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COMPRESSOR-BUDE VIBRATION AND PERFOFMANCE IN A 547-23 ' I W B O J E T  

ENGIME UeaDER CONDITIONS OF RoTaTING STALL 

By Morgan P. Hanson, Donald F. Johnson, and An& J. Meyer, Jr. 

An investigation w&s made of a J47-23 turbojet  engine  to determine 
the compressor-blade vibration and performance  under conditions of 
rotating stall.  Resistance-wire s t r a in  gages were used t o  measure the 
vibration of selected  blades from each of t h e   f i r s t  seven stages and hot- 
wire anemometers  were used t o  detei-mine the  rotating stall. One t o  nine 

-4 
I stall  zones were measured, with the seven stall  i n  predcanlnance. Under .- 
G normal operation, the maximum vibratory stress nsasured was 326,200 p s i  

Fn the  second-stage  blades. However, under sbmlated rapid  acceleration 
conditions, a stress of f60,OOO p s i  was measured In the second stage. 

investigated. 
w Cornpressor performance is presented  for  the  operating  conditions 

INTRODUCTION 

A serious problem Fn the development of the  turbojet engIne is tha t  
of compressor-blade failures due to  vibration  fatigue. Ln the past, it 
was realized  that   the wakes frm stationary elements  could s e t  up dis- 
continuities in the air flow, thereby  establishing  periodic  fluctuations 
i n  resonaace with rotor-blade  frequencies. By careful  design, th i s  source 
of excitation has been generally eliminated. Recently, In the  study of 
canq?ressor dynamics several  Investigators have  found that stall of the 
compressor-blade row6 resulted In the  formation of low-flow  zones in the 
campressor annulus (ref 1). These  low-flow zones established themselves 
in a seemingly equispaced  pattern and propagated a t  a fractional rate of 
comgressor  speed i n  the  direction of compressor rotation; hence, the name 
rotating s t a l l .  Generally, r o t a t h g  stall was found t o  occur from 50 t o  

e 70 percent of the design speed of the compressor. An e .qhaa t ion  of the 
stall  propagation a t  intermediate  speeds is given by the fac t  that the 
design Wet-to-exit area  ra t io  of the compressor is too  large  to  al low . 
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off-design operstim in all stages  without stall. The existence of the 
low-flow zoRt33 sugge.s.t;S. the  possib-gity of periodic  &citations  relative. 
t o  the rokating compressor blades. P r e ~ ~ b i ~ , - ~ ~ ~ - r e ~ ~ i v e  stall 
frequency is equal t o  o r  a harmr>nic d m y  blade freQu&ncy, resonant 
vibration can occur. In resonant vibration, the magnitude of the  vibra- 
t ion is gwerned by the daqping i n  the blade syfitem and the energy of the 
exciting  force. Some variation in the damping is experienced because of . 

aerodynamic forces,  stress of the blade material, and mechanical losses, 
but is generally low and limited  physically  (ref. 2 ) .  It remaim that, 
if the exciting energy becqs  sufficiently  great,   vibration  fatigue can 
occur. The object of the FnvestlgationTrepbed.herein -was to detemine 
the compressor-blade vibration end perfo-ce under conditims of rotat-  
Fng s t a l l .  

. .  . , - .. - : ."~. . ,- - I . . .  .. . 

. . . .  

The investigation was conducted i n  a sea-level  test  stand at the .. 

NACA Lewis laboratory. The engtne was operated in an as-received con- 
dit ion and was equipped with a v&Tiable exhaust  nozzle to   es tabl ish de- . 

-sired engine conditions.  Rotating  stall was heterrihed  by"the  use of 
hot-wire -try, and s t ra in  gages were used t o  measure blade  vibra- , 

t ions.   Teqemture and pressure  instrumentation was provided for corn- 
pressor performance ccarq?ute;tion. - - - -  - . - -  - .. . .. . . 

. .  
1 - . .. 

- 
- .". - _ _  .. .. . 

" 

Apparatus 

Turbojet  engine. - The engine used In the   i~yest igat ion was a 
547-23 ra ted   a t  6060 pounds thrus t   a t  7950 rpm with a turbine-discharge 
temperature of 1245O F. The engine Was equipped with a variable ex- 
haust nozzle lor establishing  rated engine  conditions. A bellmouth  pro- 
vided uniform a i r  flow to   the  engine inlet. Four temgerature-pressure 
probes were located. radially and 90' apart & the straight section of . 

the  bellmouth.  Cor~ressor-discliarge  teqperature  pressure were also 
measured with  four  probes a t  90' locations. 

. .  

Strain-gage  instrumentation. - Individual compressor-blade vibra- ' - 

t ion was detected by the use of two resfstance-wire strain gages cemented. 
t o  either side of selected  blades- at the i r  midchord section and as close 
t o  the blade base as possible. The two .active  strain gages were connected 
t o  t w o  balance gages t o  f o e  a bridge  circuit on the canpressor rotor. 
Four blades t q ,  each of the f&st-.sevek-stages  "S-the comp&ssor  were Fn- 
s t m n t e d  with s t r a b  gages. Electrical  CdntFnuity for  the strain gages 
t o  the power supply and recordin@; oscillograph was provided by the use 
of s p e c h l  s l i p  rings. The strain-gage a-pplic-ation and instrumentation 
is ru l ly  Sxplained in  reference 3. 

-. 

." " 

-, 
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" 
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Hot-wire anemometer. - The hot-wire memameter was of the   cons ta t -  
temperature  type and was s u r  t o  that described in reference 4. The 
hot-wire  probes were provided  with 0 .l-inch  lengths of 0 .OOl-inch- 
diameter  wire. Radial surveys were made possible by the use of probe 
actuators that traversed the s ta tor  passage.  Provision was made f o r  
hot-wire anemometers in each of the first seven stator  sections.  The 
f i rs t  stator was provid+  74th three hot-wires  placed t o  allow data re- 
duction  fran a n g u L G r  displacements of ZOO, 60°, and 90° between some 
pair of the wires.  . 

Procedwre 

To establish a  pa3-ticuk.r  engine  condition, the exkust nozzle was 
adjusted t o  produce a predetermined  turbine-discharge terrperature at a 
given  speed. Figure l i s  a plot of the turbine-discharge  teqerature 
against engine  speed. Four different  exhaust-nozzle settings were in- 
vestigated and are subsequently  referred  to as open, rated,  closed A, 
and closed B. The rated  nozzle setting corresponded t o  that required 
t o  produce the rated  turbine-discharge tempratme at rated speed as 
established by the manufacturer. The closed  nozzle  settings were in- 
tended t o  simulate conditions such as experienced Fn rapid  accelerations 
not normally allowed by the  standard  engine  controls system. 

During investigation of rotating stall and ccqressor-blade  vibra- 
tion, data were taken  throughout  transient as well as steady-state  oper- 
ation.  Blade-vibration and stall  data were deduced from the  oscillo- 
graph records. Two hot-wire anemometers were used in the first-stage 
s ta tor  row t o  permit  determination of the number  of s t a l l  zones by the 
procedure  outlined in reference 1. In addition,  rotating-stall signals 
fromthe second t o  the seventh  stage were recorded fo r  comparison 
purposes. 

Coqressor  perfomnce was camputed from average  total-pressure 
and -temperature measurements at the compressor Wet and discharge  sec- 
tions. Measurements were made under steady-state operation at specific 
points  throughout the speed  range of the engine  and with the  exhaust 
nozzle open, rated, and closed A. 

DISCUGSION AND RESULTS 

Rota;ting S t U  

Analysis of the  recorded  hot-wire  oscillograms  revealed  the exist- 
ence of rotating stall  in the compressor annulus. The s t d l  extended 
in an axial direction throughout the  instrumented compressor stages, 
and propagated in the direction of compressor rotatian a t  approximately 
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50 percent of rotor speed. One t o  nine stall zones were observed under 
varied operation,  although the eight- gnd nihe-zone s t a l l s  were of lim- 
ited  duration and infrequent  occurrence.  Figure 2 ehows the extent of 
the one t o  seven stall zones wlth respect  to engine  speed at various 
exhaust-nozzle sett ings.  The open ends of thf.. bars  . i n .  the graph indimte 
either  the  lack of sufficient data or the   inabi l i ty   to   es tabl ish the 
extremity of the stall  from the data. It is seen that the extent of 
the rotating stall  range %%is Wluenced  pr5mril.y by the nozzle sett ing.  
Also, the upper extremity of the stall occurredat a higher speed during 
acceleration  than  durhg  deceleration.  Similarly,  the lower extremity 
occurred at a higher speed during  acceleratfon. 

The occurrence or a SpecLfic s t a l l  pattern varied, approximately 
depending upon engine speed  and t& nozz.le setting. Once ei ther  a one- 
or two-zone stall NiXerii was-established, it would maintain itself u n t i l  
the engine  speed was changed t o  introduce  another stall  pattern. How- - - 
ever, with three to. seven stall zones the stall  pattern was conthually.  
changing, with a given stall zune. remaw-jng only manentarlly. Even so, 
it was obsenved that certain stall patterns p r e d d t e d ,  and again were 
influenced by nozzle sett ing.  Closing the  nozzle also sustained the pre- 
dominant stalls. The haphazard m e r  of the stall pattern accounts for  
the overlapping of the stall  zones  and may accomt  for the exclusion of 
certain stall zones in figure 2. A t  the lower speed  range of the rotat- 
h g  stall, it was d i f f icu l t  to establish the transit ion from rotxtjllg 
stall  t o  random flow fluctuations. In contrast, a t  the upper extremity 
of the st+ range, once rotating s ta l l  ceased, the aemometer no longer 
picked up significant  flow  disturbances. 

. . .. 

k 

- 
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Figure 3 is a plot of the  various stall frequencies as a function .... 

of engine  speed. The f u l l  e x t e n t . a f . . t  range is presented,  irrespective 
of nozzle setting. The dashed portion of the curves  correspimds t o  the 
open ends of the bar graph in fi&e 2. The dashed curves for eight- 
and nine-zone stalls indicate  an  appnximation i n  the  extent and fie- 
quency  change with speed. Sufficient data were available t o  establish 
the frequency i n  a limited speed range; however,  beyond this range the 
eight- and nine-zone stalls were in existence f o r  such a short duration 
that it wa8 3mgossible t o  make a precise  determination of frequency. 

. - 
. - .  

. .. . .. 
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Ccqressor-Blade  Vibration 

Vibration was observed i n  all strain-gaged blades of the first  even 
stages. The strain-gage  traces showed appreciable  sta$e-to-stage  varia- 
t ion in vibratory stress, with the greatest au.rplitu.de being measured i n  
the second-stage blades. A plot of vibratory stress against engine  speed 
for the second-stage  blades is presented in figure 4, showing the mimimi 
vibrations for different nozzle sett ings,  It is seen that under normal . .  

.c 
. .. 
" 

- .. - 
. - " 
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operating  conditions, that is, rated nozzle, the maximum measured vibra- 

vibration  representing tt60,OOO psi was neasured, indicating tht under 
abnormal operating  conditions  dirficulties might be encountered froan 
fatigue of the blade material. 

% tory stress was f26,ZOO psi.  However, by closing the nozzle, a maxianun 

To consider  rotating stall as a possible s m c e  of compressor-blade 
vibration  excitation, the rotating-stall  frequency r e l a t ive   t o  the blade 
frequencies must be computed. Since  the  rotating stall  zone frequency 
f, is propagating in the same direction as cq res so r   ro t a t ion ,  the fre- 
quency f s  ' re lat ive t o  the blades can be computed by the following 
f onrmla: 

N rotor speed, r p s  

x nmber of stall zones 

CI When the  relative stall  zone frequency is known, it is possible t o  cor- 

.. dugram showing the calculated  variation of the blade natural frequency 

relate  stall frequency with the blade frequency. This c&z1 be done by 
the use of a c r i t i c a l  speed  diagram. Figure  5(a) is a c r i t i c a l  speed 

with ro tor  speed. The calculation was based on the method presented in 
reference 5. The solid  lines  passing -&rough th;! origin  are  order lines 
that are exact multiples of the coordinates in cammon units and tha t  show 
possible sources of resonant  vibratian. The relative stall frequencies 
f o r  one- t o  nine-stall  zone patterns are included t o  determine the inter- 
sections with the blade natural frequencies. It is seen tht the funda- 
mentals of the one t o  f ive  re la t ive stall frequencies l i e  below the 
natural  frequency of the cmpressor blades. However, the harmonics of 
the fundamental  frequencies intersect the blade frequencies and could 
induce resonmt  vibration. The fundamental  frequencies of the six t o  
nine stalls intersect the blade frequencies of the f i rs t  and second 
stages at various engine  speeds, revealing  potential  resonant  vibration. 
Figure 5(b) shows a section of the   c r i t i ca l  speed diagram with a c t u  
data points  for  the first stage and f o r  each of the  four  instrumented 
blades in  the second stage.  Since no measurement was made of the ex- 
c i t b g  force, the severity of the resonance  can  only be based on the 
magnitude of the resulting  vibration. 

1 

A s  was mentioned previously,  certain stall zones predominated. This 
was particularly true of the seven s t a l l  zones when operating the engine 

this speed and nozzle setting, the second-stage  blade  vibration was 
c. 5n the vicini ty  of 5200 rpm with the nozzle  closed. A t  approximately 
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k60,OOO p s i  because -the blade  Eequency waa . l i  %s-onance.-irlth the fun&- 
mental of the relat ive  seven-zG s ta l l  frequency';'" - W i t h .  engine  speed ::..- 

remaking the same G d  the nozzle set at rated,. t h e  vibratory stress was 
reduced  appreciably. Fran figure 2, it .can be seen that t h e  seven-zox. 
s ta l l  range for the rated nozzle falls short of the reso,nance speed . 

{ approx. 5200 rpm) ; hence, the reduc-ed vibration. . .This can be physically 
observed i n  figure. 6"where the two osclllo@.airis 'recorded a t  the same speed 
(5250 rpm) show different stall patterns f o r  rated and closed  nozzle. .At 
t h i s  speed- with rated nozzle, the seven-zone 6 t . U  pattern is not i n  
evidence ( f ig .  6(a) ) . However, with  the  closed  nozzle,  the seven-zone 
stall  pattern predominates and i s  %re su&ained, (fig.  6(b) ) . No direct  
cm~parison can be made of the o s c i l l o g r q s  .as. t o  Wl i tude  because  the-re 
was a difference  "attenuation of the signals. The intersection of the 
seven stall zones and the f i rs t -s tage blade natural frequency, at approx- 
imately 4800 rpm, induced a vibratory st.ress of &,OOO ps i .  Observation 
of the   osc i l lo@;r~~i r idfca ted  that a t  4800 rpm the seven-zone stall had- 
diminished in  strength md prominence,  wbich l ike ly  explaLns the limited 
stress  value. Again, this is probably  the sole explanation of the low 
s t ress  due t o  the six-, eight-, and nine-zone stall   excitation6 in the 
f i rs t  - and second-stage  blades .. -. . . .  . . .  /". . . .  " " -. . . ." . .  

-u- rn- 
(D 
5 .  

. -  - ~ -  " . .  

Ta7jle I i s  a summary of the maxbmm vibratory  stresses  occurring in . .  

each of the seven stages at engine  speeds where the stresses predominated, 
irrespective of operating  conditions. Also included is the B o r n e  of -3c- 
ci ta t ion as determined from an analysis of the data. It can be seen that 
r o t a t h g  stall is the maFn source of excitation either at the fundsmental .. 

frequency-or at harmonics of the fundamental. With the exception of the .. 

second stage, the peak vibrations ranged frm S 2 0 0  t o  ct17,500 p s i  in the 
remainFng six stages.. 

IC 

." 
" ._ .- 
.' 

" .- . -  
. " 

. . . . . . . . . . .  . . . . . . .  . . . . .  - ,"" 

Compresaor Performance 

Compressor perf.ongance is presented fpr -the;.opeyatQlg  conditions 
investigated. Figure 7 shows the  var ia t iaz .af- .cqressar  effici&cy 6 t h  
engine  speed for  open, rated, and closed A nozzle  under  Steady-state op-er- 
ation.  Figure 8 is %he campressor  performance map showipg the plot  QC 
pressure. r a t i o  aga-t weight flow with efficiency.and speed  parametere, 
fo r  the various nozzle set t ings.  The performiznce with the closed-nozzle 
operation is terminated a t  about 6000 rpm because of approaching limit- 
ing  turbine  tanperatgres. - -  

. . .  . . . . . . .  . ... - 
. .  .,. . .  ." .. .~ .. I . .  

_" .. I 

.... 

.. . - " 
. . . . .  

...... I - 
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SUMMFRY OF RESULTS 
a 

A n  investigation w m  made of a J47-23 turbojet   enghe  to determine 
the compressor-blade vibration and performance  under conditions of 
rotating s t a l l .  Resistance--wire strain gages w e r e  used t o  measure the  
vibration of selected  blades in the f i rs t  seven stages, and hot-wire 
anemmeters were used t o  determine the rotating stall. Compressor per- 
formance was caquted fram pressure and temperature data in a speed 
range from ra ted   to  approximately 40 percent of rated. One- t o  seven- 
zone stalls were Easured with eight- and  nine-zone stalls occurring 
sporadically. The stall pattern Fn the one- or two-zone stalls, when 
once established, would maintain i t s e l f   u n t i l  a change Fn engine  speed 
caused the  occmence of another  pattern, In  the speed  range w h e r e  
three- t o  nine-zone stalls appeared, the  pattern  continually changed in 
number with  the seven-zone stalL in predominasce. The predodnmce was 
accentuated by clo-sing the  nozzle. Under normal operation w i t h  rated 
nozzle, a max3p.m vibratory stress of f26,ZOO p s i  was measured in the 
second stage. However, by closing  the  nozzle t o  simulate at constant 
speed the  conditions that exist during  very  rapid  acceleration, a s t ress  
of f60,OoO p s i  resulted in the second stage. These maximum vibratory 
stress values were due to  the second-stage blade frequency  being in  

occurrFng at approximately 5200 rpm. In the remaining stages,  the max- 
imwn stresses ranged from ~ 5 2 0 0   t o  f17,500 p s i  and were excited milily 

l 9  resonance w i t h  the f'undamental of the  relative seven-zone stall frequency 

t by the fundamental or  a harmonic of a particulax stall frequency. 

Coqressor performance is presented f o r  the  operat-  conditions in- 
vestigated showing the  effect .of o p e r a t a  variables on ccanpressor effi- 
ciency,  pressyre  ratio, and weight flow. 

Lewis Flight  Propulsion  Laboratory 
National Advisory C o m m i t t e e  for  Aeronautics 

Cleveland, Ohio, December 15, 1954 
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Engine speed, r p n  

' F&ure 1. - Nozzle temperature against engine speed. . I . .  
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Figure 2 .  - Rota t ing - s t a l l   r ange  f o r  given number of 
zones w i t h  open,  rated,   and  closed A nozzle.  
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Engine apeed;rp" 

Figure 3. - S t a l l  frequency against engine  speed. 
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Engine speed, rpm 

Figure 4 .  - Variation of vibratory stress with engine  speed at various 
nozzle   sett ings.  
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(a) Variation of natural blade freq~ency with L a g h e  speed. 

Figure 5. - Order diagrems. 
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Engine speed, rpm 

Second s t a g e ,  blade D 
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(a) Rated nozzle. 

(b) Closed nozzle. 

Figure 6. - Comparison of oscillograms of hot-wire-and strain-gage signals Kith 
rated and closed nozzle  at 5250 rpm. 
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Figure 7. - Variation of efficiency with corrected  engine  speed. 
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