sin 20)
= 26 cos (p.~ 28) .
This equation also proves that, if o = 286, S ©Dbe~-

comss a maximum and for this angle indicates the principal
axes. The factor here is 2 rather than 3/2.

It .may be noted.that four strain gages actually fur-
nish a redundant sét of.data. If these data contain small
errors, they would not be consistent with the four equa-
tiong (5), which have three unkneown quantities. In order
to be consistent with all four equations, alternating pairs
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of mutually perpendicular strains would have to add up to
identical sums, namely, j ;
ca F e = €y * e (8)

If they do not add up to identical sums, thelr cross
gums may 4iffer by a dlpecrepancy 6 = €5 * €.~ Ep — €4
The machine, if operated without regard for this discrep-
ancy, will yield the same solution as if each of the indi-
vidual strain values had been corrected by one-quarter of
‘the discrepancy subtracted from the values for which the
cross sum was long and added to thé values for which the
cross sum was short. This result is readily seen when
1 p ; i 3 : ;
=g GO9S =g sin - =9 cos nd - =e sin g respective-
4@ 98 P, 46 @, 4 os O, B . o S @, P
ly, are added to the four equations (). The sum of the

corrections equals zero and the error is thus canceled,

if it is assumed that all measurements are of equal accu-
racy. It may be noted that this adjustment 1s the same as
would result from a least-square adjustment of the four
readings. Some experimenters sometimes prefer the redun-
dant quadruplet method to the determinate delta method
because of the check of the accuracy of the measurements
afforded by the discrepancy . - e for individual gage sta-
fions of partieunlar interest. '

UTILITY OF THE COMPUTERS

The machines previously described have been extensive-
ly used in the evaluation of many hundreds of rosette
stralin-gage measurements of hew alrplanes, both iIn statle
proof tests and in flight (reference 12). The time saved
in comparison with earlier methods of evaluation not only
has been much appreciated in the regular routine of this
work but also can be of decisive value when evaluations
of critical stresses are to be made on the spot during ex-
pensive structural tests and in work in which instanta-

"neous knowledge of the results may prompt the test engi-
neer to alter the test program.

The usefulness of the computer is not limited to the
problem of compound axial and shear stresses. There are
many othor problems of a vectorial nature which can be
solved by this machine, One such problem which has been




10 NACA Technical Note No. 875

proposed by William Van Dyke is that of determining the
magnitude and oricntation of the plane of bending in a
‘tubular or strut member of cross section of circular sym-
metry from threc strain gages mounted at 190" spacing
around its circumference, each with its gage length paral-
lel to the axis. - The average strain here is the average
axial strain:; the strain amplitude is the additional bend-
ing strain; the angular spacing relation between gage lo-
cation and phase value is here 1:1, and not 1:2; Poisson's
ratio does not enter into this bending problem.

" The aceuracy of the machine results has been frequent-
ly verified by control calculations. The results thus far
encourage further attempts at electrification of stress-
analysis problems in which the desired degree of accuracy
is readily attainable with electrical and electromagnetic
cirecuits,

Engineering Research Department,
Douglas Aircraft Cempany, .Inc.,
Santa Moniea, Cdalif.,
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