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Summary.--This report describes tests on a single compressor stage with circumferentially non-uniform inlet 
conditions. The stage was a model of the first stage of a typical modern aircraft-engine compressor, and the tests 
were planned as part  of an investigation into the surge behaviour of compressors with inlet flow maldistribution. 

I t  was fou~id that  with a roughly rectangular inlet velocity distribution of amplitude ± 25 per cent of the mean 
value, the surge flow instead of showing an expected increase was almost unchanged, being in fact slightly reduced. 
The efficiency fell greatly, with an accompanying small drop in temperature-rise coefficient. The velocity profile was 
distorted and its amplitude greatly decreased at the outlet of the stage. 

These results are important  in that  they suggest that  the surge of the first stage is not the primary factor in deter- 
mining the surge of a multi-stage compressor. I t  would appear that  the pr imary effect of maldistribution is to decrease 
the efficiency of the first stage or stages, and thus alter the stage matching at the surge flow, which is, however, mainly 
determined by the later stages. The maldistribution will probably have disappeared at these later stages, which will 
thus exhibit their normal characteristics. These conclusions are supported by analysis of multi-stage compressor 
performance and by theoretical considerations. 

1. Introduction.--It is common knowledge tha t  the performance of a multi-stage axial-flow 
compressor may be seriously affected by the imposition of non-uniform inlet-flow conditions. 
In particular, the position and shape of the surge line is often changed adversely. There has, 
however, been little systematic investigation of the subject, although the use of inlet volutes in 
industrial compressors and high-velocity intakes sensitive to incidence in aircraft compressors, is 
making an understanding of the problem imperative. 

The present tests were designed as part  of an investigation into the effects of circumferential 
inlet-flow maldistribution on compressor surge, the method being to examine the performance of 
the first stage of a typical modern aircraf t- type compressor under two conditions of maldistri- 
bution. 

2. Description of Apparatus.--2.1. The Test Rig.--The stage was tested in the National Gas 
Turbine Establishment 114 Variable-Density-Return-Circuit  Tunnel, described in Ref. 1. The 
main air circuit consists of the stage under test, a load throttle, a circuit-loss make-up fan, a 
cooler, and a venturimeter. 

The stage annulus dimensions, including those of the inlet, are shown in Fig. 1. I t  will be 
seen tha t  there is a rapid reduction of area before the inlet guide blades. In order to obtain two 
distinct non-uniform stage inlet conditions, baffle plates were inserted in the positions shown in 

* N.G.T.E. Report R.203, received 12th February, 1957. 
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Figs. 1 and 2. Fifty and seventy-five per cent of the inlet ducting area were blocked off in the 
two groups of tests, which were referred to as the ' 50 per cent  blockage ' tests and the ' 75 per 
cent blockage ' tests respectively. 

Inlet Pressures.--Eight static tappings were placed in the mid-plane of the struts in the 
approach ducting, as shown in Figs. 1 and 2. Eight circumferentially equi-spaced static tappings 
were placed immediately before the inlet guide blades. Each static tapping was connected to a 
separate manometer. 

Outlet Pressures.--Eight circumferentially equi-spaced static tappings and 34 pitot-tubes were 
placed in a plane after the stator blades, each pressure line being connected to a separate mano- 
meter. The pitot-tubes were set at the mean diameter and were yawed to the theoretical air 
angle after the stator blades. 

Other Measurements.--Input torque was given by an auto-setting weighbeam measuring the 
reaction on the casing of the driving turbine. Speed was measured by an electrical impulse 
method depending on the rotation of a magnet attached to the turbine rotor. Mass flow was 
estimated from the venturimeter, and inlet temperature was given by a nickel resistance thermo- 
meter in the approach ducting to the stage. 

2.2. The Stage.--The stage consisted of inlet guide blades, rotor blades and stator blades a n d  
was a scaled-down model of the first stage of the N.G.T.E. 109 Compressor. This compressor is 
reasonably representative of modern aircraft practice; it has a constant outside diameter of 
24.34 in. and a mean stage temperature rise at design point of 30 deg C. It is fully described in 
Ref. 2. The model stage had an outside diameter of 10 in. ; the blades were relatively larger than 
in the 109 Compressor, in order to lessen the bending stresses. 

Leading design 

Further details of 

details of the stage are: 

Aerodynamic type . . . .  

Mean-diameter rotor-air-outlet angle 

Mass flow . . . . . . . . .  

Speed . . . . . . . .  

Rotor mean-diameter Mach number 

Temperature rise . . . . . .  

Mean blade speed . . . . . .  

Diameter ratio at rotor inlet .. 

Blade profile . . . . . . .  

Blade camber-line . . . .  

the blading are given in Appendix I. 

' Constant c%' 

25.6 deg 

12.5 lb/sec 

23,100 rev/min 

0.70 

28 deg C 

812 if/see 

0.60 

C4 

Parabolic (P40) 

3. Test Technique.--In all the present tests the stage was run at 7500 r.p.m, and with 
approximately atmospheric inlet pressure. The Reynolds number based on the mean-diameter 
blade speed is then 1.4 x 105. Full performance measurements were taken with uniform inlet 
conditions and with 50 per cent and 75 per cent inlet blockage. Care was taken to reduce the 
flow to values well below the surge point. Finally, all the blades were removed and the outlet 
pitot and static pressures were measured for the two blockage conditions, the airflow being 
provided by the circuit-loss make-up fan; these tests were referred to as bladeless r u n s '  
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I t  was not found possible to identify the surge of the stage by sound or by discontinuities in 
the pressure or flow measurements. Accordingly, for these tests, surge is taken to occur at the 
peak of the pressure-rise characteristic. That  this is reasonable has been confirmed by flow- 
fluctuation investigations, using capacity-type pressure pick-ups, on somewhat similar blading. 

4. Test Results and Calculations.--4.1. Overall Characteristics.--The overall characteristics of 
the stage with the three inlet conditions (uniform, 50 per cent blockage and 75 per cent blockage) 
are presented in Figs. 3 to 7, where they are plotted as adiabatic efficiency, temperature-rise 
coefficient and pressure-rise coefficient against flow coefficient. Fig. 8 gives a further comparison. 
The method of calculation of these oarameters is given in Appendix II. 

Some difficulty was experienced in the calculation of the mean-stage pressure rise, because of 
the large circumferential Variations of inlet pressure with the two blockage conditions. The inlet 
pressure was finally taken as tile mean total pressure at tile mid-plane of the approach ducting 
struts (plane AA of Fig. 1). I t  was calculated by assuming all the flow to be concentrated in the 
strut sectors opposite the ' unblocked ' region, and adding the appropriate mean static pressure 
to the mean velocity head. The outlet pressure was taken as the mean of the 34 outlet pitot-tube 
readings. Tile stage pressure rise thus includes the losses between the blockage plane and the 
stage inlet. These losses will probably be the greater with the 75 per cent blockage condition, 
but even here the area contraction ratio is approximately 2 .  I t  is thought that  the consequent 
discrepancies will not be sufficient to detract from tile significance of the characteristics. 

The outstanding features of the characteristics are: 

(a) The surge flow is changed only slightly by the presence of the blockage; the change is 
in the direction of reduced flow. 

(b) The 75 per cent blockage causes a large drop in efficiency and pressure-rise coefficient, 
with a small drop in temperature-rise coefficient. The 50 per cent blockage has a 
much smaller effect on the first two parameters and practically none on the third. 

4.2. Circumferential Velocity Distributions.--Velocity distributions at mean diameter in the 
plane after the stator blades were calculated from the 34 pitot pressures, using static pressures 
interpolated from the eight s tat ic- tapping pressures. They are plotted as the local axial velocity 
divided by the mean axial velocity. Fig. 9 shows the distributions for the bladeless runs for the 
two blockage conditions, and Figs. 10 and 11 those for the stage performance tests at five flow 
coefficients, in the 50 per cent and 75 per cent blockage conditions respectively. Also repeated 
on Figs. 10 and 11 are the distributions for the corresponding bladeless runs. These latter 
distributions had been found to be substantially unchanged by changes in mean velocity. The 
circumferential positions of the blockage are indicated in the figures. The scatter of the points 
in Figs. 10 and 11 is probably clue to tile effect of tile stator-blade wakes; each point, corresponds 
to one of the 34 pitot-tubes. Smooth curves have been drawn through them. 

I t  is considered that  the bladeiess-run distributions, although measured in the outlet plane, 
give a fair representation of the inlet conditions to tile stage when it was operating with the 
corresponding blockages. They are seen to be roughly rectangular in form, with amplitudes of 
about 8 per cent and 25 per cent of the mean values for the 50 per cent and 75 per cent blockages 
respectively. 

The following are the chief points of interest in the velocity distributions. They are most 
clearly seen in the 75 per cent blockage tests, but are generally supported by the 50 per cent tests: 

(a) The stage effects a considerable reduction in the amplitude of the velocity distribution. 

(b) The maximum amplitude of the outlet distribution remains almost unchanged over the 
whole flow-coefficient range. 
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(c) Distortion of the distribution occurs as the flow coefficient moves into surge, with a 
tendency for the distribution as a whole to shift in the direction of rotation. 

4.3. Circumferential Incideme Distribu¢ions.--Air incidence angles on the rotor blades at mean 
diameter are shown in Figs. 12 and 13 at flow coefficients of 0.55 and 0.65, for the two non- 
uniform conditions. It was assumed that  the bladeless-run velocity distributions applied at the 
rotor inlet. Also shown is the estimated blade stalling incidence. 

It is seen that  there is a considerable variation of incidence with the 75 per cent blockage inlet 
condition, and at the 0.55 flow coefficient, which is approximately the surge point, the mean 
incidence is well above the estimated stalling value. This effect, however, has already been 
noted in the first stage of the N.G.T.E. 109 Comoressor under uniform inlet conditions. 

There would of course be less incidence variation on the stator blades, as the axial-velocity 
distribution there would correspond more closely to that  at outlet. 

4.4. Prediction of Overall Characteritics with Non-uniform Inlet Conditions.--An attempt was 
made to predict on a simple basis the overall characteristics of the stage in the 50 per cent and 
75 per cent blockage conditions. Using the appropriate bladeless-run velocity distribution, the 
flow-coefficient distribution round the annulus was found for a given mean flow coefficient. 
The distribution of the pressure and temperature rise coefficients was then determined from the 
overall characteristics with uniform inlet conditions. The mean values of these parameters could 
then be found, being defined as 

f 2~ Va AP 

o 

and f2~ Va A T 
o V--a 7 ~  dO respectively. 

The predicted characteristics thus calculated are shown in Figs. 14 and 15. The agreement 
with the test results is seen to be poor for the pressure-rise coefficients and efficiencies, both as 
regards general magnitude of the parameters and the shapes of the curves. Some discrepancy in 
magnitude may be due to the pressure loss between the blockage and the stage inlet as noted in 
section 4.1. This, however, would not drastically alter the general shape of the characteristic. 

It thus appears that  a simple prediction of performance based on the inlet velocity distribution 
and the characteristics with uniform inlet conditions is not practicable. The prediction method 
of course assumes that  the compressor can be divided into segments, each of which acts indepen- 
dently. That this is not so is shown by examination of the outlet velocity distributions; it had 
been hoped, however, that  the predicted results would have approximated to the test values. 

5. Discussion.--It has been observed that  in some multi-stage compressors, the surge line 
moves in the direction of lower pressure ratio when the inlet conditions are made non-uniform. 
Since the present tests show a tendency for the stage to surge at lower flows when subjected to 
inlet maldistribution, it appears likely that  the surge of a compressor is not primarily dependent 
on the surge of the first stage. 

Analysis at N.G.T.E. of the performance of multi-stage compressors and a theoretical examina- 
tion of stage stability has suggested that  the cause of compressor surge lies in the last stage of a 
compressor rather than the first stage. The present tests lend support to this result. 

Since at all flows, the present tests also show that  the amplitude of the nlaldistribution is greatly 
reduced from the stage inlet to the outlet, it can also be deduced that  inlet maldistribution is 
rapidly damped out through the initial stages of a multi-stage compressor. The performance of 
the later stages is thus unlikely to be much affected, and on the theory of the last paragraph, 
compressor surge will always occur when the last stage is subjected to the appropriate flow 
condition, the surge criterion being Unaffected by the compressor inlet conditi6ns. 
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Summarising the above, the change of position of a compressor surge line with inlet 
maldistribution is then due to the different matching conditions (consequent upon the change of 
performance of the first stages), when the surge criterion of the last stage is reached, this criterion 
being largely unaffected by  the maldistribution. 

I t  follows tha t  in any at tempt to predict the effect on the surge line of inlet maldistribution, 
it would be essential to estimate the change of performance of the first stages. The simple 
theoretical method of section 4.4 was not satisfactory; and a more empirical approach, based on 
the test results of stages under representative inlet conditions would probably be necessary. 

6. Conclusio~s.--A compressor stage, typical of the first stage of a modern aircraft compressor, 
has been tested with circumferential maldistribution of the inlet flow. In the worst condition, 
the inlet velocity distribution was roughly rectangular in shape, with an amplitude of ~ 25 per 
cent of the mean value. 

Although it had been expected that  the surge flow would be greatly increased, it was in fact 
slightly reduced, while the efficiency fell sharply, with a smaller drop in temperature-rise co- 
efficient. 

The circumferential velocity distribution at the stage outlet was considerably reduced in 
amplitude (as compared with tile inlet distribution) at all flow coefficients, with a degree of 
distortion which increased as the flow moved into surge. 

These results suggest that  the primary effect of inlet flow maldistribntion on a multi-stage 
compressor is to alter the matching conditions at any. given mass flow; this change also accounting 
for any shift in the surge line. This suggestion is given support by  analysis of multi-stage com- 
pressor performance and theoretical analvsis of stage stabili ty at N.G.T.E., which show that  the 
surge of a compressor is probably determined by the flow conditions of the last stage rather than 
the first. 

Prediction of the effect of inlet maldistribution on a compressor up to the surge point would 
thus appear to depend on a prediction of the performance of the first one or two stages, since the 
amplitude of the maldistribution is probably negligible in later stages. A simple prediction 
method has proved inadequate, and use will probably have to be made of the test characteristics 
of stages with representative inlet conditions. 
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NOTATION 

Blade speed at mean diameter 

Axial velocity (assumed constant radially) 

Mean axial velocity in annulus 

Stage temperature rise 

Stage total-pressure rise 

Air density 

Adiabatic efficiency 

Blade chord 

Blade pitch 

Blade maximum thickness 

Air angle measured from the axial direction before stator-blade row 

No.  Author  

1 A. G. Smith, C. E. Moss, R. D. 
Pearson and G. R. Green .. 

2 A .  D. S. Carter, S. J. Andrews and 
E. A. Fielder . . . . . .  

REFERENCES 

Title, etc. 

Measurements of the static-pressure rise in a single-stage fan at low Maeh 
numbers over a wide range of Reynolds number. A.R.C. 15788. 
November, 1959.. 

The design and testing of an axial compressor having a mean stage 
temperature rise of 30 deg C. R. & M. 2985. November, 1958. 
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A P P E N D I X  I 

Blading Details 

Inner  d iamete r  of annulus  (in.) 

Mean d iamete r  of annulus  (in.) 

Outer  d iamete r  of annulus  (in.) 

Inne r  b lade  gauge d iamete r  (in.) 

Mean b lade  gauge d iamete r  (in.) 

Outer  b lade  gauge d iamete r  (in.) 

Inner  b lade  angles (deg) . .  

Mean b lade  angles (deg) . .  

Outer  b lade  angles (deg) . .  

Inne r  camber  angles (deg) . .  

Mean camber  angles (deg) . .  

Outer  camber  angles (deg) . .  

Inne r  s tagger  angle (deg) . .  

Mean s tagger  angle (deg) . .  

Outer  s tagger  angle (deg) . .  

s/c inner  . . . . . .  

sic mean  . . . . . .  

s/c outer  . . . . . .  

Chord, everywhere  (in.) . 

Number  of b lades  . . . .  

t/c inner  per  cent  . . . .  

t/c mean  per  cent  . . . .  

t/c outer  per  cent . . . .  

Air  out le t  angle (mean deg) 

• ° 

• ° 

I.G. 

In  Out 

5 .67 5 .93  

7 .83  7 .96  

10.00 10.00 

6.302 

7.946 

9 .588 

0 .00  - - 1 5 - 6 8  

0 .33  - - 2 5 . 6 7  

0 .00 - - 3 6 . 3 3  

15.68 

26.00 

36.33 

10"50 

17"75 

25"00 

0.94 

1 -19 

1 "44 

1.00 

21 

9 .00  

9 .00 

9 .00  

- - 2 2 . 8 3  

Ro to r  

In Out 

6 .30  

8 .15  

10.00 

6 ,492 

8 .054 

9-616 

45 .2  6-00 

49 .2  20-51 

53.04 34.84 

39- 20 

28- 70 

18" 20 

- -  18-30 

- -  29-30 

- -  40.30 

0"66 

0"82 

0"97 

1.00 

31 

11.0  

9 . 0  

7 -0  

+ 25" 57 

In  

6"42 

8.21 

lo .oo  

48"39 

48"71 

48"94 

6"01 

8"00 

10-00 

S t a t o r  

Out  

6"72 

8"36 

10"00 

6"878 

8"316 

9"754 

34-80 

27-85 

20"90 

- -  24"40 

- - 2 9 - 3 8  

- - 3 4 " 3 6  

0"65 

0"78 

0-92 

1.00 

34 

8"0 

9"0 

10.0 

q- 25"69 

13-59 

20" 86 

28.04 
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A P P E N D I X  II 

Note on Calculation of Overall Performance Parameters 

Pressure-Rise Coefficient (d PlOp U2).--The inlet pressure was taken as the mean total pressure 
in plane AA (Fig. 1). This was calculated from the mean of the static tappings in the strut 
segments opposite the unblocked area of the blockage plane and the appropriate mean velocity 
head. The outlet pressure was taken as the arithmetic mean of the 34 outlet pitot-tube readings. 
The density was based on the mean value of the static tappings before the inlet guides, and the 
velocity was that  of the rotor blade mid-plane mean diameter. 

Temperature-Rise Coefficient (d T/½U2).--The total temperature rise was calculated from the 
input torque and mass flow, and is expressed in mechanical units. 

Adiabatic Efficiency (~).--The adiabatic efficiency was based on the pressure rise calculated as 
above, and the total temperature rise. 

Flow Coefficient (Va/U).--The axial velocity was calculated from the mass flow, the air density 
before the inlet guide blades and the annulus area at the rotor-blade mid-plane. The peripheral 
velocity was taken at the rotor mid-plane mean diameter. 
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