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An experimental investigation was performed to determine the characteristics of the 
onset and the growth of rotating nonuniform flow in a standard low specific speed 
stage, normally utilized in high pressure applications, in relation to change of 
stationary component geometry. 
Four configurations, differing only in the return channel and crossover geometry were 
tested on an atmospheric pressure open loop test rig. 
Experimental results make conspicuous the effect of return channel geometry and give 
the possibility of shifting the unstable zone onset varying such geometry. 
An attempt was made to interpret the experimental results in the light of Emmons - 
Stenning's rotating stall theory. 

1. INTRODUCTION. 

Present experience with aeroinduced vibrations in turbomachines has emphasized 
two types of aerodynamic forces giving rise to completely different kinds of 
vibrational behavior: 

- Forces depending on displacement and displacement velocity of the rotor 
- Forces independent of rotor vibration caused by aerodynamic instability of the 
flow somewhere in the machine. 

Although such forces are always present, usually they do not pose operational prob- 
lems in low density applications. However, when the gas handled density increases, 
their intensity can grow till causing severe vibration problems. 
Forces of the first type can completely destroy the damping present in the system, 
giving rise to high amplitude limit cycles at the first natural bending frequency 
of the rotor (often, unfortunately, the limit cycle amplitude is higher than the 
allowable clearances) (Ref. 1-8). 
Forces of the second type are more benevolent in nature: their effect is limited 
to a strong low frequency vibration of the rotor. 
In this case, the frequency, in a figurative sense, belongs to the force not to the 
rotor and the amplitude depends on the damping and stiffness characteristics of the 
rotor-bearing system (which are unaffected by the phenomenon). 

429 



Full load tests carried out on centrifugal compressors (Ref. 9, 10, 11) have put 
in evidence that for surge when reduc- 
ing the flow a 
It is quite remarkable 
at atmospheric pressu 
In order to provide 
was scheduled with t 

- Identifying the parameters ruling the unsteady flow condition onset. 

- Finding, if possible, which of the stage components (impeller, diffuser, return 
channel) bears major responsibility. 

- Defining the modifications necessary to displace the phenomenon onset (can it 
happen near an operating point? And if so,  what should be done?). 

This paper describes the results of such research, obtained studying a typical 
reinjection stage, tested in four configurations. Part of the results have already 
been presented (Ref. 21). 

SYMBOLS 

R Radius (m) 

2 P Static pressure (kgf/m 

2 Po Total pressure (kgf/m ) 

q Dynamic pressure (kgf/m 2 

-1 
Impeller angular speed (sec 

C r  Radial velocity (m/sec . ) 

CG Tangential velocity (m/sec.) 

-1 
cy of pressur oscillations (sec 1 

re oscillations (kgf/m ) 

a1 velocity (Er = Cr /&?R)  

2 

c 

?. Fundamental frequency of p rmalized to impeller speed 
S (Fs = 2nf / Q  ) 

S 
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A 

Mu 

9; 

z 

a 

45 

i 
5 

CP 

Amplitude of pressure oscillations nondimensionalized with dynamic pressure 
( h  = A / q )  

Tip speed Mach number 

Inlet flow coefficient 

Total enthalpy rise coefficient 

Absolute flow angle (referring to tangential direction) (Deg.) 

Inlet angle of return channel vanes (referring to tangential direction) (Deg.) 

Incidence angle on return channel vanes (i = a5 - &)  (Deg.) 5 

Pressure recovery coefficient 

Subscripts: 

10 = Measured at section 10 

10' = 

20 = 

20' = 

30 = 

40 = 

40' = 

50' = 

60 = 

60' = 

I I  
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40 
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D = Diffuser 

RC = Return channel 

* = Onset of unsteady flow 
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2. TEST FACILITIES AND INSTRUMENTATION. 

Tests were performed on an atmospheric pressure open loop t e s t  r i g  dedicated t o  the  
ind iv idua l  stage development ( R e f .  1 2 ) .  A c ros s  sec t ion  of t h e  tes t  r ig  is shown i n  
Fig.  1. The stage cons is ted  of  an impel ler ,  a free-vortex d i f f u s e r ,  a crossover and 
a r e t u r n  channel. 
Speed w a s  ad jus ted  by an hydraul ic  coupling torque converter  while an e l e c t r i c a l l y  
actuated discharge valve w a s  operated t o  vary t h e  flow. 
Table 1 shows the  conventional instrumentat ion usua l ly  used f o r  i n d u s t r i a l  stage 
development t e s t i n g .  
Table 2 shows t h e  instrumentat ion u t i l i z e d  t o  de t ec t  p ressure  o s c i l l a t i o n s  connected 
with nonstat ionary flow condi t ions.  Details of t h e  conventional instrumentat ion are 
given below. 
. The da ta  acqu i s i t i on  system w a s  based on a Solar t ron  system 35 with a PDP 11/03 

cont ro l  u n i t .  
. A l l  p ressure  readings were connected, through a scannivalve,  t o  a s i n g l e  pressure  

t ransducer .  The t r a n s f e r  func t ion  of t h e  measurement chain w a s  experimentally 
t e s t e d  t o  check t h a t  t h e  output w a s  t he  t i m e  average of t h e  pressure within the  
frequency range of i n t e r e s t .  

Regarding nonstat ionary readings w e  can note  t h a t :  
. S t a t i c  pressure probes were the  Ku l i t e  XT-190-50 type 
. Dynamic pressure probes were the  Kul i te  XB-093-50G type 
. Probe s i g n a l s  were recorded on an Ampex PR 2200 tape  recorder  and f i n a l l y  ana- 

lyzed through-an Ono-Sokki CF-500 r e a l  time spectrum analyzer.  Data shown f o r  each 
t e s t e d  po in t  are the  RMS average of 256 spec t ra .  

Four conf igura t ions  ( ind ica t ed  i n  t h e  following by t h e  c a p i t a l  l e t t e r s  A ,  B ,  C ,  D )  
were t e s t e d ,  d i f f e r i n g  only i n  r e t u r n  channel and crossover geometry. The main 
geometrical  dimensions are shown i n  Table 3. 

3. DATA REDUCTION. 

A b r i e f  note  about da t a  reduct ion may be i n  order  here .  
- A t  every measurement s ec t ion ,  along t h e  flow path i n  t h e  stage, s t a t i c  pressure  

is assumed t o  be t h e  average of t h e  readings from t h e  ava i l ab le  pressure taps .  
- The i n l e t  and o u t l e t  s t a g e  values  of  t h e  t o t a l  p ressure  ( sec t ions  10  and 60) are 

t h e  average of t h e  readings from a four-Kiel type probe rack. 
- Total  pressure  and flow angle  t r a v e r s e  da ta  a t  d i f f u s e r  i n l e t  and o u t l e t  (sec- 

t i o n s  20 and 40) were taken using a three-hole Cobra probe. Such readings were corn- 
bined with t h e  s t a t i c  pressure value and the  t o t a l  temperature readings,  i n  order  
t o  c a l c u l a t e  a mass-averaged t o t a l  pressure.  

- Total  i n l e t  temperature w a s  assumed t o  be  t h e  average of  t h e  readings from e i g h t  
c i rcumferent ia l ly  and r a d i a l l y  spaced thermocouples. 

- Total  temperature t r ave r se  da t a  a t  s e c t i o n  20 were taken with two thermocouples. 
Such values  were combined with t o t a l  and s t a t i c  pressure values  i n  order  t o  cal- 
c u l a t e  a mass-averaged t o t a l  temperature. 
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4. 

5. 

Total temperature at section 40 was not measured: the mass-averaged value calcu- 
lated from section 20 was assumed valid for section 40 too. 
Total outlet temperature (section 60) was practically coincident with the one 
measured at section 20 (except for efficiency calculation purposes), thus con- 
firming the validity of the previous assumption. 
Flow angles were measured by Cobra probes at sections 10, 20, 40. 

Measured angles at sections 20 and 40 showed a regular trend with the flow in the 
steady flow zone, but were found badly scattered in the unsteady one. On the contra- 
ry the angles calculated using 
. Mass-flow 
. Static pressure 
. Mass-averaged total pressure . Mass-averaged total temperature 
showed a regular trend with flow under any condition (steady or unsteady). They were 
found to be strictly repetitive and were in good agreement, in the steady flow re- 
gion, with the angles measured by the Cobras at the middle of the diffuser width. 

At section 20 an additional check was performed calculating the angle by 
. Mass-flow 
. Static pressure 
. Mass-averaged total temperature rise. 
The agreement between the two procedures was satisfactory. As the latter method 
could be applied only to section 20, the former one was chosen for both sections. 

Finally a very important parameter, the incidence angle on the return channel leading 
edge i , was calculated from the continuity equation assuming constant density and 
angular momentum conservation between station 40 and return channel inlet. 

5 

TEST PROCEDURE DESCRIPTION. 

Each configuration was tested by varying the flow from the maximum allowed till 
surge and vice versa at constant speed. The procedure was then repeated at differ- 
ent speeds. 
While testing configuration A the readings from the conventional instrumentation 
were not recorded simultaneously with the pressure oscillation readings (see Ref. 
21); during other configuration tests, time-averaged and instantaneous measurements 
were recorded together. 

TEST RESULTS. 

5.1. Configuration A. 

5.1.1. Unsteady flow behavior. 

The test results (detailed in Ref. 21) will be, for the sake of completeness, 
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b r i e f l y  summarized here.  
F ig .  2 shows t h e  observed frequencies  normalized t o  t h e  impel ler  angular speed 
versus  t h e  i n l e t  flow c o e f f i c i e n t .  Reducing the  flow a t  constant  speed, t h e  fol-  
lowing behavior w a s  observed: 
. Pressure o s c i l l a t i o n s  s t a r t e d  simultaneously on a l l  pressure  t ransducers  with 

very low amplitude and almost s inuso ida l  shape. 
. A small flow reduct ion r e s u l t e d  i n  a s l i g h t  increase i n  frequency and a con- 

s ide rab le  increase  i n  amplitude, t h e  s igna l  shape remaining s inusoida l .  
. Further  flow reduct ions produced d i f f e r e n t  r e s u l t s  according t o  t h e  t e s t  t i p  

speed Mach number. It  w a s  found t h a t  t h e  unsteady flow p a t t e r n  could e x h i b i t  
two d i s t i n c t  shapes: 
- A double frequency shape (DFS) so ind ica ted  because the  frequency ana lys i s  

showed the  presence of two components a t  f 
same amplitude. 

Higher order  harmonics, while present  i n  both cases, had neg l ig ib l e  ampli-  
tudes .  

and f / 2  having p r a c t i c a l l y  t h e  

- A s i n g l e  frequency shape (SFS) charac te r ized  by a dominant component a t  f . 
S S 

S 

The phase d i f fe rence  between s t a t i c  probes a t  t he  same rad ius  w a s  90° f o r  
t h e  DFS s i g n a l  and 180° f o r  t he  SFS one, thus ind ica t ing  t h a t  DFS w a s  asso- 
c i a t e d  with a s i n g l e  lobe p a t t e r n  while SFS w a s  assoc ia ted  with a two lobe 
one. It  w a s  found t h a t  a t  Mu = 0.45 and Mu = 0.60, t h e  DFS w a s  s t a b l e  from the  
onset  region till t h e  region before  surge,  where a sudden s h i f t  t o  the  SFS 
shape w a s  always found. A t  h igher  t es t  Mach numbers (Mu = 0.75 and Mu = 0.85) 
the  switch from one shape t o  t h e  o the r  could happen i n  p r a c t i c a l l y  any poin t  of 
t h e  unsteady flow reg ion ,  but  t he  f a c t o r s  governing it were not  understood: 
sometimes a spontaneous t r a n s i t i o n  from the  SFS t o  the  DFS w a s  observed seveFal 
minutes af ter  the  l a tes t  valve pos i t ion ing ,  sometimes (bu t  no t  always) t h e  
in t roduct ion  of t h e  conventional probes i n t o  t h e  d i f f u s e r  w a s  ab l e  t o  trigger 
such t r a n s i t i o n .  

. Amplitudes a t  s e c t i o n  10' ( impel le r  i n l e t )  were always neg l ig ib l e  till the  
surge.  

. On opening the  valve and explor ing t h e  phenomenon s t a r t i n g  from t h e  surge,  
t h e  frequencies  and amplitudes were genera l ly  r e p e t i t i v e  r e l a t e d  t o  flow; 
however, a s l i g h t  h y s t e r e s i s  w a s  noted i n  the  onse t  region. 

Since it was evident  from t h e  t es t  r e s u l t s  t h a t  two d i f f e r e n t  unsteady pat-  
t e r n s  were f u l l y  compatible with the  same flow and RPM (o r  b e t t e r  with the  
same Ip - Mu va lues ) ,  an attempt t o  
To a t t a i n  t h i s  a i m  a s m a l l  s t r i p  of sandpaper w a s  glued on t h e  lead ing  edge 
( suc t ion  s i d e )  of  f i v e  consecutive vanes of t he  r e t u r n  channel. 

s t a b i l i z e  one of t h e  two pa t t e rns  w a s  made. 

Test ing such conf igura t ion ,  no d i f f e rence  w a s  found i n  t h e  onse t  zone, but  t h e  
DFS w a s  no t  found anymore a t  whatever t e s t  Mach number. I n  addi t ion ,  t he  s in-  
gle  frequency shape exhib i ted  the  same amplitude, frequency and phase lag 
than before  f o r  a given flow c o e f f i c i e n t  and t i p  speed Mach number ( F i g .  3 ) .  
After  t h i s  r e s u l t ,  no add i t iona l  tests were ca r r i ed  out  on configurat ion A.  



5.1.2. Time-averaged r e s u l t s .  

Fig. 4 shows the  pressure  r a t i o s  a t  sec t ion  60 ( s t a t i c - to - to t a l  and to ta l - to-  
t o t a l )  versus flow coe f f i c i en t .  A var i a t ion  i n  the  s lope  can be noted a t  the  
onse t  of t he  pressure  o s c i l l a t i o n s  followed by a region with a pos i t i ve  s lope.  
A t  Mu = 0.75 and Mu = 0.85, two d i s t i n c t  branches c l e a r l y  iden t i fy  the  regions 
re levant  t o  the  two shapes of the  previously described s i g n a l  (DFS and SFS). 
The i n l e t  flow c o e f f i c i e n t  corresponding t o  the  onset  of the  pressure osc i l -  
l a t i o n s  continuously grows when the  t i p  speed Mach number increases .  However, 
i f  the  i n l e t  flow c o e f f i c i e n t  is p lo t t ed  versus any of t h e  impeller o u t l e t  
var iab les ,  f o r  example e as shown on Fig.  5, it can be noted t h a t  the  
unsteady flow condi t ion invar iab ly  appea r s  f o r  a p r a c t i c a l l y  constant  value 
of such var iab les .  In  addi t ion ,  as the  more i n t e r e s t i n g  parameters a r e  sure ly  
t h e  flow angles,  w e  can note  t h a t  the  onset  values a r e  ( see  Fig.  6 ) :  

r20  

The behavior of t he  d i f fuse r  pressure recovery c o e f f i c i e n t  (Fig.  7)  shows con- 
s ide rab le  s c a t t e r i n g  corresponding t o  the a onset  value.  
Quite remarkable i s  the  sudden drop of t he  r e tu rn  channel pressure recovery 
coe f f i c i en t  C (Fig.  8) corresponding t o  the  i onset  value.  The f igu re  
c l e a r l y  shows the two branches corresponding t o  the  two s igna l  shapes shown 
before.  
Figs.  9, 10, 11, 12, 13 show the  behavior of the  configurat ion A with sandpaper 
on the  r e t u r n  channel vanes. While the  unsteady flow onset  values ( i  i n  par- 
t i c u l a r )  a r e  unchanged, t h e  r e tu rn  channel pressure recovery c o e f f i c i e n t  pre- 
s e n t s  only t h e  lower branch (SFS) t o  the  l e f t  of t he  onset  d i scont inui tv .  
The following tendency i n  readings a t  s ec t ions  20 and 40 i n  t he  unsteady flow 
region is worth not ing:  
- While t o t a l  temperature readings a t  s ec t ion  20 did not  show any t rend t o  

f l a t t e n  after the  onset  (Fig.  14), t o t a l  pressure readings,  on the  cont ra ry ,  
tended t o  f l a t t e n  and even t o  decrease,  so t h a t  dynamic pressure a t  sec- 
t i o n  20 tended t o  decrease too (Fig.  15). 
The agreement between the  measured t o t a l  pressure and the  one ca lcu la ted  
from t o t a l  temperature r i s e ,  s ta t ic  pressure and mass flow go t  poorer and 
poorer. Even higher deviat ions from a regular  t rend a r e  found a t  sec t ion  40 
(Fig.  15). Measured flow angles began t o  be badly s c a t t e r e d ,  previous 
agreement with the  ca lcu la ted  values being gradual ly  l o s t .  

20 
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This behavior of t h e  readings w a s  almost the  same f o r  every configurat ion 
t e s t ed .  



5.2. Configuration B. 

Configuration B differs from configuration A only in th 
the crossover geometry as reported in Ref. 21. The 
at the design point of the stage, an incidence ang 
equal to - 6 degrees (the onset value for the configuration A). 

5.2.1. Unsteady flow behavior. 

This time only the single frequency shape was encountered all over the tested 
range of tip speed Mach numbers. The onset as well as the growth of the pres- 
sure oscillations was found to be quite similar to the one experienced when 
testing the configuration A when the SFS was present. Fig. 16 shows the ob- 
served frequencies, normalized to the impeller angular speed, versus the in- 
let flow coefficient. 
The phase difference between static probes at the same radius was 180° as ob- 
served for the SFS signal in the previous configuration. 

5.2.2. Time-averaged results. 

The onset of the unsteady flow (Fig. 17) was now shifted to considerably 
higher flows. As before, the onset of the pressure oscillations started for 
a constant value of any impeller exit variable (Fig. 18). However, in this 
case, we found (see Fig. 19): 

i 5 - 6 O  
5" 

As the calculated R.C. incidence angle is practically coincident with the 
critical one found when testing configuration A, while vaneless diffuser inlet 
angles differ 4 degrees, it seems evident that the phenomenon tracks the re- 
turn' channel. 
As before, the R.C. pressure recovery coefficient exhibited a sudden drop, 
coinciding with the start of the pressure oscillations, but only the lower 
branch to the left of the onset discontinuity was observed (Fig. 20). 
Fig. 21 shows the diffuser pressure recovery coefficient versus a Scat- 
tering is reduced and the onset drop is less evident, 20 * 

5.3. Configuration C. 

In order to obtain additional confirmation of the previous test results, a dif- 
ferent channel was designed, having the same width of the B one but a lower vane 
inlet angle. The modified vane had a greater camberline curvature and a slight- 
ly different thickness distribution on the leading edge zone. The aim was to 
displace the onset back to the zone where it was found when testing the configu- 
ration A. 
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5.3.1. Unsteady flow behavior. 

Only the test at Mu = 0.75 has been analyzed in detail, as behavior at differ- 
ent tip speed Much numbers was similar. Again, the onset and the growth of the 
pressure oscillations was found to be very similar to the ones previously shown. 
The signal corresponding to unsteady flow was once more a single frequency 
shape (Fig. 22) with 180° phase lag. 

5.3.2. Time-averaged results. 

As can be seen, the onset was now displaced to a slightly lower value, but 
higher than the expected one (Figs. 23 and 24). The diffuser inlet and exit 
flow angle at the onset were (see Fig. 25): 

As before, the onset of pressure oscillations coincides with a sudden drop of 
the return channel pressure recovery coefficient (Fig. 26). The same figure 
suggests the reason for the apparent failure: the new return channel exhibits 
a lower critical incidence. The camberline modification seems to have lowered 
the critical incidence angle from - 6 to - 4 degrees. Therefore, the onset flow 
coefficient is about 20% higher than expected based on i = -6O. 

5 

5.4. Configuration D. 

At this point, an additional veriFication was of course necessary: the return 
channel width was reduced, keeping unchanged the camberline and the thickness 
distribution. The width was chosen equal to configuration A ' s  to facilitate the 
comparison. 

5.4.1. Unsteady flow behavior. 

The general behavior, from the point of view of the onset and the growth of 
the phenomenon, was essentially unchanged. 
The present configuration resembled the configuration A: the double frequency 
shape was again encountered at both tested tip speed Mach numbers (Fig. 28). 
In addition at Mu = 0.45 a certain sensitivity to the introduction of the pres- 
sure probes in the diffuser was found. In this case, however, the effect was 
not the shift from SFS to DFS signal but a slight frequency variation of SFS. 
Such sensitivity was not noted at Mu = 0.75. 
The phase lag was 180° for SFS and again 90° for the DFS signal. 
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5.4.2. Time-averaged results. 

Figs. 29, 30, 31 show that the unsteady region was displaced to a lower flow 
coefficient and the diffuser inlet and exit flow angle at the onset were 

Again the return channel pressure recovery coefficient (Fig. 32) shows a 
discontinuity corresponding to the pressure oscillation start. 
The hypothesis of a lower critical incidence angle due to the camberline and 
thickness modification seems to be confirmed: the incidence angle at R.C. 
leading edge on the onset was again i5*z -4O. 
Finally, Fig. 33 shows the behavior of the diffuser Cp 

D' 

6. NONDIMENSIONAL FREQUENCY AND AMPLITUDE OF THE PRESSURE OSCILLATIONS. 

The analysis of the experimental results easily suggests that, for each configu- 
ration, the frequency-amplitude curves at different Mach numbers can be made to 
collapse, with a suitable choice of nondimensionalization factors, when plotted 
versus whatever outlet variable. The choice of the scale factors and of the out- 
let variable can be made in many ways, bringing in all cases to a single curve for 
the frequency and for the pressure amplitude. However, the four tested configura- 
tions differ only in the R.C. geometry and, in every case, the onset of the un- 
steady flow was found to correspond to a constant value of the incidence on the 
leading edge of the R.C. vanes. The phenomenon seems to be controlled by the R.C. 
to such a large extent that five strips of sandpaper were sufficient, when testing 
configuration A, to eliminate the double frequency shape. Such considerations sug- 
gest as the best nondimensionalization factor for the frequency the angular speed 
at section 40 (C+ /R ) .  
As for the amplitudes, it was found that, using the local dynamic pressure as non- 40 40 

dimensionalization factor, the same order of magnitude was obtained at every meas- 
urement section (with the exception of the impeller inlet). So in the following, 
the four configuration results will be compared on the basis of the so defined non- 
dimensional frequency and amplitude (at section 40' )  versus R.C. vane incidence 
angle. 

6.1. Comparison of the nondimensional frequency and amplitudes for the A, B, C, D, 
configurations. 

The data reduction results are shown in Figs. 34, 35, 36 (configuration A), 
Figs. 37, 38 (configuration A with sandpaper), Figs. 39, 40 (configuration B), 
Figs. 41, 42 (configuration C) and finally in Figs. 43, 44, 45 (for configura- 
tion D). In any case the reduction to a single curve is very satisfactory. 
Comparing all the nondimensional frequency plots we can note: 
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- The onset 

Configuration D seems to be a case somewhat apart: the amplitudes are compara- 
tively lower and very scattered. 

So, the comparison seems to lead to the following conclusion: 
- The frequency curves can be represented fairly accurately by 

but while the K value is the same for each configuration, (?s/e+40)* seems to 
depend on the relative width of the return channel. 
For configurations A and D, we have: 

K e 0.057 (i measured in degrees) 

( fs/e+40) 0.25-0.30 

Exactly half of such values is of course found for f /2 when the DFS is present. 
For configurations B and C, we have: 

5 

S 

K e 0.057 

( ?  /e+ ) "0.18-0.22 
s 40 * 

- The amplitude curves can be represented fairly well by a single relation of the 
kind 

A = f ( i 5 - i  5* ) 

for configurations A ,  B, C. No explanation can be suggested for the apparent 
deviation of configuration D. 

It is a bit puzzling that the relative width of the return channel seems to influ- 
ence only the onset values of nondimensional frequency, but not the slope of the 
frequency versus incidence curves, nor the amplitude relations (at least for con- 

In the light of the previous discussion, it seems that the phenomenon can be ex- 
plained on the basis of rotating stall on the R.C. vanes. 
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So an attempt can be made to utilize th 

based on an 

steady-state param 
natural consequence of the linearization, the pre 
the spatial stall configuration are left indetermined. Even th 
with the experimental results is only fair, such methods are useful in providing 
qualitative understanding of the phenomena and in suggesting correlations among 
the relevant parameters. 

7.1. Emmons - Stenning's theory. 

Emmons - Stenning's theory is a typical flow stability calculation which can be 
extended without difficulties to cascades between revolution surfaces. Basic as- 
sumptions are: 
- The flow upstream the cascade is potential and the fluctuating velocity com- 

- The cascade pressure rise coefficient derived from steady conditions is eon- 

- Pressure oscillations at the cascade outlet are negligible. 

ponents vanish at infinity. 

sidered valid in unsteady conditions too. 

The calculated stall speed is then given by 

where n is the number of lobes and J a geometrical nondimensional parameter 
(see appendix A). As a consequence, the (calculated) observed frequencies are 
given by 

Some criticism 
present case: 

- The pressure 

can of course be made about the use of such relations in the 

oscillations do not fade away with the distance from the leading 
edge of the R.C. vanes, showing that the coupling h the impeller-diffuser 
system cannot be neglected. 

- Due to the influence of the impeller outlet fluctuating conditions, the flow 
. the diffuser can hardly be considered potential in nature. 

A more complete analysis could be attempted which, while retaining the basic hypo- 
theses of the previous theory, takes into unt the interference between the 
return channel and the other components stage . 
However, an attempt to find a correlation with the variables involved in the 
Emmons and Stenning's formula is justified by the strong influence of the R.C. 
geometry on the phenomenon. 
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To this end, the observed nondimensional frequencies were plotted versus 
(1-C )/cos a with the exclusion of configuration A (the lack of simultane- 
ousness between conventional measurement and pressure oscillation readings 
hindered that). 
Comparing all the nondimensional frequencies versus (1-Cp )/cos a plots (Figs. 
46, 47, 48, 49) we can note: 
- For each configuration there exists a range of the abscissa values where the 
curve is practically linear. This range corresponds to the narrow range of flow 
where the Cp suddenly drops, just after the onset. In this zone (the only 
zone where the theory can be expected to work), the agreement between theoret- 
ical and experimental results is fairly good. When the pressure oscillation 
amplitude increases, the linear relation is lost and the frequency becomes 
quite independent of the abscissa. 

- Configurations having the same R.C. width exhibit almost identical curves. 
However, the slope of the linear zone is different for configurations A, D and 
configurations B, C. While the theory accounts for geometrical differences 
through the J factor, the slope difference is higher than predicted. 

- The agreement between theoretical and experimental results is better for con- 
figurations A and D. Such condition is however limited to the upper frequency 
in case of DFS signal: the lower one is overestimated. It is worthy of note 
that in such case the ratio of the predicted frequencies is not integer, while 
during the configuration A, D tests such ratio was exactly 2. 

2 
PRC 5 

2 
RC 5 

RC 

In view of the limits of the present approach, expecting such details from the 
theory appears to be asking a bit much. On the whole, the results can be 
considered fairly satisfactory. It must be remarked that the Emmons-Stenning's 
theory provides a correlation rather than a prediction method: critical inci- 
dence, maximum Cp etc. cannot usually be predicted with the required accuracy. 

8. CONCLUSIONS. 

1. 

2. 

3. 

4. 

The main results of the present investigation are the following: 
The four configurations clearly showed that the return channel bears major 
responsibility for the onset of the unsteady flow. 
For every configuration, the unsteady flow onset was found to occur when a well 
defined incidence angle on the leading edge of the return channel vanes was 
reached. The critical incidence was found to be dependent on the vane skeleton, 
but independent of the crossover geometry. 
The general behavior of the nondimensional frequencies and amplitudes is similar 
for the four configurations when plotted versus the difference between the 
actual incidence and the critical one. However, the narrower return channels 
exhibited higher onset frequencies and, in addition, could exhibit two distinct 
unsteady flow patterns (SFS and DFS). Within the tested Mu range, such behavior 
was never observed with the wider ones (configurations B and C). 
The comparison with the Emmons-Stenning's theory can be considered fairly satis- 
factory and provides additional confirmation of the fact that the phenomenon 
is controlled by the return channel rotating stall. 
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Additional theoretical and experimental work would be required in order to 
complete and extend the present results. 
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APPENDIX A 

STABILITY OF THE FLOW T 

A brief account of the Emm 
Suppose we have an isolate 
upstream and downstream at a great distance compared with the blade mer 
length. The motion equations (with the assumptions below specified) are written for 
the upstream field and the flow between the blades (a major assumption of the theory 
makes calculations for the downstream field unnecessary) and a stabil 
performed in a classical way. 

1. Upstream field. 
Assuming incompressibLe nonviscous flow with uniform conditions at infinity, the 
energy equation in a system rotating with the cascade is written 

where p ,  w , u are the velocity potential, the relative flow velocity and the 
local blade velocity ( U  =nr  ) ,  while is the stagnation pressure. 

2. Cascade. 
Assuming incompressible unidimensional flow, the motion equation is written 

where c+, ,U have the usual meaning and f is the term due to the wall shear 
stresses. 
Integrating along the mean line of the channel from the inlet (1) to the outlet 
(21, we obtain 

1. 

T llowing is 
- equation is linearized usin steady conditions and re- 

terms only. Due to the assumed conditions, the up- 
Id is potential and the v 

-In = 

r We 
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- Upstream perturbation velocity variation along the cascade pitch is negligi- 
ble.This immediately allows expressing the velocity perturbation between the 
blades as 

where s, b,,@ are the pitch, the inlet width and the normal section of the 
channel defined by two consecutive blades. 

- When linearizing equation 1, it is assumed that the term 

0 

can be represented, even in unsteady conditions, by 

2 
CP (by /” , ) i  c Wm, + a:, 

where 
cascade inlet. 

f i a  , *mr # *e* are the flow angle and the velocity components at the 

- Lastly, outlet pressure variations are assumed to be zero all over the cir- 
cumference. This assumption, suggested by the physical behavior of a cascade 
in incipient stall, allows a major simplification: we no longer have to 
calculate the downstream field which, never being potential in unsteady 
conditions, usually poses greater difficulties than the upstream. 
Eliminating the inlet pressure variations, we finally find 

where the pertu 1 derivatives have to be calculated at the cas- 
cade inlet (m = 0). 
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The po ten t i a l  4 must s a t i s f y  the  equatio 

b ( b r L 6 )  + 4r 
am Dm J-2 a92 

= 0 

with the  condition 

lim 995 5: 0 
m e - -  

It is convenient t o  perform a change of var iable  by d 

m 
B - J +  

0 

and t o  develop the  po ten t i a l  i n  Fourier s e r i e s  

where the  functions XVL a r e  the  so lu t ions  of the  boundary value problem 

The poten t ia l  der ivat ives  a t  the  cascade i n l e t  a r e  

With the  pos i t ion  

we f ind  

+ I -  cp, wm, - - a CP 
Rl 
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Neutral  s t a b i l i t y  condi t ions are 

I C t -  C p )  a t n r p ,  
I 

The stall  propagation speed is given by 

I I - cp VP 
wa, r +  n x , T  car'p, 
- -  - 

and t h e  corresponding nondimensional f requencies  by 

The formulas are s t r i c t l y  v a l i d  a t  the  i n s t a b i l i t y  onse t ,  but  it can be hoped 
t h a t  they maintain t h e i r  v a l i d i t y  even i n  the  i n i t i a l  phase of t h e  phenomenon. 
The IC., values are dependent on the  width d i s t r i b u t i o n  i n  f r o n t  of t he  cascade 
and der iving general  r e s u l t s  is not  s o  easy. However, i f  it is assumed t h a t  t he  
width va r i e s  monotonically from some value bl at  g = o  t o  some value b, a t  &..-oo 

it  can be shown t h a t  

r e s u l t s  

So, when the  width increases  toward the  cascade leadin s l i g h t  frequency 
increase should be expected. It  is however doubtful t h a t  t h i s  approach could 
model the  crossover geometry: as matter of fact ,  t he  experimental r e s u l t s  show 
the  opposite t rend.  For comparison with experimental r e s u l t s ,  K , = I  w a s  u t i l i z e d  
f o r  any configurat ion.  

As a f i n a l  remark the  following can be noted: 
i n  the  case of r o t a t i n g  cascade, assuming zero i n l e t  whir l ,  t he  observed non- 
dimensional frequency is given by 

In  the  case of  s t a t iona ry  cascade, w e  have d i r e c t l y  
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predic t ions  are confirmed 

Measuring sec t .  

Sec. 10' 
(impeller i n l e t )  

Sec. 20' 
(d i f fuser  i n l e t )  

Sec. 30' 
( diffuser  m i  dspar 

Sec. 40' 
(d i f fuser  e x i t )  

.Sec. 50' 
. ( re turn channel 

throat  a rea)  

Sec. 60' 
( re turn channel 
e x i t )  

I Measuring sect. 

Sec. 10 
(impeller i n l e t )  

Sec. 20 
(d i f fuser  i n l e t )  

Sec. 40 
( d i  f fuser  e x i t  

Sec. 60 
( re turn channel 
e x i t )  

This means t h a t  impel ler  r 
than r e t u r n  channel r o t a t i  
addi t ion ,  t he  frequency is 

by t h e  experimenta 

r a d i a l l y  spaced) 

2 (circum. spaced) 

4 K i e l  8 (circum. and 

TABLE I1 
Total pressure 

S t a t i c  pressure probes probes 
I 

1 

2 
(90° spaced) 

2 
(90° spaced) 

2 
(90° spaced) 

2 
(90° spaced. Throat area of two 
sect ions of  the return channel) 

1 
( a t  the e x i t  of one of the two 
sect ions of sec. 5 0 ' )  

TABLE I11 

Impeller Outlet Width : 0.050 

Diffuser Inlet  Width : 0.0311 

Diffuser Exi t  Width 

Configurations 

Return Channel I n l e t  Width 

Return Channel Outlet Width : 0.0400 0.0522 0.0522 0.0400 

R e t q n  Channel In le t  Angle : 18' 14O.5 14O.5 
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Figure 2. - Normalized observed frequency versus inlet flow coefficient. 
(Configuration A. 
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Figure 3. - Normalized observed frequency versus inlet flow coefficient. 
(Configuration A with sandpaper.) 
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Figure 9.  - Static-to-total  and total-to-total  pressure ra t ios  a t  sect ion 60 
versus i n l e t  flow coe f f i c i ent .  (Configuration A with sandpaper.) 
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Figure 14. - Total enthalpy rise coefficient versus inlet flow coefficient. 
(Configuration A. 1 
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Figure 15. - Dynamic pressure at sections 20 and 40 versus inlet flow 
coefficient. (Configuration A,)  
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Figure 16. - Normalized observed frequency versus inlet flow coefficient. 
(Configuration B.1 
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Figure 1 7 .  - Static-to-total and total-to-total pressure ratios at  section 60 
versus in l e t  flow coefficient.  ( figuration B* 
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Figure 22. - Normalized observed frequency versus inlet flow coefficient. 
(Configuration C. 1 
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. - Static-to-total and total-to-total pressure ratios at  section 60 
in l e t  flow coefficient.  (Configuration C . 1  

463 



\\\\\\\\\\\\w=a 13-\\\\\\\\\\\\\: 

I %€I 

I \ 
\f& 

I I O'\ 

I 
I 
I 
I \ 

"\, I 
I 

t 
i 

z 
d 

8 
4 

* 
c 

d 

5i 
d 

f! 
d 

8 
i 

8 
i 

t '. 
0 

0 

464 



465 



01 

0 .  

Mu .4S .60 .?I .8S 

Figure 28. - Normalized observed frequency versus inlet flow coefficient. 
(Configuration D.) 
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Figure 29. - Static-to- and total-to-total pressure ratios at section 60 
versus inlet flow coef nt. (Configuration D. 
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Figure 34.  - Nondimensional frequency versus incidence angle. (Configuration A . )  
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Figure 35. - Nondimensional amplitude (fs) at section 40' versus incidence 
angle. (Configuration A , )  
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Figure 36. - Nondimensional amplitude (fs/2) at section 40' versus incidence 
angle. (Configuration A , )  
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Figure 37. - Nondimensional frequency versus incidence angle. (Configuration A 
with sandpaper. 
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Figure 38. - Nondimensional amplitude at section 40' versus incidence angle. 
(Configuration A with sandpaper.) 
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Figure 39. - Nondimensional frequency versus incidence angle. (Configuration B. 

4 1  3 



00  40 

Lo* 
0.98 

0.30 

O I 2 S  

0.20 

0.1s 

0.10 

0.05 

0.00 

Fi 

. 4 5  s60 .75 I Mu 
THROTTLIWO 
THE VALVL 

OCLWlWO 
ITHE VALVL Ir @ I 

$t \ 
1 1 1 1 1 1 1 1 1 1 1 

- 1  4 ' -1'2 -10 -8 -6 - 4  ' -2  iz 0 

.gure 40. - Nondimensional amplitude at section 40' versus incidence angl 
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Figure 41. - Nondimensional frequency versus incidence angle. (Configuration C.) 
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Figure 42. - Nondimensional amplitude at section 40' versus incidence angle. 
(Configuration c.> 
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Figure 4 3 .  - Nondimensional frequency' versus incidence angle. (Configuration D e )  

476 



A 

(3 

Figure 44 .  - Nondimensional amplitude (fs) at section 40' versus incidence 
angle. (Configuration D.) 
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Figure 45. - Nondimensional amplitude (fs/2) at section 40' versus incidence 
angle. (Configuration D.) 
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Figure 4 6 .  - Nondimensional observed frequency. (Configuration A with sandpaper.) 
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Figure 47. - Nondimensional observed frequency. (Configuration B e )  
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Figure 4 8 .  - Nondimensional observed frequency. (Configuration C. 

Figure 49.  - Nondimensional observed frequency. (Configuration D. 
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