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LP Compressor Blade Vibration Characteristics at Starting 
Conditions of a 100 MW Heavy-duty Gas Turbine 
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In this paper are presented the blade vibration characteristics at the starting conditions of the 

low pressure multistage axial compressor of heavy-duty 100 MW gas turbine. Vibration data 

have been collected through strain gauges during aerodynamic tests of the model compressor. 

The influences of operating modes at the starting conditions are investigated upon the 

compressor blade vibrations. The exciting mechanisms and features of blade vibrations are 

investigated at the surge, rotating stall, and buffeting flutter. The influences of operating modes 

upon blade dynamic stresses are investigated for the first and second stages. It is shown that a 

high dynamic stress peak of 120 MPa can occur in the first stage blades due to resonances with 

stall cell excitations or with inlet strut wake excitations at the stalled conditions. 
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Subscripts 
des : At the design point 

eq : Equivalent 

i : Inlet 

1. I n t r o d u c t i o n  

It is well known that the starting conditions 

are very dangerous for lower stage blades in 

multistage axial compressors of gas turbines. The 

problems had appeared firstly in the mid 40s, 

when many blade failures had occurred at the first 

two lower stage blades in axial compressors of 

aircraft gas turbines (Shannon, 1954). To inves- 

tigate the blade failures many complex vibration 

and aerodynamic investigations had been carried 

out, using the stationary static cascade models, 

and the rotating model and full-scale compres- 

sors. They had identified the rotating stall and 

stalled flutter, which had been unknown at that 

time, as the main sources of the problems. These 
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non-stationary phenomena usually occur at lower 

stage compressor blades at the part load or star- 

ting conditions, and they induce high dynamic 

stresses in fundamental flexural modes, which 

may result in immediate high cycle fatigue fai- 

lures. Rusanova (1958) was one of  the firsts who 

had measured the dynamic stresses of blades at 

the starting conditions in the multistage axial 

compressor. Detailed experimental works of the 

phenomena had been introduced by Samoylovict 

(1975). The rotating stall vibration had been 

investigated explicitly by Ishihara and Funakawa 

(1980) and Kulagina (1976). 

In subsequent investigations significant atten- 

tions had been given to identify the operating 

conditions at which the phenomena occur and to 

develop their elimination measures. As a result 

special measures had been applied to axial com- 

pressors and events of high cycle fatigue failures 

had decreased considerably (Vedichtchev and 

Titenskiy, 1983). However, in spite of  a big ad- 

vance in the technology the problems of com- 

pressor blade vibrations at the starting conditions 

are not completely solved, yet. Therefore, upon 

developing new compressors time-consuming and 

expensive complex vibration and aerodynamic 

tests need to be carried out. Besides, Ki and 

Chung (2002) reported the transient pertbrmance 

characteristics of a turboprop gas turbine, includ- 

ing compressor components, at the on and off 

design points. 

In this paper are given the blade vibration 

characteristics at the starting conditions in the 

low pressure multistage axial compressor of a 100 

MW heavy-duty gas turbine. A sectional view of 

the gas turbine is shown in Fig. 1 and its features 

are summarized in Table 1. For vibration and 

aerodynamic tests of the LP compressor a scaled 

model compressor has been constructed. Its scale 

factor of simulation is equal to 4.14. The model 

compressor has been tested on a test stand, using 

a steam turbine as a driver. Vibration data have 

been obtained through strain gages attached to 

the blades during aerodynamics tests. Observa- 

tions of the blade vibrations are shown at the 

surge, rotating stall, and buffeting flutter. The 

influences of operating modes in the compressor 

Table 1 Features of the 100MW heavy-duty gas 
turbine 

Item Unit Value 

Power MW 100 

Turbine inlet temp. °C 750 

Pressure ratio 
- LP compressor 6.3 
- HP compressor 4.25 

Design speed 
- LP compressor rpm 3000 
- HP compressor 4100 

Mass flow rate kg/s 460 

Number of stages 
- compressor 8 + 13 

turbine 3+5 

Inlet diameter ratio 
0.5 

in LP compressor 

Inlet flow coefficient 
0. 486 

in LP compressor 

Fig. 1 A sectional view of the 100 MW heavy-duty 

gas turbine 

stages are investigated on the intensities of stall- 

ed vibrations. The flow coefficients at the first 

stage, at which the stalled vibration occurs, are 

determined and the maximum dynamic stress in- 

tensities are obtained. The exciting mechanisms of  

non-stationary phenomena are also considered. 

2. Operating Characterist ics  of 
Compressor at Starting Conditions 

It is known that the non-stationary phenomena 

in axial compressors are caused by changes of 

tlow conditions on blades at the part load or 

starting conditions. The operating mode of  each 

stage in a compressor may be described by the 

aerodynamic performance. The performance of 

the first stage in the tested model LP compressor 
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Fig. 3 Relative flow coefficients vs. relative com- 
pressor speed at various stages 

is shown in Fig. 2 as the pressure coefficient, 

~', vs. the relative flow coefficient, ~. Where a 

change of the relative flow coefficient allows of 

estimating a change of the stage operating mode 

at the part load conditions. 

Lers consider a change of the relative flow 

coefficients in various stages of the model com- 

pressor at the part load conditions. A plot of the 

relative flow coefficients vs. relative compressor 

speed, h, is shown in Fig. 3. As the relative 

speed decreases further over 0.7, in the first three 

stages the relative flow coefficients decrease sig- 

nificantly and in the next three stages they change 

less significantly. But in the last two stages they 

increase noticeably. The reductions of the relative 

flow coefficients in the first three lower stages are 

much more than the increases in the last two 

higher stages. The observed different behaviors of 

the relative flow coefficients are resulted because 

air density does not correspond to that at the 

design rotating speed. The greatest decrease of air 

density takes place in the last stage due to the 

density reduction effects in the previous stages. 

Therefore, the increases of volume flows in the 

last higher stages result in the increased flow 

coefficients in these stages. Thus, they lead to the 

flow capacity limits or choking conditions in 

the last higher stages. As a result the flow co- 

efficients decrease in the first lower stages. In the 

next middle stages the volume flow changes less 

significantly as the reduction of mass flow is 

compensated by the decrease of air density. This 

results in much less significant changes of the 

flow coefficients. The larger the number of stages 

and the greater the pressure ratio in axial com- 

pressors, the more significant changes of the flow 

coefficients are resulted at the starting conditions. 

A change of the flow coefficients gives rise to 

the incidence angle change at blades. The first 

stage tends to operate at the higher (positive) 

incidence and the last stage tends to operate at 

the lower (negative) incidence• In the middle 

stages the incidence changes in a less extent. For 

instance, in the first stage of the compressor the 

incidence can reach as high as 20 ° at the starting 

conditions as the flow coefficient decreases. Such 

a high incidence may cause the flow separation 

at blades. On the other hand, it is supposed from 

Fig. 3 that if the compressor speed increases 

above the design speed, the first stage tends to 

operate at the lower incidence while the last stage 

tends to operate more near the stall. 

The stall is the main source of occurrences 

for the buffeting flutter, rotating stall, and surge 

in spite of their different exciting mechanisms 

(Samoylovict, 1975). All these non-stationary 

phenomena have been detected during aerodyna- 

mic tests of the model compressor. Their starting 

boundaries have been determined by measuring 

stream fluctuations and stress amplitudes. The 

boundaries are shown in Fig. 2 of the aerodyna- 

mic performance map of the first stage. It is 

noticed that all the non-stationary phenomena 

occur to the left on the performance map. As the 

flow coefficient decreases further from the design 

point value, the buffeting flutter occurs first, then 
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the rotating stall and finally the surge occur in 

turn. 

3. Test  Resul t s  and Di scuss ions  

Vibration and aerodynamic tests have been 

carried out during four different constant throttle 

runs with five constant compressor speeds, i.e., 

h=0.4 ,  0.5, 0.6, 0.7, and 0.8. The lines, corre- 

sponding to these operating conditions, are plott- 

ed on the pressure ratio vs. equivalent mass flow 

characteristic of the compressor in Fig. 4. They 

divide the area of this characteristic map into 

many zones. Measurements have been carried out 

along the boundaries of these zones, and thereby 

almost all possible operating conditions at the 

part load conditions have been investigated. Vi- 

brations have been measured through strain gau- 

ges attached to the blades surfaces near their 

roots. It has allowed of measuring the maximum 

stresses in the fundamental flexural modes of 

blades. 

At the part load or starting conditions the main 

feature of blade vibrations has been the con- 

tinuous existence of intensive (but no resonance) 

oscillations over the part speed range. Resonance 

oscillations occur at integer multiples of rotating 

speed as they coincide with blade natural fre- 

quencies. However, for these intensive oscilla- 

tions all the blades in one stage simultaneously 

vibrate at their own fundamental natural flexural 

modes with their independent natural frequen- 

cies. The oscillations are very sporadic. The vi- 

bration amplitudes continuously build up to the 

maximums and then decrease to the minimums 

in the most random manner. A ratio among the 

maximum stresses may reach three within the 

blades in one stage. A typical vibration signal 

is shown in Fig. 5. This vibration characteristic 

appears almost equally for each non-stationary 

phenomenon. These types of blade vibrations are 

named simply as the stalled oscillations. 

Resonance vibrations in the fundamental fl- 

exural modes at harmonics of the fixed circum- 

ferential non-uniformity or rotating stall have 

not caused any noticeable change to the above 

characteristic of stalled oscillations during tests. 

V'O.O0 5 

Fig. 4 

O.Ol o.oIs o.o2 o.ols o.o3 0.035 

Equivalent mass flow, m.q 

Compressor characteristic and operating lines 
for the model compressor tests 

Fig. 5 A typical blade vibration signal at the stalled 
oscillations 

Only the most intensive harmonic has increased 

the alternating amplitude of stalled oscillations 

at the resonant speed range. Thus, the majority 

of resonances has had no noticeable stress peaks 

at the resonant speeds, and they have hardly been 

detected on the background of permanently exis- 

ting stalled oscillations. 

3.1 Surge 

The surge, as is known, is the most dangerous 

non-stationary phenomenon. At the surge the 

low frequency (30--60 Hz) oscillations of all air 

quantity in the compressor flow path may cause 

significant vibrations of all the units in the com- 

pressor, including bladings, casings, and branch 

pipes. Therefore, any compressor operating line 

should have a sufficient margin from the surge 

line for reliable compressor operation. 

The surge line for the model LP compressor 

has been determined by observing change of the 

operating mode at each constant speed run. When 

the compressor has entered the surge condition, 

the test has been stopped for that constant speed 
run. To prevent blade breakage the compressor 

operating time in the surge condition has been 

kept as the minimum as possible. As a rule it has 

not exceeded ten seconds for each case. Previous 
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experiences of other compressor tests had shown 

that compressor bladings could be destroyed 

after operating for one minute at the surge condi- 

tions. 

The surge line determined in this manner is 

plotted in Fig. 4 on the characteristic map. The 

exact determination of the surge line is very im- 

portant as the compressor operating line should 

be kept far away enough from it. This separation 

or margin is represented by the stability factor 

which is a ratio of the compressor parameter, P r /  

meq, on the operating line to that parameter on 

the surge line at the same rotating speed. The 

minimum recommended value of the stability fac- 

tor is 1.2. 

Numerous tests by Samoylovict (1975) had 

shown that the dynamic stresses at the surge may 

increase up to five times of  those at the normal 

operating modes. The stress amplification de- 

pends on the depth of entering the surge condi- 

tion and compressor constructions. In the present 

model compressor test, taking into account the 

previous experiences, the deep entering of the 

surge condition has been avoided. Therefore, 

dynamic stresses in the first and second stage 

blades have increased only i .5--2 times at the 

beginning of surge. The blades have vibrated at 

the fundamental flexural modes and have had 

unstable amplitudes. The alternating amplitudes 

have a stochastic characteristic and they are mo- 

dulated by the surge frequency of  35 Hz. How- 

ever, from a practical point of  view these dynamic 

stresses do not cause any concern as the compres- 

sor operation is not allowed at the surge. 

3.2 Rotating stall 
The rotating stall has been detected in the first 

stage of the compressor during the constant 

throttle N4 run at the speed range of h=0.45 - 

0.7. It has a single stall cell, rotating at 30~40 

percent of the compressor speed. The rotating 

stall has not been detected in the second stage 

despite that this stage has operated in the stall 

conditions. 

Investigations by Kulagina (1976) had shown 

that the stall condition is only a necessary condi- 

tion but not a sufficient condition for the occur- 

rence of rotating stall. The rotation of stall cell 

starts only at a violation of flow stability which 

depends on many factors. The most essential fac- 

tors are the value of flow circumferential fixed 

non-uniformity and geometrical factors of com- 

pressor flow path, for example, inlet hub to tip 

diameter ratio, pitch to chord ratio, blade twist, 

and axial gap. Diversities of these factors and 

their different combinations in different stages 

also create the conditions for the occurrence of 

rotating stall in the different stages. 

The excitation of  oscillations at the rotating 

stall is due to the variable aerodynamic force on 

a blade that occurs as it enters and exits out the 

stall cell. This aerodynamic fo'rce is resulted from 

the incidence change on the blade from a mean 

value in a non-stalled area to a large positive 

value upon entering the stall cell and a nega- 

tive value upon exiting out. This force excites 

oscillations of blades in both the resonant and 

non-resonant ways. However, the resonance ex- 

citation at harmonics of the rotating stall is most 

dangerous. 

It is known that the resonance at the rotating 

stall occurs with the coincidence of blade natural 

frequency and stall cell excitation frequency. In 

such case the resonant condition is expressed as 

F : ( 1 - ~ ) . m . n .  Where F is a blade natural 

frequency, & is a relative speed of stall cell, m 

is an integer multiple, and n is a compressor 

rotating speed. The fractional factor, ( 1 - - ~ ) ,  

causes the fractional ratio between the blade nat- 

ural frequency and the shaft speed. This is the 

main difference between the stall cell excitation 

and the wake excitation, where the later occurs at 

harmonics of the shaft speed, i.e, F = k . n .  

The blade dynamic stress in the first stage at 

the rotating stall is shown in Fig. 6 as a function 

of relative rotating speed. The stalled oscillations 

with stresses of more than 60 MPa.exist over the 

range of  rotating stall. The vibration amplitude 

has been unstable. Stress increase or reduction 

has depended on the blade oscillation phase when 

the stall cell overtakes it. The maximum stress 

peak of 120 MPa occurs at h : 0 . 5 ~ 0 . 5 5 .  

To explain this stress peak the Campbell dia- 

gram is plotted in Fig. 7. On the diagram are 
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Campbell diagram of the first stage blade 

constructed the forcing order lines correspon- 

ding to the rotating stall cell excitation and the 

wake excitation o f  fixed circumferential  non-  

uniformity. The line, k = 4 ,  corresponding to the 

inlet compressor  strut impulses is also plotted. It 

can be seen that the stress peak at n = 0 . 5 3  is 

excited by the sixth harmonic  of  stall cell, i.e., 

m = 6 .  In the rest o f  the area, where the rotat ing 

stall still exists, the resonant excitation has not 

taken place. 

3.3 Buf fe t ing  f lut ter  

Tests of  the model  compressor  have shown that 

in a wide range of  part load condi t ions  even with 

the absence of  rotating stall the first two lower 

stages blades permanent ly  vibrate in their own 

fundamental  flexural modes. The intensities of  

oscil lat ions have been high enough. The  vibra- 

tion characteristics are the same as that of  the 

rotating stall. These vibrat ions may be treated as 

the buffeting flutter. 

The  buffeting flutter vibrat ions have been in- 

vestigated between the constant  thrott le N l and 

N3 runs at three constant  speeds. The measured 

maximum stresses at the first to the forth stage 

blades are superimposed on the compressor  pres- 

sure ratio vs. mass flow characterist ic in Fig. 8. 

They are plotted at their corresponding opera-  

ting points, ' ~ ' ,  normal  to the constant speed 

lines a long which they have been observed. It is 

noticed that over  all the operat ing ranges the 

dynamic stresses o f  the first and second stages 

blades are higher than those of  the third and 

forth stage blades. 

The  effects of  operat ing modes are analyzed 

on the intensity of  stalled oscillations. In Fig. 2 

the dynamic stress of  the first stage blades is 

plotted as a function o f  the relative flow co- 

efficient a long with the pressure coefficient. It is 

seen that the stalled oscil lat ions occur over the 

transit ion region from the right hand side to the 

left hand side of  the performance map. At 0---- 

0.8 to 0.7 the intensity of  stalled oscil lat ions 

increases sharply. As 0 decreases further, there 

happens no significant change o f  stress. However ,  

the next sharp increase of  stress may arise only at 

the occurrence of  rotating stall or surge. Detai led 

aerodynamic  and vibrat ion investigations on 

cascade blades by Samoylovic t  (1975) showed 

that such a minor  change o f  stress is due to the 

decrease o f  fixed aerodynamic  lift on a blade at 
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the large incidence. Thus, the performance map 

of  the first stage in Fig. 2 has three regions cor- 

responding to their different intensity charac- 

teristics o f  stalled oscillations. In the first region 

with i f>0 .8  the stalled oscil lat ions are absent, 

in the second region with 0 . 8 > f f > 0 . 7  they in- 

crease sharply, and in the third region with c~< 

0.7 they vary insignificantly. 

The stalled dynamic  stresses of  the second stage 

blades are plotted in Fig. 9 for four different 

constant thrott le runs as a function o f  the rela- 

tive compressor  speed. They show that the stall- 

ed oscil lat ions exist cont inuously  over  a speed 

range of  h = 0 . 3 - - 0 . 7 .  The  obtained typical results 

are due to no significant influence of  the wake 

resonance excitation on the stall oscillations. The 

starting boundary  o f  stalled oscil lat ions depends 

on each constant  thrott le run applied. For  small 

thrott le resistance with N I and N2 runs the 

boundaries  are at n-=0.6--0.65,  and for large 

thrott le resistance with N3 and N4 runs they 

are at h = 0 . 7 - - 0 . 7 5 .  Thus, generally speaking, as 

the thrott le resistance increases, the stalled oscil- 

lations occur at a higher relative speed and their 

stress intensities increase, too. 

However ,  test results o f  the first stage blades 

in Fig. 10 suggest that such stress behavior  char- 

acteristics can be changed under the influence of  

intensive resonance harmonic  of  the fixed cir- 

cumferential  flow non-uni formi ty .  In Fig. 10 the 

dynamic stresses of  the first stage blades are 

plotted for three different constant  thrott le runs 

as a function of  the relative compressor  speed. 

The maximum stress peak occurs at the mini-  

mum throttle resistance N I run instead o f  higher 

thrott le resistance N3 run as in the case of  the 

second stage blades. The peak stress of  120 MPa  

occurs at h=0 .45 .  Such a sudden stress increase 

has not been observed at the other  constant  

thrott le runs. The Campbel l  d iagram in Fig. 7 

shows that the peak stress is due to the resonance 

with the forth harmonic  equal  to the number  of  

compressor  inlet struts. Thus,  the resonance with 

the inlet strut harmonic  at the stalled condi t ions  

can be dangerous for compressor  rotor  blades. 

The high stress is due to the absence of  aero- 

dynamic  damping  at this condit ion.  

3.4 Exciting mechanisms of stalled oscilla- 
tions 

Now,  consider  the exciting mechanisms of  

stalled oscil lat ions at the absence of  rotating 

stall. Shannon (1954) showed that two exciting 

mechanisms are possible. One is a self-excited 

vibrat ion such as the stalled flutter. The other 

is the flow separat ion on the suction surfaces 

due to the s treamlining at blades with large 

posit ive incidences. The later generates var iable  

aerodynamic  forces with a broad spectrum of  

frequencies, and then, blades, like a filter, extract 

energy at frequencies equal  to their own natural 

frequencies. 

The measured stalled oscil lat ions in the model  

compressor  have some features of  the stalled flut- 

ter. They are not resonance excited oscil lat ions 

but cont inuous  vibrat ions o f  all the blades in 



902 An Sung Lee and Alexandre F. Vedichtchev 

the stage at their own fundamental frequencies 

over a broad speed range with a high level of 

stresses. Besides, they occur along with a transi- 

tion of the stage operating mode from the right 

hand side to the left hand side of the perfor- 

mance, ~ ' ( ~ ) .  Here, the transition is a possible 

source of the stalled flutter because airflow loses 

its damping properties and thereby becomes a 

source of self-excited oscillations. However, there 

are some basic differences between the measured 

stalled oscillations and stalled flutter. The stalled 

flutter has a more clearly expressed starting boun- 

dary of stalled oscillations with fast increasing 

amplitudes. In contrast the measured stalled oscil- 

lations have no such clearly expressed starting 

boundary and their amplitudes increase slowly 

enough. Further, the amplitudes of measured 

stalled oscillations have a stochastic characteristic 

whereas the stalled flutter has a rather steadier 

amplitude characteristic. 

It is known that the stalled flutter occurs at a 

certain combination of incidence angle, flow ve- 

locity, blade material density, and blade stiffness 

parameter, which is a ratio of blade length to 

its maximum thickness (L/C).  A long-term ex- 

perience by Samoylovict (1975) showed that in 

stationary compressors with steel blades and inlet 

flow velocities less than 150 m/s the blade stiff- 

ness parameter should be more than 30 for the 

occurrence of stalled flutter. However, in the 

model compressor the blade stiffness parameter is 

much less than the critical and it is equal to 19.4 

in the first stage. Such a sufficient margin of the 

blade stiffness parameter prevents the stalled flut- 

ter from developing in the compressor. 

Thus, the following exciting mechanism of 

blade stalled oscillations is suggested in the ab- 

sence of rotating stall. These types of oscillations 

are excited mainly by aerodynamic force, which 

results from the flow separation on the suction 

surface of blade at a large positive incidence. The 

phase difference between this force and blade 

movement causes an irregular amplitude change 

of blade vibration. On the other hand, the exist- 

ence of high stresses at the stalled oscillations 

with no direct resonant wake excitation manifests 

such a small aerodamping, which is a basic kind 

of damping in the fundamental mode. As a rule 

the decrease of aerodamping happens near the 

boundary of stalled flutter. Therefore, this type 

of stalled oscillations may be referred as the 

buffeting flutter. 

4. Conclusions 

Blade vibration characteristics in the LP axial 

compressor of 100 MW heavy-duty gas turbine 

have been investigated at the starting conditions, 

using the scaled-down model compressor. It is 

shown that at the part loads the first lower stages 

of compressor operate with low flow coefficients 

and at the stalling incidences. The streamlining of 

blades with large positive incidence angles causes 

the occurrences of buffeting flutter, rotating stall, 

and surge. The characteristics of these stalled 

oscillations have been investigated and their ex- 

citing mechanisms have been considered. The 

operating modes of stages have been related to the 

intensities of stalled oscillations. The stalled 

oscillations have resulted in intensive vibrations 

in the fundamental flexural modes of the first 

and second stage blades, however, which are not 

resonant vibrations. They have occurred in a wide 

range of relative speed, ~=0.3--0.7 .  Further, the 

resonances with stall cell excitations or with inlet 

strut wake excitations at the stalled conditions 

have caused high dynamic stress peaks in the 

first stage blades. The stress peaks have reached 

around 120 MPa. 
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