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RESEARCE MEMORANDUM
VIBRATION OF TURBINE BLADES IN A

TURBOJET. ENGINE DURING OFERATION

By W. C. Morgan, R. H. Kemp
and S. S. Manson

SUMMARY

An experimental Investigation was conducted to determine the
vibration phenomena that occur 1n the turbine blades of s typical
Jet-propulsion englne during service operatlion; high-temperature
strain gages were used to measure the turbine-blade vibrations. At
turbine speeds within the cruising range, vibratory atresses of
appreciable megnitude existed In the blades. Most of the vibrations
observed &t wvarlous turbilne speeds occurred In the fundamental
bending mode of the blades at a frequency of approximately
1200 cycles per second. Vibrations also occurred In the first
torsional mode at a frequency of approximately 2000 cycles per
second; and & high-frequency complex-mcde vibratlion was observed
wlthin the limlits of .the crulsing range of the engine. The

. frequencies of the principal vibratlons were found to be related
to the number of nozzle blades and combustion chambers.

INTRODUCTION

Among the importent problems in the stress analysis of Jet-
propulsion englnes 1s that of determining the vibratory phenomena
that affect turbine blades during service operation. Vibratlons
may cause fatigue rupture of turblne blades. In an NACA Investliga-
tion of turbine-blade faillures, for example, most of the broken
blades displayed the characteristic appearance of fatligue fracture,
indicating the presence of critical vibrations. The development of
the Jet-propulsion englne in England was compllicated by numerous
turbine-blade vibration problems (reference 1). Little data are
available, however, on the quantitative magnltudes of vibratory
stresses present In typical gas-turbine dladee under operating
conditions.

Numerous potential sources of blade-vibratlon exciltation are

. present in gas turbines. Most of the excitations are tranamitted
to the blades by means of the hot gases constituting the driving
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medium. Any Influence that tends to produce a perilodlc variation

in veloclty about the blade tends to produce vibration. Front ¢
bearing supports, caompressor blades, compressor-casing gulde vanes,
combustion tubes, and stationary nozzles affect the uniformity of
the gas stream before 1t passes over the rotating blades. Fven if
the gas flow were perfectly uniform at the time of Impulse in the
turbine blades, the passage over the blades might induce aerocdynamic
conditions conducive to vibrations. Although the most serious
sources of excltatlon are probably the combustion tubes and the
stationsry nozzle hlades, no data are avallable for evaluating the
various excltation Influences.

An investlgatlion including bench and dynamlc tests was
conducted at the NACA Cleveland leboratory to determine by means of
high-temperature wilre-reslstance straln gages the actual vibrations
exlsting in the blades of a turbojet engine 1n service operatlon
and thereby to determine the Importance of vibration as well as to
evaluate, for the particular blades investlgated, the relatilve
order of importance of each of the vibratlon-excltatlon sources.
The engine used was especlally sulted for thls purpose because 1t
has been under investigation at the NACA to determlne related
information on the blades, such as typlcal service llfe, creep rate,
and temperature distribution during varlous operatling conditlons.
Correlation of vibratlion frequency and turblne speed permlitted a
determination of the sources of excltatlon; the magnitude of the
vibrational stress at each speed permltted an evaluation of the .
relative importance of the various vibrations.

EXPERTMENTAL EQUIPMENT AND PROCEDURE

The blades in the engine used in this investigatlon are of
the unshrouded type with "fir-tree" attachment. Temperature dls-
tribution in the blades investlgated 1s avalleble from reference 2.
The turbojet engine used 1is a l4-burner, straight-flow type with
a centrifugal campressor.

Modes of wvibration. - The nodal pattexrns in the varlous natural
modes of vibration were detarmined by prelimlnary bench tests on a
blade similar to those used in the dynamic investigations. In
producing these patterns, the blede was inserted iIn a turbine dlsk
with a tight fit In order to approximate the rigidity in a completely
bladed wheel; vibratlon was exclted by a epeaker-type unit of
variable frequency. In order to aveld mechanlical damplng or
restraint of the blade,the excitation force was transmltted through
a gsteel rod attached to a stub blade adjacent to the test blade in .
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the turbine disk. The turbine disk was suspended In & sling sbove
the exciter (fig. 1).

The excltatlon frequency was varied untll resonance was
obgerved by means of a crystael pickup. Location of the nodes was
accomplished by moving the needle point of the plckup device along
the lines of a grlid drawn on the concave face of the blade until an
oscllloscope signal indicated e minlmum amplitude. Iocatlon of a
sufflclent number of such polnts was recorded to establlsh the
locatlon of the nodes for each of the resonant freguencles.

The bench tests on the blades showed that the restraint
attributable to strain gages was negllglble Insofar as change In
natural frequency was concerned.

Instrument instellation. - High-temperature wire-resistance
strain gages were used to obtaln date from the turblne blades
during service operation. The construction and the mounting of
the straln gages were simller to those of the multlple-~loop type
described in reference 3. The strain-sensitive wire was a platlnum-
iridium alloy; Sauerelsen No. 32 cement was used as the mounting
medium. After the straln gage had been baked on a turbine blade
(reference 3), the blade was placed in a high-temperature oven and
slowly heated to 1700° F to stabilize the strain-sensitive charac-
teristlics of the strain gege and to Improve the bonding of the
cement. The strain gages were mounted near the blade bases along
the trailing edges on the convex sides. This locatlon was selected
because 1t was satisfactory for vibration measurements and also
afforded optlimum temperature conditlons for straln-gage life.

The instrumented blades were inserted in the turbine wheel,
the lead wires cemented tc the rear face of the turbine rotor, and
the lead-wire cement baked by radiatlon from Infrared lamps. The
lead wires were connected to a circular terminal block at the
center of the turbine wheel (fig. 2).

Several components of the engine were modified in order to
provide passege of the lead wilres from the straln gages to the slip
rings necesgsary for transmlttal of strain-gage signals to statlonary
observation and recording instrumentation. The princlpal modifi-
cations consisted of axial passages bored through the turbine wheel,
the compressor, and the shafts connecting these components. A
hollow auxiliary shaft, connected to the compressor, extended
through the accessory housing on the forward end of the turbojet
engine to provide a connectlon to the slip-ring unit on the
accessory housing (fig. 3). A magnetlc revolution counter, which
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also appears 1n figure 3, was used in order to provide & more
accurate determination of turbine speed than could be obtained with
the standard turbojet tachometer.

The slip-ring unit was of the cylindrlcal type with all rings
of the same dlameter. The straln-gage signals were transmlitted
through brushes mounted at an angle to the radli in the plane of
each slip ring. The slip rings were monel metal and the brushes
were silver graphite.

Two Wheatstone-bridge clrcults, which permitted signals to be
teken from two stralin gages at the same time, were used. Removal
of the exhaust—cone of the outlet ducting permitted the terminal-
plate connectlons to be so changed as to connect any two of the
strain gages 1lnstalled on the blades into the clrcults. The three
inactive arms of each Wheatstone-bridge clrcult were strain gages
mounted on a dynamically straln-free rotati part of the slip-
ring assembly. This precaution (reference 3) served to minimize
slip-ring Interference effects.

The stralin signals were transmitted to instrumentation
conslsting of amplifiers, oscllloascopes for visual study of the
signals, a recording osclllograph, and a variable-frequency signel
generator for determining vibration frequency. The osclllograph
simultaneously recorded the two strain~gage signals, timing marks
indicative of turbline speed, and another set of timing marks
showing the oscillograph f1lm speed.

The procedure conslsted in operatling the englne over the
entire range of turbine speed at exhaust temperatures intemded to
duplicate service condltions. The speed ranged from idling
(4000 rpm) to full turbine speed (11,500 rpm). As the speed was
slowly increased, the strain-gage signals were under constant
observation. At the appearance of slgnals indicative of vibra-
tion, the turbine speed was held constant and the signals were
recorded. At the same time, the varlable-frequency signal
generator was used to determine the frequency of wvibratilon.

RESULTS AKD DISCUSSION
Modea of Vibration
Nodal patterms were obtained on a blade of the same type as
those instrumented with strain gages to determine the approximate

frequencles of rescnant vibration of the blades. The nodal
patterns of 10 vibratidn modes that were exclted by means of the

885
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speaker-type exciter are shown 1n*figure 4, The fundemental bending
mode, not shown in the flgure, occurred at a freguency of 1270 cycles
per second. A point of interest was the similarlty of the nodal
pattern at 8500 cycles per second to that at 8800 cycles per secand,
a simillerity apparently caused by the slmultaneous ocourrence of

two modes mechanically coupled., Although similarity often exlsts
anmong vibration nodal petterns at very high frequenocies, the node
patterns at 9450, 8625, and 10,700 cycles per second are dissimilar.

885

Centrifugel Stresses

The centrifugal stresses In the blade at different speeds of
operation were first computed in order to assist In the Interpreta-
tion of the significance of the vibratory stresses. The results are
shown in figure 5. The centrifugel stresses at various locations
along the length of the blade are shown for turbine speeds of 10,000,
11,000, and 11,500 rpm. Bending stresses due to gas loadlng are not
included in these calculetions because the stress values are to be
used only qualitatively. Also plotted In this figure are the
allowable stress values at each location along the blade, based upon
the temperature distribution in the blade (reference 2) and the
stress-rupture values for Vitallium at each temperature for dura-
tions of 100 and 1000 hours. For speeds below 11,000 rpm, & margin
of safety exlsts between the operating centrifugal stress and the
stress-rupture values. At or above 11,000 rpm, little margin of
safety exlsts at any location in the blade and even small vibratory
stresges may be sufficient to precipltate fatigue fallure.

Vibration of Turbine Blades during Operation

An analysis of the vibration data obtelined on two of the
“blades is shown in figure 6. These blades were standard turbine
blades mounted dlametrically opposite. Each of the data points
represents an engine speed at which vibratlion was observed and the
frequency of the blade vibration. Also shown are a serles of solid
lines labeled order. IEach of these llnes represents the locus of
points at which the freguency in cycles per second 1s a definite
multiple of the frequency of turbine rotation In revolutions per
minnte. Such lines therefore define, at any englne speed, the
frequency of any exciting force that occurs at a definite multiple
of engline speed. For example, because there are 14 combustion
chambers in this engine, an excltation due to the velocity profille
of these combustion chambers would occur 14 times for every engine
revolution. The frequency of combustlon-chamber excltation at any
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engine speed ls therefore represented by the line for fourteenth
order. A correlation between the observed points of blade vibration
and the lines of multiple order is useful in ascertalning the sources
of vibration excitation.

In addition to those points of sustained vibration shown in
figure 6, several transient vibrations In the first bending mode at
1200 cycles per second were recorded near full-speed operation of
the engine. These vibrations were recorded on the oscillograph
fllm but were not visually identified on the oscilloscope screen.
The duration of any of these vibrations was short, approximately
1/50 second; the cause of ‘the vibrations was not ascertained. These
vibrations could not be neglected, however, because of thelr
occurrence &t the speeds producing the greatest severity of temper-
ature and centrifugal-stress conditions. Another point of interest
not demonstrated In figure 6 was the absence of gignificant vibra-
tions during & run in which the engine was accelerated from 4000
to 11,500 rpm within a period of 15 seconds while the oscillograph
was contlnuously operated. Apparently sufficlent damping existed
to prevent the buillding up of vibratlon during rapld acceleration.

Inspection of figure 6 showe that the importent orders of
excltation are 7, 8, 11, 14, and 48. Exoltations of the forty-
elghth order are tc be ascribed to the 48 nozzle blades in the
turblne. In blade A, +this souroe of excitation produced a stress
renge of 5200 pounds per square Inch at a speed in the crulsing
range of the engine, where the temperatures are high and the margin
of safety 1s low. The frequency of thils vibration was 8600 cycles
per second. Blade B was also excited by the forty-eighth order
but at a different frequency, probably because of differences in
the blade mounting. This vibration at a frequency of 5900 oycles
per second did not occur wlthin' the cruilsing range.

The fourteenth-order excitation can be attributed to the
14 cambustlion chambers in the engine. Thls source produced firast
torsional vibrations at a frequency of 2000 cycles per second with
a stress range of 2100 pounds per sguare inch in blade A end a
stresa range of 3100 pounds per square Ilnch in blade B. Because
the englne speed at which these vibrations ocourred was below the
crulsing range of the engine, sustained vibrations due to thie
gource are not likely and, moreover, they occur when the tempera-
tures and the centrifugal stresses are relatively low so that
greater vibratlional stress 1s tolerable. The combustion chambers
also produced fundamental bending vibrations at a frequency
of 1170 cycles per second in both blades at a apeed of approxi-
mately 5000 rpm but these vibrations are probably not of great
importance because of the low speeds at which they occurred.

885
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Vibrations due to elghth-order excitations may be of Amportance.
. Although these vibrations in the fundamental bending mode at
1200 cycles per second occur at a speed below the cruising range,
their relative amplitude is high. In blade B, the highest vibra-
tory stress range observed of 6800 pounds per square inch was exclted
by an eighth-order effect.

The seventh-order excltations, which are Important, produced
vibrations in the fundamental bending mode at & frequency of .
1200 cycles per second. The stress range for both blades produced
by this excitation was relatively high (about 5500 1lb/sq in.)} and
occurred at a speed of about 10,300 rpm, which is within the
crulsing range of the englne and is accompanlied by high blade tem-
peratures and centrifugal stresses. Several posslbilitlies exist as
the source of thlis order of exciltation. One of the more probable
causes may be that inequalitles of mass flow from the varlious com-
bustion chambers produce numerous harmonics of engline speed and the
lowest order that can exclte blade vibrations at any speed within
the operatlng range of the turblne is the seventh. Another
possibility ls that the response of the blade to excitation 1s
nonllinear and would therefore temd to introduce & one-half-order
excitation of the combustion chambers (reference 4).

SUMMARY OF RESULTS

Through the use of hlgh-temperature wire-reslstance strain

gages, vibratory phenomena in the blades of a typical gas-turbine
. engline have been observed and evaluated in terms of modes,

frequencies, stress range, and probable sources of excltatlion.
Most of the vlibrations observed at various turbine speeds occurred
in the fundamental bending mode of the blades at a frequency of
approximately 1200 cycles per second. Vibrations also occurred in
the flrst torsional mode at a fregquency of approximately 2000 cycles
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per second; and a high-frequency camplex-mode vibratlon was observed
within the limits of the crulsing range of the engine. The
frequencies of the principal vibrations were found to be related to
the number of nozzle blades and combustlon chambers.

Flight Propulsion Research lLaboratory,
Natlonel Advisory Commlttee for Aeromautics,
Cleveland, Chlo.
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Figure |. — Excitation equipment used in determination of nodes in tur-
. bine blade during various natural vibration modes.
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Figure 2. - instaltation of high-temperature strain gages on turbine
- blades showing location of blades and lead wires.
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