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SUMMARY

The feasibllity of measuring the vibration in the buckets of a
gas turbine under service conditions of speed and temperature was
determined by use of a high-temperature wire strain gage cemented
to a modified turbosupercharger turbine bucket. A high-temperature
wire strain gage and the auxiliary mechanical and electrical equip-
ment developed for the investigation are described.

INTRODUCTION

Although vibrational fatigue affects the service life of the
buckets of high-temnerature gas turbines, little precise data are
available on the magnitude of the vibration in the buckets during
operation and on the factors that affect it. This deficiency
exlists because no satisfactory method of measuring the vibration
under operating conditions has been available. A program including
the measurement of the vibratory stresces in gas-turbine buckets
during power operation of the turbine is therefore in progress at
the NACA Cleveland laboratory.

A strain gage consisting of fine high-resistance wire wound on
a suitable form and cemented to the surface of a test member offers
congiderable promise as an instrument for the measurement of vibra-
tory stresses in turbine buckets. The change in the resistance of
the wire serves as a measure of the strain at the point of applica-
tion of the strain gage. Strain gages have been used extensively
in reciprocating-engine and structural research for the determina-
tion of both static and dyramic strains., The strain gages developed
for these comparatively moderate temperature applications are not,
however, suitable for use on the buckets of a gas turbine in which
temperatures above 1200° F are to be expected. It was therefore
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considered necessary to develop a high-temperature strain gage capable
of withstanding operating temperatures ag tho first part of the program
to investigate vibration phencmena in turbdine buckets. Although develop
ment of the high-temperature strain gage 1s being continued, the strain
gage now available is satisfactory for application to preliminary tests
on turbosupercharger turbine buckets.

Preliminary results obtained from a modified turbosupercharger
during operation under ccnditions of actual service are presented
together with a description of the strain gage, the slip rings, and
the electrical circuits.

TNSTRUMENTATION

The instrumentaticn consisted of a high-temperature strain gage
used as one arm of a Wheatstone bridge, vibration measuring ond

recording instruments, and slip rings for transmitting current from ;

the strain gage to the instruments.

High-Temperature Strain Gage

The strain gages used in the tests congisted of 0.00l-inch
Nichrome V wire wound on a form of woven glass tape. In one test the
gstrain gages were cemented to the turbine buckets with Sauereisen
No. 78 cement., Ssuereisen No. 1 cement was used in a similar test.
The performance of strain gages ig measured in terms of the ratio of
the change of resistance to the change in length and this ratio is
called the strain-gage sensitivity factor. A typical curve of the
ratio of the strain-gage sensitivity factor at elevated temperatures
kp to the factor at room temperature kg as a function of tempera-
ture is shown in figure 1 for a strain gage cemented with Sauereisen
No. 78 cement, A number of strain gages constructed without a winding
form were also tested. These gages proved to have a superior strain-
gensitivity characteristic at clevated temperatures but were diffienlt
to make in gage lengths less than one-fourth inch. This type of strain
gage was not used therefore in the turbosupercharger tests where
physical congiderations 1limited the gage length to one -cighth inch.

A more detailed discuseion of the strain-gage characteristics is given
in appendix A.
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Slip Rings

Transmission of the strain-gage current was accomplished by
means of a slip-ring unit of the cylindrical type. All the rings
were of the same diameter and contact was made through brushes
mounted at an angle to the radii and in the plane of the slip ring
to avoid the chattering effect sometimes encountered in applications
in which the brushes are mounted in line with the radii. The
materials used were monel metal for the slip rings and silver
graphite for the brushes. Contact between the rotating rings and
the stationary brushes was free of significant changes in electrical
resistance at the high speeds of turbine operation.

Strein-Gage Circuit

Although the resistance characteristics of the slip-ring unit
were very satiefactory, small changes in resistance were expected
acrose the rings and brushes at high speeds of operation. PFig-
ure 2 shows the strain-gage cirenit devised to conform to the
results of an analysis (avpendix B) of the significant factors in
minimizing the effects of slip-ring resistance fluctuations.

Although only the high-temperature strain gage must necessarily
be on the rotating member, the other three arms of the Wheatstone=
bridge circuit should also be mounted on the rotating rart to avoid
slip-ring effects as much as possibie. In these tests the three
balancing arms of the bridge were strain gegee mounted on the
retating part of the slip-ring assembly. A high resistance was
piaced in series with the direct-current power supply to the bridge
to recduce still further the slip-ring sffects. A direct-current
supply of 240 volte was used with sufficient external resistance to
drop the voltage across the strain-gage bridge to 18 volts.

Measuring Equipument

A cathode-ray oscilloscope in conjunction with a drum camera was
used to observe and record the amplitude and wave form of the bucket
vibration, The amplitude of the oscillograms was also determined
by an rms vacuum-tude voltmeter. The sensitivity of the recording
equipment was of the order of 1.30 millivolts per inch. The fre-
quenclies of the bucket vibrations were determined by comparison with
a signal from a variable-frequency generator. A strain gage mounted
on a steel cantilever flexed at 50 cycles per second provided a
signal of known amplitude and frequency for calibration purposes.
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TEST EQUIPMENT AND PROCEDURE
Turbine Modifications

The turbine wheel used for the investigation of vibration in
turbine buckets was selected because it provided a means of
checking the adequacy of the high-temperature strain gages and the
accompanying instrumentation. In turbine wheels of the type used
in the test unit the buckets are stiff and are supported at the
outer ends by a segmented shroud ring. This construction is
resistant to vibration. Excitation of the buckets by the inter-
mittent gas loading is small because of the large number of nozzles
and buckets in the unit. As a result, under normal conditions of
operation no perceptible vibration of the buckets was expected. The
stability of strain corditions during this normal operation would
serve to check the instrumentation for the influence of any external
effects not directly related to vibration, such as slip-ring resist-
ance changes, interference from electronic equipment used in ampli-
fying and recording, and interference from other electric devices
installed near the test equipment. By means of modifications to the
buckets and to the nozzle ring, however, severe conditions of vibra-
tion could be induced and the performance of the strain gages and
auxiliary instruments under this type of operation could be observed.

Figure 3(a) shows one of the test buckets modified by reducing
the cross-sectional area near the root. This change lowered the
first-mode natural frequency of the bucket to approximately 1000 cycles
per seccnd, thus bringing it within the excitation range of the test
conditions. Strain gages were mounted at the weakened sectlons on
the concave sides of the buckets. Figure 3(b) shows the installation
in which the buckets immediately adjacent to the test buclket were
removed to eliminate the support of the shrouding. The bases of these
ad jacent buckets were inserted in the wheel to prevent distortion in
the retaining slots of the test buckets. The lead wires from the
strain gage were insulated from the wheel and cemented to the wheel
with the same type of cement used in mounting the strain gage. The
wires were then led into a hub on the wheel and through a hollow shaft
to the slip rings. The modification made to the nozzle box 1s shown
in figure 3(c). TFour plates, each covering 45° of the nozzle-box
opening, were welded to the box at equally spaced intervals. Because
of the partial admission of the gases caused by this modification, a
large fluctuation of gas-pressure loading on the turbine buckets
was produced during operation.
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Test Installation

A photograph of the test installation is presented in figure 4.
¢ principal components were a jet burner to supply hot gases under
pressure, an aircraft-engine turbosupercharger, and equipment required
to load the turbine. The jet burner supplied the turbine with gases
at a nozzle-box inlet temperature of 1500° F. After passing through
the turbine, the gases were discharged into an exhaust system main-

tained at low pressure.

Tests

Tests were made on a standard turbine and on one that had been
modified ag previously described. In the tests made on the modified
turbine wheel, gages cemented with both Sauereisen No. 1 and No. 78
were used. The test procedures were gimilar; the turbines were
operated at full load over speeds ranging from 5000 to 20,000 rpm
and all vibration phenomena were observed and recorded.

RESULTS AND DISCUSSION

The test on the standard turbine wheel was intended as a
check to verify the premise that a strain-gage signal would be
obtained only as the result of actual vibratory stress in the bucket
and not of slip-ring effects or of extraneous interference. Because
no significant signal was obtained in the range of gpeeds from 5000
to 20,000 rpm, it was concluded that the instrumentation was satis-
factory for tests of vibratory stress.

Modifications to the test turbine wheels were especially

" conducive to the introduction of vibratory-stress conditions in the

buckets. An idealized pressure diagram across the test bucket would
be rerresented by a square wave. During the period when the bucket
is passing the uncovered nozzles, the pressure is sensibly uniform
and relatively high; whereas, during the period when the bucket is
passing the covered nozzles, the pressure reduces to nearly zero.

If the frequency of pressure fluctuation or any harmonic thereof
coincldes with the natural frequency of the bucket, the bucket would
be excited into resonant vibration. A Fourier analysis of the pres-
sure diagram indicates that at any resonance the natural frequency
of the bucket would be an integral multiple of the turbine rotational
frequency,
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The results presented were obteined with strain gages cemented
with Sanereisen No. 78 cement. The test made with Sauereisen No. 1.
cement as the gage-bonding material yielded quantitatively similar
results. TFigure 5 shows the spectrum of frequencies for which
resonances were observed on the modified bucket. The points A to E
indicaete the turbine speeds at which the resonances occurred and the
natural frequency of the bucket at each of the resonant speeds. The
curve through the points A to E therefore represents the variation

in natural frequency of the bucket with turbine speed. The fact that

centrifugal force raises the natural frequency of the bucket is
svident from the upward slope of the line. The dashed lines in fig-
ure 5 show the various harmonic orders of the turbine speed. For
exawpls, the ordinate of each point on the line of fourth harmonic
order represents a frequency four times the turbine rotational fre-
guency. It would be expected, therefore, that eacii of the observed
resonances A to E should be on one of the integral harmonic-order
lines, as is seen to be the case.

The measured total range of stress at each resonance is tabu-
lated in figure 5. 1In order to.calculate the stresses 1t was
necessary to kmow the strain-gage gensitivity factor at the temper-
ature of the bucket and this factor was determined from figure 1
after a determination of the sensitivity factor of the strain gage
at room temperature was made. The room-temperature sensitivity
factor was measured by observing the output of the strain gage when
a ¥nown weight was suspended from the end of the bucket and com-
paring the value with the calculated stress at the strain-gage posi-
tion. The room-temperature strain-gage gengitivity factor was thus
found to be 1.75, The stresses in the vibrating bucket at elevated
temperatures were calculated by assuming a bucket temperature of
1200° F inasmuch as a nozzle-box inlet temperature of 1500° F was
maintained throughout the tests. The values for the strain-gage
gensitivity factor and the modulus of elasticity of the bucket used
to calculate the gtresses were therefore chosen for 1200° F. T R
bucket temperature of 1100° F had actually existed, the errors in

the computed stresses would be of the order of 2 percent, whereas had

s temperature of 1300° F actually existed the error would be of the
order of 10 percent.

The exact peak stress at sach resonance was immeasurable because

the resonance was very critical with respect to speed and the speed
controls available were snsufficiently sensitive to obtain exact

yosonance. Furthermore, the vibration was so severe at the fourth-
order resonance as to render it inadvisable to permit the amplitude
to build up to a maximum. The bucket ruptured during the lagt run,
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\ Just after the near-resonance stress (40,200 1b/sq in.) shown in
\ figure S was observed. It may be noted, however, that the strain
gage was still in good condition after the bucket ruptured; the
rupture was located immediately above the gage position. In all
cases the vibratory strain signal was clear and free of foreign
interference such as slip-ring effects.

SUMMARY OF RESULTS

\ The satisfactory detection and determination of vibratory

| stresses on a test setup at actual specimen temperatures up to 1500° F

| has been accomplished by means of a high-temperature wire strain gage.
The strain gage wag also applied satisfactorily on gas-turbine buckets

operating at speeds encountered in actual service and at a nozzle-box

‘ inlet temperaturc of 1500° F. The strain gignals from the strain

\ gages cemented to the buckets were transmitted free of any inter-

’ » ference to the measuring instruments through slip rings.

B - Aircraft Engine Research Laboratory,
National Advisory Committee for Aeronautics,
Cleveland, Ohio, Fobruary 14, 1947.
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APPENDIX A
CONSTRUCTION AND CALIBRATION OF HIGH~T:MPERATURE STRAIN GAGE
Construction

Materials. - The objective in the development of the high-
tewperature strain gage was to determine a suitable wire, wire form,
and cement that would permit the measurement of vibratory stresses
in gas-turbine buckets subjected to gas temperatures in the neigh-
borhood of 1500° F. A large number of combinations of wires and
cements was tested; of these, Nichrome V wire wound on & woven
glass-tape form and cemented with cither Sauereisen No. 1 or
Sauereisen No. 78 cement proved to be the most satisfactory combina-
tions to date.

Method of construction. - The strain-sgensitive filament is pre-
pared by resistance-welding 1ead wires to the ends of a 120-ohm length
of 0.001-inch-diameter Nichromwe V wire. Depending upon the gpecific
requirements, either 0.010-inch-diameter Nichrome V wire or 0.010-inch-
diameter nickel wire is used for the lead wires. The Nichrome V lead
wire is prefereble because of its guperior high-temperature charac-
teristics but when long leads are required the lower resistance nickel
wire is used. When gage lengths of one-fourth inch or greater can be
used, the loops of the strain-sensitive wire are held in place by
gtrands of hair or wire and the gage is cemented to the test specimen,
a multiple-loop winding thus being formed. Because the gage length
depends upon the number of loops, fabrication of a straln gage with
a gage length smaller than one-fourth inch becomcs difficult. Gages
smaller than one-fourth inch in length are therefore fabricated by
winding the strain-sensitlve wirc upon an insulating form prepared
from glags-fiber tape imprognated with the Sauereisen cement ahd
baked at 225° F for 1/2 hour. A strip of the prepared tape 0.125 inch
wide and approximately 1.5 inches long is sanded smooth and clamped
with slight longitudinal tension between the Jaws of a device that
permits the strip to be rotated. The lead wires arc then fastened
to the strip as shown in figure €. The end of the lead to which the
resistence wire is fastened is held in the correct position while
the lead wire is turncd twice around the insulating strip. The
resistance wire is pulled into a V-shape by a hook on the end of a
piece of wire, as shown in figure 6. The insulating strip is then
rotated and the wire automatically spaces itself as it is wound. Upon
completion of the winding operation, the loop in the resistance wire
ig fixed in place by a wire threaded through the loop and pulled into
a notch at the edge of the tape. The upper face of the strain gage
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is covered with a thin coat of Sauereisen cement and is baked at

225° F for 1 hour. After removal of the excess portions of the insu-
lating form, the strain gage is ready for the mounting procedure.
Strain gages of l/8-inch gage length were used for the turbine-
bucket tests but other sizes can be constricted by the same method.

Mounting. - The metal surface to which the strain gage is to
be attached is prepared by sanding with a fine grit paper, cleaning
with ethyl alcohol, and also using the Sauereisen cement as a cleaner,
A thin, smooth coat of cement is then brushed on to the metal surface
and baked at 250° F for 16 hours. When mounting the form-wound type
of strain gage a second thin coat is applied, the strain gage is
placed in position, and a small amount of cement is brushed over
the strain gage. The strain gage 1s then tightly clamped using a
clamping pad of 1/4-inch felt covered with a sheet of neoprene,.
After air drying has proceeded for approximately 1 hour, the clamp
is removed and the mount is baked at 250° F for 16 hours. Fixing
the lead wires in position by methods such as cementing or wiring
completes the strain-gage installation. The foregoing cycles of
temperatures and baking times have been found satisfactory for
application of the strain gage either with the Sauereisen No. 1
or No. 78 cement; however, the cycles are not critical and other
combinations are possible. For application with the No. 1 cement
it is recommended that the mounted strain gage be baked at 1400° F
for 15 minutes for reasons that are subsequently discussed,

Calibration

A dynamic calibration was made to determine the effect of temper-
ature upon the strain sensitivity of the high-temperature strain gage.
The test strain gages were mounted on a cantilever bar of Inconel
that was flexed to a constant tip amplitude at a frequency of
20 cycles per second. The section of the bar upon which the strain
gages were mounted was enclosed by a furnace with suitable tempera -
ture control to permit variation of the temperature of the bar in
the region of the strain gages from room temperature to 1500° F, A
small steel beam with an attached bakelite-impregnated strain gage
transferred the flexing force from the cam to the Inconel bar. The
bakelite-impregnated strain gage, remaining at a relatively low tem-
perature and at constant strain sensitivity, provided a measure of
the flexing force applied to the end of the test bar and therefore
of the stress in the outer fiber of the bar at the location of the
test strain gage. Figure 7 illustrates the test gsetup and the
e¢lectrical strain-gage circuit.
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When the circuit is completed by the high-temperature strain
gage, the voltage appearing across the voltmeter as the test bar is
flexed by the cam is proportional to the product of the strain-gage
sensitivity factor and of the strain. The strain is equal to stress
divided by the elastic modulus, whereas the stress is proportional
to the voltmeter reading when the circuilt is completed by the
bakslite-imvregnated strain gage. The following equation can there -
fore be written

vaT t Eg.va %g_ (1)
Vo %o Voo Er

or
EE i YEE.XEQ.?E (2)
Ky~ Vao Vur %o

where

kT sengitivity factor of high-temperature strain gage at tempera-
ture T

kg geneitivity factor of high-temperature strain gage at room
temperature

Var voltmeter reading when circuit is completed by high-temperature
gtrain gage at temperature T

Va0 voltmeter reading when circuit is completed by high-temperature
strain gage at room temperature

Vyr voltmeter reading when circuit is completed by force-measuring
gtrain gage while high-temperature gtrain gage is at tewper-
ature T

Vbo voltmeter reading when circuit is completed by force-measuring
gtrain gage while high-temperature strain gage is at room
temperature

ET ratio of elastic modulus at ¢levated temperature to elastic

Eg modulus at room temperature (The curve for Inconel, as

obtained from reference 1, is shown in fig. 84)

Equations (1) and (2) are strictly correct only if the direct
current resistance of the high-temperature strain gage remains
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congtant as the temperature is varied. Actually the resistance
increages as the tewperature is increased and a slight error occurs
if equation (2) is used to determine kT/kO. The error is in the
order of less than 1 percert for strain-gage resistance variations
as high as 25 percent; therefore, equation (2) may be considered
sufficiently accurate for practical purposes. In this analysis

the dropping resistor R; has been considered equal to the strain
gage Rbo-

Properties

The life of the strain gages at elevatsd temperatures was
found to be dependent upon the menner in which the strain gages were
connected into the electrical circuit. As an example, several
filament-type strain gages were operated at 1500° F for 15 hours
with satisfactory quantitative results, but when a minor change
wes made in the electrical circuit, the strain gages failed within
a few minutes. Microscopic examination of the strain gages after
failure showed severe corrosion of the strain-sensitive wire.

Figure 9 shows variations of the common potentiometer circuit

that were tested to determine the critical factor in the corrosion
process. When the circuits of Tigures 9(a) and 9(b) were used, no
failure resulted and there was no detectable corrosion; when the
circuits of figure 9(c) woere tested, the strain gages failed at
approximately 1200° F. Ingpection of the circuits shows that the
failures occurred when the average potential of the strain-sensitive
filament was negative with respect to the test specimen (ground)
but did not occur when the average potential was positive with
respect to the test specimen. Operation without circuit grounding
(fig. 9(b)) was successful regardless of the battery polarity.

The corrosion may be explained by comparing it to an electro-
lytic effect in which the strain-sensitive filament ard the test
specimen act as the electrodes whereas the Sauereisen cement acts
as the electrolyte at the elevated temperatures. The equivalent
circuit is illustrated in figure 10, which shows both the correct
method of connecting the circuit (fig. 10(a)) and the incorrect
method (fig. 10(b)). Wheatstone-bridge circuits, common in
strain-gage circuits involving the use of slip rings, must like-
wise be so arranged that the average potential of the strain gage
is positive with respect to the test surface.

The variation of the resistance with temperature of the high-
temperature strain gages fabricated with Nichrome V wire is shown
in figure 1l. It is noted that during the first half of cycle 1 an



12 NACA TN No. 1174

increase in the resistance of approximately 17 percent is obtained.
Unon completion of cycle 1 (return to room temperature) the resist-
ance was found to return to a value approximately 12 percent higher
than the original. In subsequent heating and cooling cycles the
trend of the second half of cycle 1 is retained as shown in fig-
ure 11 by cycle 2.

The strain sensitivities of the strain gages at elevated tem-
oeratures were plotted as the ratio of the sensitivity factor at the
elevated temperature to the sensitivity factor at room temperature.
This method provides a means of comparing the strain sengitivities
at elevated temperatures of various strain gages that have different
room-temperature strain sensitivities. The strain-sensitivity factors
at room temperature of the form-wound strain gages tested were 1.75
+10 percent. If the gage factor iIn a specific application cannot be
measured, a value of 1.75 is recommended for a form-wound gage. The
effect of temperature upon the strain-sensitivity factor of a typical

Nichrome V filament-type strain gage (without winding form) cemented A

with Sauereisen No. 1 is shown in figure 12. A relatively constant
gsensitivity factor was obtained up to 1500° F and subsequent tempera-
ture cycling had no effect upon the uniformity of the sensitivity
factor. At room temperature, the average gensitivity factor was

2.05 with a variation from gage to gage of approximetely £5 percent.
Gages cemented with Sauereisen No. 78 cement gave quantitatively
similar results.

The variation of the ratio of strain-sensitivity factors kT/ko
with temperature for strain gages cemented with Sauereisen No. 78
cement is shown in figure 13. Two complete heating and cooling cycles
are shown with a temperature range from room temperature to 1500° F.
The sensitivity factor is sensibly stable and reproducible throughout
the heating and cooling cycles. The wave form of the strain-gage signal
during testing was equally as goed at 1500° F as it was at room tempera-
ture.

The variation of kp/kg with temperature for form-wound strain
gages cemented with Sauvereisen No. 1 is shown in figure 14. A sharp
rise occurs during the first increase In temperature at approximately
13000 F but when cooled this rise disappears. For this reason, it
is recommended that the specimens upon which strain gages are cemented
with Sauereisen No. 1 be preheated to approximately 1400° F for a short
time before actual testing. The variation of the strain sensitivities
during subsequent heating and cooling cycles will be substantially the

same .
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The reproducibility of kp/ky from strain gage to strain gage
of the form-wound type is such that accurate quantitative data can
be obtained up tc 1200° F. From 1200° to 1500° F variations occur
and vibratory stress data obtained with such gages should be treated
‘qualitatively. Inherent physical characteristics of the woven-glass
form on which the resistance wire is wound causes the decrease of
sensitivity factor with increase of temperature above 1200° F. The
measurcwent of the frequency of the vibration is accurate up to
1500° p. It is recommended that whenever pogsgible, a strain gage
without winding form be used because accurate quantitative data can
be obtained with this type up tc 1500° F.

The choice between Sauereisen No. 1 and Sauercisen No. 78 cement
depends upon the particular application. Sauereisen No. 78 cement
has better cement-to-metal adhesive qualities than No. 1, but the
No. 1 has better cement-to-cement adhesion than the No. 78. The
No. 78 1s also more hygroscopic and, if there is any moisture near
the test installation, its use should be avoided. The addition of
Sauereisen No. 15 thinner to the No. 78 cement has a detrimental
effect upon the strain-gage sensitivity factor at elevated tempera-
tures. The No. 78 cement is therefore more difficult to apply and
good reproducible strain-gage mounts arc likewise more difficult to
obtain. In most applications the use of No. 1 cement is recommended .
In the tests where No. 78 cement was used, it was found desirable to
direct the heat of an infrared lamp on the strain-gage installation

during the nonrunning periods. Satisfactory adhesion of the Sauersisen

No. 1 and No. 78 cements has been obtained on such high-temperature
alloys as 17W, Timken, Vitallium, and Inconel.
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APPENDIX B

SLIP~RING EFFECTS

Because of the need for conducting currents and voltages between
the stationary equipment and the rotating strain gage, slip rings ere
necessarily a part of strain-gage circuiis. The interferernce
effects of slip rings on strain-gage signals at high speeds of rota-
tion can be minimized by reducing the resistance filuctuatious
between the slip rings and brushes themseivee and by arrenging the
electrical circuit to be as insensitive as possible o the resistance
fluctuations that do occur. Experience has indicated that the com-
bination of monel-metal slip rings and silver-graphite brushes would
gserve satisfactorily for the present prcblem.

One method now in common use for minimizing the effect of slip-
ring resistance variation is the mounting of the entire strain-
measuring Wheatstone bridge on the rotating mewber. In the present

" application, three similar strain gages were cemented to the end
face of the cylinder formed by the elip ringe and slip-ring insulators.

Because there was no vibratory strain iIn this cylinder the strain
gages could be used as the fixed resistors Rg; Rz, and Ry. (See
fig. 2(b))

The use of & ballast resistor R (fig. 2(b)) in series with
the power supply also serves to reduce the effect of variation in
resistance betwsen slip rirgs and bruskes. The resigtance variations
then become a small percentage of the total resistance in the power-
supply circuit and the voltage Epc &acroes the bridge rcmains more
nearly congtant than it would if the ballast resistor R were
omitted. A quantitative analysis to show the effect of the ballast
resistor is as follows:

The output voltage EBD of the bridge can be shown to be

Ey(RaRp - RyR3)
B 12 - =
BD = (Ry + Ro)(Rz + Ry) + R(%y + Bz + B3 + Ry)

The output voltage of the tridge Epp is therefore dependent upon
the two variables Rl end R. The fluctuation in EBD caused by
the variable R; 1is the desired strain-gage signal, whereas the
fluctuation in Egp caused by the variable R 18 the undesired
glip-ring eifect. If dR 1s the change in R, the fluctuation
dEBD caused by dR can be written

(3)
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d¥pp = = dR = -Epp R (4)
where

(Ry + Ra)(Rz + Ry)
Rl + RZ + RS - R4

R' =R+ (5)
From equations (4) and (5), it is evident that dEpp as caused by
dR can be reduced by decreasing Egp and dR and by increasing R'.

If the bridge is in near balance under the operating conditions, then
Epgp Wwill be close to zero. The bridge can be operated very close to
the balance point by selecting Ro equal to the resistance of the
strain gage R; at the operating temperature and selecting Rz = Ra.
Because Ry 1is usually mounted in a cool region, whereas Ry oper-

ates at a high temperature that causes its resistance to increase, R»
should theoretically have a higher resistance at room temperature than
Ry. For practical purposes it is sufficient to select Ry =Ry =Rz = Ry
at room temperature. The variation in glip-ring-brush resistance dR
depends entirely upon the design of the brush and slip-ring combination.
For the purnose of these tests the monsl-metal 8lip ring and the silver-
graphite brushes (two parallel brushes per ring) were found to be satis-
factory.

The greater the resistance of the ballast resistor R, the less
will be the effect of the resistance fluctuation dR. The limitation
to the indefinite increase of R 1lies in the fact that, for sensi-
tivity of the bridge to strain in the strain gage, the voltage across
the bridge E)c must be maintained constant. An increase in R must
therefore be accompanied by a corresponding increase in the power-
supply voltage E,. In the present tests 240 volts were available.
Because only 18 volts were necessary for adequate sensitivity of the
bridge, 222 volts were avallable for the ballast resistor. An effec-
tive ballast resistance of 1500 ohms was used to obtain this voltage
distribution. This resistance reduced the fluctuations in output
voltage that resulted from slip-ring resistance fluctuations to about
15 percent of the value for the case of zero ballast resistance.
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| gages cemented with Sauereisen No.
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Fig. 2 NACA TN No. 1174
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Figure 2.- Instrumentation and circults used in the investigation
of vibratory stresses in turbine buckets.
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NACA TN No. 1174 Fig.' 3
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(c) Modified turbine nozzle
box.

Figure 3. - Modifications made to turbine obucket, wheel, and
nozzle box.
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Fig. 6 NACA TN No. 1174
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(a) Strain-gage form clamped with wires prepared for winding.
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(p) Completed strain gage. .

Figure 6.- Construction of high-temperature strain gage.
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(b)

Equivalent circulit.

Figure T7.- Calibration setup and electrical circuit used in

determining the sensitivity of the high-temperature strain

gage.
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Figure 9, - Schematic diagrams of eight strain-gage potentiometer
circults tested to determine the effect of battery polarity.




Fig. 10 NACA TN No. 1174
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Figure 10. - Polarity effect of high-temperature straln gage.
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