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1.0 BACXGROUND

This program was conceived and has been carried out to provide

fundamental insight into the cascade stalling process and related post-

stall behavior in the axial-flow compressors of aircraft gas turbine

engines.
.I

The multi-stage axial-flow compressor has undergone continuous and

successful development by the aircraft engine community over the past 40

years. High pressure ratios with high efficiency have been obtained,

and means to produce adequate stability margin have been developed and

employed. Dual-spool designs, variable stagger stators, compressor

bleed ports, and rotor casing tip treatment have been employed

separately or in combinations to increase compressor stability margin

over the engine speed range. While the compressor stability margin,

shown graphically in Fig. 1, has been the object of much interest and

research, less is known about the post-stall operating line.

If the compressor stability margin is exceeded as a result of

unsteady or off-design engine operation, a surge or a rotating stall is

the result, depending on the presently well-known system and compressor

operating parameters. The compressor can operate continuously on the

post-stall operating line if rotating stall is the result of exceeding

the stability margin.
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*The rotating stall phenomenon has been extensively investigated

both analytically and experimentally. The fluid mechanics involved are

very complex, and it has never been possible to accurately predict the

exact inception point, the number and speed of the cells, or the post-

stall operating and recovery line. Improved understanding of rotating

stall and compressor post-stall behavior through fundamental

experimental investigation was the goal of the present research.

2.0 THE RESEARCH PROGRAM

Prior to the present research program, the Principal Investigator

had carried out research on rotating stall and recovery characteristics

employing a mathematical model 1 . The model gave indications that the

fluid dynamic losses of the compressor blade row were of principal

importance in determining the post-stall and recovery characteristic.

Extensive searches of the literature showed that there was almost no

data on the development of losses in compressor cascades operated at the

high angles of attack associated with rotating stall. Virtually all

data sets ended at an angle of attack which produced twice the minimum

losses, far less than was necessary to investigate the role of cascade

losses in compressor post-stall behavior. It was desirable to conduct

additional research to obtain the loss data necessary to evaluate the

predictions of the model, and to understand the developing and limiting

stalling process in the compressor cascade.

The program objectives included the further development of the

compressor post-stall mathematical model as a tool to understand

the role of cascade losses in post-stall behavior, the modification

of a cascade wind tunnel for experimental research, and the

6
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measurement of cascade losses over a wide range of angle of attack for

three stagger angles typical of modern compressor design. With the data

and the improved model, it was anticipated that some understanding of

the underlying fluid mechanics of post-stall behavior could be deduced,

and that the hypothesis of the principal role of cascade losses in

determining that behavior could be checked.

To pursue program objectives, planned activities were organized

under three tasks, as follows:

Task 1, Cascade Tests - The VPI high-angle-of-attack cascade test

facility shown in Fig. 2 was to be employed for experimental investiga-

tions. Initial tests verified that accurate cascade loss and turning

angle data could be obtained for flow angles well in to the stalling

regime2 . Employing the circular arc airfoils installed in the facility,

loss and turning angle data were to be obtained for three stagger angle

settings, 25, 36.5 and 45 degrees. The 36.5 degree setting corresponded

to the stagger angle of the VPI high speed compressor rig, for which

stalling data was available. In addition to the basic data, blade

pressure profiles and the general nature of the observed flow separation

were to be recorded.

Task 2, Prediction of Separated Flow in Cascades - While the

cascade experiments were expected to produce valuable results, it was

ultimately desired to develop prediction techniques for unsteady,

stalling flows in cascades. Starting from the referenced analysis by H.

Moses 2, it was planned to develop a cascade flow analysis which

accurately predicted post-stall flow behavior.

7
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Task 3, Improvements in the Model for Post-Stall Response in

Compressors - The compressor model was needed to evaluate the

information gained from the cascade flow analysis and experiments for

relevance to compressor stage performance. Certain improvements to the

present model were desirable. These included improvements in the method

for applying the dynamic response function to cascade data,

incorporation of a means for calculating circumferential static pressure

variation, and the addition of a global calculation for prediction of

compressor flow and pressure rise.

3.0 SUMMARIZED RESULTS

Results obtained in the program are organized according to the

Tasks listed above.

* 3.1 Cascade Tests

The high-angle-of-attack cascade tunnel was suitably configured,

and fundamental experiments to determine the nature of the stalling

process and loss development were conducted. It was planned to measure

the fluid losses with pneumatic probes, following the determination of

local flow directions with hot film probes. An extensive program of

flow visualization was undertaken, so that the point measurements of the

probes could be properly interpreted. The flow visualization work

provided some of the most important results of the investigation.
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3.1.1 Surface Flow Visualization

Oil-film surface flow visualization was used to study the blade

surface flow features with high-angle-of-attack flows. In the full

report of this work3 , approximately 50 sketches and photographs describe

the results. Tests were conducted at stagger angles of 25, 36.5, and 45

degrees. A summary of the results are provided here.

Figures 3 and 4 show photographs of typical surface flow patterns

produced by the cascade flows. From the patterns, observations

concerning the boundary layer development and the nature of stalling in

the cascade were deduced. A map summarizing the boundary layer

development at the mid-span section of the cascade, for all stagger

angles tested, is presented in Fig. 5. This figure was constructed from

detachment and reattachment points measured directly from the blade

surfaces. A general curve was fitted through these points to divide the

different boundary layer regions.

At negative incidences, the blade row stagger appears to have

little effect. Laminar flow exists on the suction surface for the first

60 percent chord, whereupon the boundary layer detaches completely.

Separation occurs earlier as the angle of attack is increased. On the

pressure surface, aside from the laminar separation bubble at the

leading edge, the boundary layer is turbulent. The bubble region

decreases with increasing angle of attack, and disappears as the

incidence becomes positive, at which the flow is fully attached. The

nature of the boundary layer could not be deduced from the visuali-

zations, but the literature suggests it is mostly laminar.

For small positive incidences, a laminar separation bubble forms at

10
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A.

the leading edge of the suction surface and remains present until stall

is complete. The reattachment data show much scatter. It is felt that

the bubble length did not actually change much with respect to angle of

attack or stagger angle, and that the scatter is due to an error in

measurement. The reattachment line in most cases was difficult to

distinguish. Moreover, it is believed that the appearance of the

leading edge separation bubble on the pressure surface at negative

incidences and on the suction surface at positive incidences is due to

the relative sharpness of the blade nose, and that its effect on the

overall features of stall is insignificant.

The change in the blade surface flow characteristics as the angle

of attack is varied from negative to positive incidence is believed to

occur suddenly. No physical evidence was obtained in this work to fix

the incidence of transition. However, as shown in the figure, it is

reasonable to assume that transition occurs at zero incidence.

The predominant characteristic of the suction surface stall at

positive incidence is the rapid progress of the turbulent separation

zone toward the leading edge of the airfoil. The effect of the stagger

angle is manifested in the severity of stall at equal angles of

attack. The higher stagger cascade has a narrower operating range. At

midspan, full stall occurred at an angle of attack near 20 degrees for

the 45 degree stagger setting, and near 22.5 degrees for the two other

staggers.

The general nature of the observed three-dimensional stalling

process and surface flow under fully stalled conditions is summarized in

schematic form in Fig. 6. Preceding and following the inception of

14
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complete separation at the leading edge, the flow at the blade suction

surface is essentially two-dimensional. Corner stall is the predominant

mechanism for three-dimensionality preceding full stall. Corner stall

appears at small positive incidence and becomes physically more severe

with increases in the angle of attack. At operation near full stall,

the turbulent separation was delayed by the corner stall, but because of

the high aspect ratio blades used, this effect was concentrated in

regions away from midspan. It is easy to imagine from these results how

the turbulent separation in the midspan region would have been altered

and delayed if a lower aspect ratio cascade had been employed in this

investigation.

The observed boundary layer behavior was related to axial velocity

ratio (AVR) measurements. It was found that an increase in the angle of

attack resulted in a rise in the AVR. The rate of increase slowed in

the fully stalled flow regime. The AVR data showed a maximum value of

about 1.15. The rise in the AVR above unity paralleled the growth seen

in the corner stall region. In the fully stalled flow regime, the

diffusion by the cascade levels, as does the pressure rise, thereby

limiting any further increase in the corner stall region and the AVR.

Here, the surface streamlines were found to be straight for a large

percentage of the blade height, but the AVR did not return to unity.

This illustrates the possible error in describing tests as being truly

two-dimensional based solely on surface flow visualization results.

16
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3.1.2 Reynolds Number Effects

* Additional blade surface flow visualization tests were conducted to

provide physical evidence as to whether the test Reynolds number of 2.0

x 105 was above the critical Reynolds number range. This series of

* experiments was carried out with the blade cascade set at a stagger of

36.5 degrees. Visualizations were obtained for Reynolds number of 2.0 x

!05 , 1.5 x 105, and 1.0 x 105 at angles of attack of 5, 15, 20, 25, and

* 35 degrees. The Reynolds number was varied by adjusting the inlet

velocity.

In summary, the rapid deterioration in the performance of a

* compressor cascade with decreasing Reynolds number is generally thought

to result from the appearance and growth of laminar separation bubbles

on the suction surface of the blades. The Reynolds number test results

• showed relatively small changes in boundary layer development with

decreasing Reynolds number, and any increase in losses is believed to be

minimal. The pressure surface flow showed no variation with Reynolds

- number. On the suction surface, some small increases occurred in the

size of the laminar and turbulent separation zones. The leading edge

separation bubble observed on the pressure surface at negative

* incidences, and on the suction surface at positive incidences, is

believed to be due to the relative sharpness of the blade nose and is

not a Reynolds number effect. The only real doubt as to whether the

* Reynolds number of 2.0 x 105 is above the critical range involves

laminar separation observed on the suction surface at negative

incidences. It is possible that at a higher Reynolds number, only a

• partial separation would be obtained with turbulent reattachment.

17
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3.1.3 Tip Clearance Effects

Surface flow visualization was used to investigate the effects of

tip clearance on boundary layer development across the blade span. For

this investigation, bridge pieces were removed from the test section

leaving a clearance of gap/chord ratio equal to 4.8 percent between the

left sidewall and blade tips. With the blade cascade set at a stagger

angle of 36.5 degrees, tests were performed at angles of attack of 15,

20, 25, and 30 degrees. Sample sketches of the blade surface flow

patterns obtained with and without tip clearance are shown in Fig. 7.

In the figure, the gap end is to the left. Additional photos and

sketches are shown in Ref. 3.

In summary, at positive incidences prior to full stall, tip leakage

was very effective in preventing the premature separation on the blade

surface associated with corner stall. Separation was actually delayed

for a short distance from the gap. This distance increased somewhat

with increasing angle of attack. Inward of the region under the direct

influence of the leakage flow, the limiting streamlines converged

towards midspan, but at an angle somewhat less than that caused by

corner stall with zero clearance. For operation in the fully-stalled

region, the gap produced some unstalled flow near the gap, but for all

practical purposes the effect was considered small. Further, a three-

dimensional flow resulted at the gap end which was equal in extent to

that found at the zero clearance end.

18



SepaatedCorner

SepraedTrailing Edge Stall

Seaato Bu1:;:: ::htkLig Edge

(a) Zero Clearance

Leakage Induced

Flow Separated Trailing Edge

Turbulent Reattachment

Separation Bubble Leading Edge
Suction Side Cre

Stall

(b) Cicarance/,Chord = 4.8 pcrcent

0 Figure 7. Sketches of the Surface Flow Patterns Showing Tip Clearance Effects
for =36.50 and a* = 150

19



3.1.4 Conclusions, Surface Flow Visualization

Oil-flow visualizations were conducted in a solid wall, high aspect

ratio, compressor cascade for the purpose of describing the transition

from corner stall to full blade stall, and the blade surface flow under

fully stalled conditions. Results were obtained for stagger angles of

25, 36.5, and 45 degrees.

Similar trends in boundary layer development were exhibited for the

three stagger angles. At negative incidences, the suction surface

showed substantial areas of laminar flow. The laminar boundary layer

terminated in a complete separation of flow from the blade surface. On

the pressure surface a laminar separation bubble existed at the leading

edge with the remaining boundary layer turbulent.

At small positive incidences a laminar separation bubble developed

at the leading edge of the suction surface, followed by turbulent

reattachment a short distance downstream. The turbulent boundary layer

separated near the trailing edge. As the angle of attack was increased

to the point of a complete leading edge separation, the turbulent

separation progressed upstream, with no large changes in the laminar

bubble. The boundary layer on the pressure surface was fully attached

for the range of positive incidences tested; the boundary layer

structure could not be determined from the experiments.

The effects of stagger were revealed in the severity of the stall

at positive incidences. Transition to complete separation at the

, leading edge occurred at lower angles of attack for the higher stagger

angles.

The most interesting discoveries from the work deal with the

20
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profile boundary layer three-dimensionality. Geometrically speaking,

the flow on the pressure surface was found to be virtually two-

dimensional for all tested angles of attack. The suction surface flow

was shown to be essentially two-dimensional preceding and following the

transition to a fully separated flow at the leading edge. Corner stall
0

was observed at small positive incidence and grew in severity with

increasing angles of attack. Near full stall at midspan, turbulent

separation was delayed in regions adjacent to the corner stall zones.

For fully-stalled conditions, the three-dimensional mechanism took the

form of recirculating flow regions at the ends of the blades.

Special oil-flow tests were conducted to study Reynolds number and

tip clearance effects on the blade boundary layer development under

normal and fully-stalled conditions. No pronounced changes in boundary

layer eevelopment were observed in the Reynolds number range from 1.0 x

105 to 2.0 x 105. The tip clearance tests showed for this cascade that

the gap/chord ratio of 4.8 prevented corner stall and actually delayed

turbulent separation for some distance from the gap. After the flow was

fully separated, the gap had only small effects concentrated near the

end of the blade.

* 3.1.5 Smoke Flow Visualization Results

Smoke flow visualization tests were conducted to qualitatively

examine the nature of the stalled flow and to determine the existence

and type of unsteadiness. Separated flows are usually unsteady.

However, an ordered unsteadiness in the form of a propagating stall

could also exist when testing cascades of airfoils. The existence and

21



type of unsteadiness is important in itself, particularly if design

variables affect the occurrence of propagating stall and the propagating

speed. It was also important to know if the flow was unsteady when

evaluating the data from the pressure and velocity measurements.

Still shot photographs were intially taken over a range of angle of

attack for the cascade with a 36.5 degree stagger. These photographs

were taken to determine if high speed photography would reveal the flow

structures of interest. With the high velocity of the flow, the unaided

eye could not, at the very least, resolve the separated regions and

obviously could not identify the unsteadiness. The separated flow

regions were visible when strobe lights were used to illuminate and slow

the flow. However, the unsteadiness still could not be observed.

Figures 8, 9, and 10 are photographs of the flow at 15, 25, and 35

degrees angles of attack. The flow in the photographs was frozen by

* using seven Strobotacs to provide the flash. These strobes lights were

connected in parallel and triggered by the camera.

In Fig. 8 the smoke reveals the free stream turbulence and a

possible small separated region near the trailing edge of the airfoil.

For this angle of attack the boundary layers appear to be attached over

most of the blade. Mixing in the wake of the airfoils is evident from

the more- diffuse smoke in this region.

Figures 9 and 10 show the flow for angles of attack of 25 and 35

degrees, respectively. For both of these photographs, large separated

regions are evident. It appears that the flow separates from the

leading edge of the blades and that the size of the separated region

increases (as expected) with an increase in angle of attack. It is also

22
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Figure 8. Photograph of the smoke flow visualization for =36.50 and a 15*

Figure 9. Photograph of the smoke flow visualization for =36.50 and a 250

23
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~Figure 10. Photograph of the smoke flow visualization for =36.5* and a=35'
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evident in both Figs. 9 and 10 that the separated regions at this

instant in time are not identical in the two neighboring passages. In

Fig. 9 the separated region in the middle passage is larger than the

separated region in the passage below, and has diffuse smoke in the

entire region. In the passage below the middle passage, the separated

region is smaller. The differences observed in the two passages of Fig.

9 are similar to what would be expected if propagating stall was

present. However, conclusive evidence with regard to the existence of

propagating stall would require sequential photographs taken at very

short intervals (or high speed motion pictures).

The still shot photographs verified that the structure of the flow

could be observed with the present smoke visualization system. However,

it also became apparent that high speed movies would be necessary to

determine if propagating stall occurs. A Hycam II high speed rotating

prism camera was used to photograph the flow at 4000 frames per second.

Motion pictures of the flow were created for test cases covering a full

range of angle of attack and for staggers of 25, 36.5, and 45 degrees.

For selected cases, film was taken for high and low inlet velocities

corresponding to Reynolds numbers of approximately 200,000 and 70,000.

Viewing the films at a normal projection speed of 16 frames/second

slowed the flow by a factor of 250 to 1. For the 25 degree stagger

cascade, propagating stall was not observed even at angles of attack as

large as 45 degrees. For the cascades with staggers of 36.5 and 45

degrees, propagating stall was observed at all angles of attack of 20

degrees and greater. Contrary to what may have been expected, the flow

did not restabilize at high angles of attack, but continued to reveal

25

4.11 I



propagating stall superimposed on a mean full stall from the leading

edge. The propagating stall evident in the films showed the classical

blockage of a passage, the flow diversion upstream of the cascade around

the blockage, and the subsequent recovery (or complete flushing out) in

the passage behind the propagating cell. Ahead of the stall cell, the

increase in angle of attack caused by the flow diverting around the

blockage resulted in the next blade stalling. It was also observed that

stall propagation was associated with almost complete blockage of a

passage and not just an increase in blockage from the mean. In the 25

degree stagger cascade, the stall did not propagate, and in this case

the passage was observed to never be completely blocked.

Piatt 4 examined the films which were created in this study in

detail. He determined the number of occurrences of stall propagation

and the propagation speeds for each test case with the 36.5 and 45

degree stagger cascade. The complete results of his study are presented

in Ref. 4, along with groups of sequential frames from the films to

provide supporting evidence. Figure 11 is a summary of Piatt's obser-

vations of the history of a typical propagating stall event. He

concluded that the propagation speed was nearly proportional to the

inlet velocity. A small decrease in the propagation speed was observed

at 20 degrees of angle of attack, which was associated with the

occurrence of slightly less than complete blockage of the passage. Once

an angle of attack was reached where the passage became fully blocked,

no further changes in the propagation speed occurred.

26
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3.1.6 Test Section Inlet Mean Velocity Measurements

Russ [3] conducted surveys of the velocity field upstream of the

cascade for the purpose of evaluating the uniformity of the flow.

Surveys were made from side wall to side wall in the spanwise direction

and over a distance of 4 blade spacings in the pitch direction. Russ'

measurements showed that the flow in the spanwise direction is uniform

' within I m/s outside of the wall boundary layers. The boundary layers

on the side walls vary in thickness from approximately 14 mm to 29 mm,

depending on which wall is considered and the pitch location of the

measurement. Even for the maximum measured boundary layer thickness of

29 mm, the blades, which have a span of 308.0 mm, are subjected to

uniform flow over 81% of the span. Thus, highly uniform inlet flow in

the span direction was present during the tests.

Russ conducted upstream pitchwise traverses at three span locations

and three Reynolds numbers. All traverses exhibited an approximately

sinusoidal variation in the velocity, with a wavelength equal to the

blade spacing. Since the traverses were conducted at a 25 degree angle

of attack, the upstream variation in velocity can be attributed to the

divergence around the regions blocked by stalled flow. The peak

amplitude of the velocity variation had its greatest value of

* approximately 3% of the mean velocity for the tests with the largest

inlet velocity.

Another means of evaluating the periodicity of the flow is by

measuring the pressure from the static wall taps located upstream of the

cascade. These taps were spaced at intervals equal to one blade

spacing, and thus periodic flow would be indicated by equal pressures.
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Measurements of the pressures from these taps were made during the

pressure measurement series of tests. A variation in static pressure

from the top to the bottom does exist for every nonzero cascade inlet

angle, al. The variation is simply the result of the lower taps being

at a greater distance downstream of the nozzle, where a larger pressure

drop has occurred due to viscous friction in the boundary layers.

Because of the source of the variation, it would be expected to have the

greatest variation at the higher inlet angles. For the maximum inlet

angle of a 1 
= 75 degrees, the difference in static pressure between the

taps located five spacings apart is 11.2 mm H20. This corresponded to

only 8.5% of the inlet dynamic head for this worst case. At the minimum

inlet angle tested, a 1 = 25 degrees, the difference in static pressure

over three blade spacings was 3.49 mm H2 0, which was 3% of the inlet

dynamic head. For the purpose of modeling two-dimensional cascade flow,

the inlet velocity field was therefore shown to be uniform in the

spanwise direction and essentially periodic in the pitchwise direction.

*3.1.7 Turbulence Intensity Measurements

Free stream turbulence intensity levels are known to affect the

boundary layer transition, the type and location of separation and,

consequently, the performance of a compressor blade row. Although it is

not necessary to minimize the freestream turbulence, it is important to

measure the turbulence in order to completely characterize the inlet
*Q u'2

conditions. The turbulence intensity, --- , was measured at an array of
u

points for four difference inlet velocities corresponding to Reynolds

number based on the blade chord of 200000, 150000, 100000, and 57000.
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The array of measurement locations consisted of three span locations of

z - 79, 156, and 232 mm. At each span position, measurements were made

at 25.4 mm increments in the pitch direction. These data were obtained

with a cascade stagger angle of 45 degrees and an angle of attack of 10

degrees. Preliminary tests at an angle of attack of 25 degrees

exhibited severe unsteadiness, probably as a result of propagating

stall.

The turbulence intensities ranged from 1.1 to 1.3% for all inlet

velocities and measurement locations. The variation in the intensity

was relatively small and was considered insignificant. The point to

point variation in mean velocity was less than I m/s.

nt.. 3.1.8 Velocity Measurements and Numerical Predictions

The magnitude and angles of the flow velocity in the cascade were

obtained experimentally from measurements with the dual split film

probe. The time mean flow angles downstream of the cascade were the

main quantities of interest, being required to align the pneumatic probe

with the flow in the subsequent experiments. For angles of attack of

15, 20, 25, and 30 degrees, surveys across the passage at approximately

20% and 50% chord were also conducted to further define the extent of

the separated region within the blade passage. The four signals from

the hot film probe were processed to produce a velocity measurement, and

twenty measurements were averaged at each point. Plots of the averaged

velocity vectors provide a pictorial indication of what the flow is like

through the cascade. Figures 12 through 23 show the measured velocity
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vectors. All the data presented in these figures is for a nominal

Reynolds number of 200000.

For a given stagger angle, the variation of the flow fields with

angle of attack are consistent with the expected trends. At the lower

angle of attack of 15 degrees, Figs. 12, 16, and 20 show no reverse flow

indicated by the measured vectors, and the vectors increase in magnitude

as the suction surface is approached. The acceleration of the flow near

the suction surface is a potential flow effect which results in the

creation of lift on the airfoil. As the angle of attack is increased to

20 degrees, Figs. 12, 17, and 21 show that viscous effects near the

suction surface have increased, resulting in a muich larger boundary

layer on the blades and a larger wake downstream. At this angle of

attack, no reverse flow is indicated by the measurements, although

separated flow was indicated to some extent by the surface flow

visualization. Therefore, it can be assumed that measurements at this

angle of attack could not be made near enough to the surface to resolve

the separated flow region.

The results for angles of attack of 25 and 30 degrees are given in

Figs. 14 and 15, 18 and 19, and 22 and 23. At these angles of attack

the measurements for all three stagger angles indicate reversed flow.

The separated flow regions are seen to increase in size as the angle of

attack is increased from 25 to 30 degrees.

The most significant observation to be made from Figs. 12 through

23 is the change in the nature of the flow associated with the changes

in stagger angle. For the cascade with a stagger of 25 degrees, Figs.

14 and 15 show that two distinct regions exist within the blade
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TEST NOS. CT31. BB04. 8806
STAGGER ANGLE& 26.0
ANGLE OF ATTACK: 16.0
INLET VELOCITY: 169.8 FT/SEC
REYNOLDS NUMBER; 199939

Figure 12. Measured Velocities in Blade Passage Region
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TEST NOS. CT33. BBO3. BB06
STAGGER ANGLE; 25.0
ANGLE OF ATTACK: 20.0
INLET VELOCITY: 159.8 FT/SEC

* REYNOLDS NUMBER: 200569

Figure 13. Measured Velocities in Blade Passage Region
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TEST NOS. CT28. 890). BB07
STAGGER ANGLE: 2S.0
ANGLE OF ATTACK: 25.0
INLET VELOCITY: 15S.J/ F1/SEC
REYNOLDS NUMBER: 199262

Figure 14. Measured Velocities in Blade Passage Region
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TEST NOS. CT27. 8802. BBOB
STAGGER ANGLE: 25.0
ANGLE OF ATTACK: 30.0
INLEl VELOCITY: 157.] F1/SEC
REYNOLDS NUMBER; 196525

0A

Figure 15. Measured Velocities in Blade Passage Region
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TEST NOS. CTO4. 8609. BB13
STAGGER ANGLE: 36.5
ANGLE OF ATTACK; 15.0
INLET VELOCITY: 175FI/SE:-
REYNOLDS NUMBER; 19996

Figure 16. Measured Velocities in Blade Passage Region
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TEST NOS. CTO6. B8IO. BB14

* STAGGER' ANGLE: 36.
ANGLE OF ATTACK; 20.0
INLET VELOCITY: 158.7 FT/SEC
REYNOLDS NUMBER: 200316

Figure 17. Measured Velocities in Blade Passage Region
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TEST NOS. CTOJ. 8811. BB15
STAGGER ANGLE: 36.5
ANGLE OF ATTACK: 25.0
INLET VELOCIIY; 155.9 FI/SEC
REYNOLDS NUMBER: 19983E5

Fiue1.Maue0eoiie4nBaePsaeRgo
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* TEST NOS. C1IO, 8612. 8816
STAGGER ANGLE; 36.5
ANGLE OF ATTAiCK: 30.0
INLET VELC1 iY: 1E'I Stf/- i
REYNOLDS NUMBER: 200547

0

Figure 19. Measured Velocities in Blade Passage Region
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TEST NOS. CT39. BBI7. B821
STAGGER ANGLE: 45.0
ANGLE OF RITACK 15.0
INLET VELOCITY: 158.2 FT/SEC
REYNOLDS NUMBER: 200929
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TEST NOS. CT37. BBI8, BB22
STAGGER ANGLE: 45.0

SANGLE OF ATTACK: 20.0
INLET VELOCITY: 159.4 FT/SEC
REYNOLDS NUMBER: 200049

4(1

/i iv

0p

Figure 21. Measured Velocities in Blade Passage Region
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TEST NOS. CT4I, BB19. BB23

STAGGER ANGLE: 45.0
ANGLE OF ATTACK: 25.0
INLET VELOCITY: 159.1 FT/SEC
REYNOLDS NUMBER: 200829

I

1 i 1*/ I
'4 } 4

/f,
5!

Figure 22. Measured Velocities in Blade Passage Region

42



C

TEST NOS. CT42. BB20. BB24
STAGGER ANGLE: 45.0
ANGLE OF ATTACK: 30.0
INLET VELOCT' 159.2 FI/SEC
REYNOLDS NUMBER: 199800

INE VEO I/ V
" I/'

a' I '

Figure 23. Measured Velocities in Blade Passage Region
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4passage. The flow outside of the reverse flow region has a fairly

linear velocity profile with a slight increase in velocity going from

the pressure surface toward the separated region. This increase in

velocity indicates that some of the potential flow nature of the flow

still exists outside of the separated region. For this stagger of 25

degrees, the flow is seen to have characteristics of a jet of potential

flow and a viscous separated region.

Comparing Figs. 14, 18, and 22, which are for an angle of attack of

25 degrees, and Figs. 15, 19, and 23, which are for an angle of attack

of 30 degrees, it is seen for the two cascades with the larger staggers

that two distinct regions of the flow are not as apparent as they are

for the 25 degree stagger cascade. For the cascades with staggers of

36.5 and 45 degrees, nearly all or all of the passage is affected by the

viscous effects of the shear flow surrounding the separated region. It

is noted that the greater blockage seen to occur for the higher

staggered cascades is consistent with the occurrence of propagating

stall observed for the cascades with - 36.5 and 45 degrees, but not

observed for the 25 degree stagger cascade.

Results from a numerical simulation of the flow through a cascade

of flat plate airfoils were used to further illustrate the effects of

blade stagger and to define the correct limits for the cascade

performance as an inlet angle of 90 degrees is approached. The f low

simulation was obtained by numerically solving the two-dimensional,

steady, constant viscosity, incompressible Navier-Stokes equation using

the SIMPLER algorithm of Patankar.

The velocity vector profiles obtained from the numerical results
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have the same general shapes and exhibit the same trends with respect to

stagger as do the measured velocity profiles. Figure 24 shows a sample

comparison of the numerically-predicted velocity field with the measured

values, for an angle of attack of 30 degrees. The obvious reasons for

the differences in the absolute values of the velocities are the approx-

imations and simplifying assumptions made in the numerical prediction.

Even at an angle of attack of 15 degrees, the numerical results indicate

some reverse flow. This separation is most likely the result of the

sharp leading edge associated with approximating the blades as flat

plates. The extent of the reverse flow is predicted by the analysis to

be larger for the higher stagger angles. This result is consistent with

the observation from the surface flow visualization that full stall

occurs at a slightly lower angle of attack for cascades with greater

stagger.

For the larger angles of attack, the velocity of the reverse flow

predicted numerically was found to have greater magnitude, but with the

region of the separated flow extending a smaller distance into the

passage than the corresponding measured flow. This difference is

thought to be due primarily to the curvature of the suction surface of

the real blade rather than due to the finite thickness of the real

blade. Full details of the velocity measurements and theory development

are provided in Ref. 5.

3.1.9 Cascade Pressure Measurements

Figure 25 shows an example of total pressure and static pressure

losses measured behind the 25 degree stagger cascade, for a very high
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angle of attack of 45 degrees. Predictions of the previous ly-ment ioned

theory are shown for comparison. At this angle of attack, total

pressure losses are extremely high, and extend over a large percentage

*of the cascade pitch. Large static pressure variations are measured.

Agreement between theory and experiment is good for the lower loss

regions, but the theory significantly under-predicts the high levels of

static and total pressure coefficient. Much better agreement is

obtained for lower angles of attack. Complete measurements and

comparisons are presented in Ref. 5.

Pressure measurements were made employing static taps on the

suction and pressure surfaces of the cascade blades. The taps were

*located at mid-span, and in the centermost blade passage. Measured and

predicted pressure coefficients are shown in Fig. 26, for the same flow

'pconditions shown in Fig. 25. Here, agreement is excellent, especially

considering the extremely high angle of attack of the flow.

3.1.10 Cascade Performance

The ultimate goal of the cascade measurement program was to provide

improved understanding of the cascade stalling process, and to provide

measurements of the fluid dynamic losses of the cascade at high angle of

attack for three stagger angles. The previously-described measurements

were utilized to compute the cascade losses with results shown in Fig.

27. The loss parameter w 2 is the mass-averaged total pressure loss

coefficient immediately behind the cascade, referenced to the mean

velocity entering the cascade.

A principal feature of the loss behavior is the lower rate-of-rise
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Figure 24. Comparison of Measured and Calculated Velocities in 
Blade Passage
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STAGGER ANGLE: 25.0
ANGLE OF ATTACK: 45.0
INLET VELOCITY: i58.2 FT/SEC

, - REYNOLDS NUMBER: 197888

Figure 25. Measured and PredictedCascade Losses
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Figure 26. Measured and Predicted Cascade Pressures
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of the losses for 25 degrees stagger, as compared with that for the 36.5

and 45 degree stagger cases. This result is assumed to be due to the

observed differences in cascade blockage for the three stagger angles,

as previously discussed. The results are very important with regard to

the model for rotating stall, which has been found to be primarily

S influenced by the slope of the loss curve after stalling has occurred.

The blade normal force coefficient was calculated from the measured

velocity and pressure profiles, with the result shown in Fig. 28.

0 Again, a significant difference is noted for the 25 degree stagger angle

* results.

Loss and normal force coefficient predictions of the mathematical

model are shown in Figs. 29 and 30. Trends are correctly predicted, but

differences between 36.5 and 45 degree stagger angle predictions are

larger than experimentally observed. Reasons for the differences are

0 being assessed.

3.1.11 Conclusions, Cascade Measurements

Extensive measurements of cascade flow characteristics and

performance were accomplished. Results were obtained for three stagger

angles, as planned. Significant effects of stagger angle were noted,

S which are expected to influence predictions of the post-stall compressor

stage model. Supporting flow visualizations provided new insight into

the cascade stalling process. The data obtained were compared with

predictions of a mathematical model developed under the program, with

good results. For future use, all data obtained are reported in Refs.

3, 4, and 5.
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Figure 28. Normal Force Coefficient for Cascade Blade from Measurements
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3.2 Prediction of Separated Flow in Cascades

* A mathematical model for prediction of separated flows in cascades

was developed under the program. As previously noted, the flow

simulation was obtained by numerically solving the two-dimensional,

steady, constant, viscosity, incompressible Navier-Stokes equations

using the SIMPLER algorithm of Patankar. Comparisons of the theory

predictions and measured results were shown in the previous sections.

* The complete development of the theory is given in Ref. 5.

3.3 Imr-czements in Post-Stall Compressor Stage Model

At the beginning of the program, a post-stall predictive model

existed from previous work I , but improvements in the model were

desirable. A description of the model and progress made was published6 ,

* and a copy of the paper is included here as Appendix A. As a result of

work under the present program, the model is presently capable of

predicting a compressor stage post-stall characteristic, and accomodates

a non-uniform downstream pressure boundary behind the simulated rotor.

Work continues to add a stator row to the model, thus simulating a full

stage. With the model and the data obtained from the investigation, new

insights have been provided, and work continues to add to the

understanding of the mechanisms of compressor post-stall behavior.

4.0 PUBLICATIONS

1. Cousins, W. T., and W. F. O'Brien, "Compressor Stage Post-Stall
Analysis," AIAA Paper No. 75-1349.

When the addition of a downstream stator row model is complete, it

*is planned to submit a revised version of this paper to the AIAA
Journal of Propulsion and Power.
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2. The following paper has been submitted for presentation and

publication at the 1988 ASHE Gas Turbine Conference.

Separated Flow in a Compressor Cascade - Part 1:
Flow Visualization and Time-44ean Velocity Measurements

by

Adam M. Yocum, II
Research Associate, Applied Research Laboratory

The Pennsylvania State University
State College, PA

and

Walter F. O'Brien
Professor of Mechanical Engineering

Virginia Polytechnic Institute and State University
Blacksburg, VA

ABSTRACT

This study was conducted for the purposes of providing a more

fundamental understanding of the flow and to provide performance data

for fully stalled cascades. Performance data for fully stalled

compressor blade rows are required to model compressor stall phenomena

using currently available techniques. Cascades of a single blade

geometry and a solidity of unity were studied for three stagger angles

and over the full range of angle of attack extending well into the

stalled flow regime. The Reynolds number was also varied for a limited

number of cases.

Part I of this paper presents the results obtained from surface

flow visualization tests, smoke flow visualization tests, and time-mean

"p.velocity measurements. Surface flow visualization studies using the

oil-film visualization technique were conducted to examine the two-

dimensionality of the flow and to determine the location of the
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separation line on the blades. Smoke flow visualization studies were

conducted for determining the existence and type of unsteadiness. The

visualized flow was filmed at a rate of 4000 frames per second using a

rotating prism high speed motion picture camera, and was subsequently

studied in detail by examining the films at a normal projection speed of

16 frames per second. The surface flow visualization and the smoke flow

visualization showed that the blade stagger angle is a key parameter in

determining the location of the separation line and the occurrence of

propagating stall. Time mean velocity measurements obtained with a dual

hot split film probe also showed that the separated velocity profiles

within the blade passages and the downstream profiles in the wake have

distinctly different characteristics depending on the stagger angle.

The characteristics of the velocity profiles can be related by

physically reasoning to the occurrence of propagating stall and the

performance of the fully stalled cascade, which is presented in Part II

of this paper.

• Separated Flow in a Compressor Cascade - Part II:

Cascade Performance

ABSTRACT

This study was conducted for the purposes of providing a more

fundamental understanding of the flow and to provide performance data

for fully stalled cascades. Performance data for fully stalled

compressor blade rows are required to model compressor stall phenomena

using currently available techniques. Cascades of a single blade

geometry and a solidity of unity were studied experimentally for three
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stagger angles and over the full range of angle of attack extending well

into the stall flow regime. The Reynolds number was also varied for a

limited number of cases.

Part II of this paper presents the results from the velocity and

* pressure measurement made in the cascade and the overall cascade

performance evaluated from these measurements. In addition, results

from a numerical simulation of the flow through a cascade of flat plate

airfoils is used to further illustrate the effects of blade stagger and

to define the correct limits for the cascade performance as an inlet

angle of 90 degrees is approached. The flow simulation was obtained by

numerically solving the two-dimensional, steady, constant viscosity,

incompressible Navier-Stokes equations using the SIMPLER algorithm of

Patankar. The cascade performance is presented in terms of the normal

force coefficient and the mass averaged total pressure loss through the

cascade as a function of angle of attack. The results indicate that the

slope of the total pressure loss curve for the flow immediately

downstream of the cascade is steeper for cascades with greater stagger,

and the losses continue to rise as the limiting case of 90 degree inlet

flow is approached. The losses calculated for the flow when it becomes

fully mixed are not as greatly influenced by stagger. The normal force

coefficient was found to increase to a peak value near the angle of

attack where full leading stall first occurs. A further increase in

angle of attack results in a decline in the normal force coefficient.

The peak value of the normal force coefficient is greater and occurs at

'V, a higher angle of attack for the cascades with greater stagger.
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5.0 GRADUATE STUDENTS PARTICIPATING IN THE PROGRAM

1. Donald R. Piat, M.S., 1986

2. Thomas W. Russ, M.S., 1987

3. Adam M. Yocum, Ph.D., expected 1987

* 4. William T. Cousins, Ph.D., expected 1987

6.0 INTERACTIONS AS A PART OF THE PROGRAM

1. Pratt and Whitney Co. , West Palm Beach, Florida; visits and
discussion of development of stage model; supply of high-

angle-of-attack loss data.

2. Garrett Turbine Engine Company, Phoenix, Arizona; detailed

search of available high-angle-of-attack loss data; technical

presentation.

3. Wright-Patterson Air Force Base, Ohio; presentation of results
of stage modeling and cascade tests; consultation on

compressor stall tests.

. 4. Arnold Engineering Development Center, Tennessee; communica-
tion and consultation on development of multistage compressor

models using research results of the present program.
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AXIAL-FLOW COMPRESSOR STAGE POST-STALL ANALYSIS

W. T. Cousins*

Garrett Turbine Engine Company
Phoenix, AZ 85010

W. F. O'Brien 
r

Mechanical Engineering Department
Virginia Polytechnic Institute and State University

Blacksburg, VA 24061

Abstract x axial coordinate

Rotating stall in a compressor stage Is y tangential coordinate
simulated by the numerical solution of a fluid

dynamic model of an inlet guide vane and rotor C vorticity

row. The mathematical formulation of the model is
described. Solutions for the flow upstream and C blade stagger angle (ref. axial direction)

downstream of the modeled stage are obtained for
normal unstalled operation and for a simulation of p density

* stable rotating stall. Examples of the predicted

velocity and pressure fields are shown, and 0 potential function

conclusions are developed regarding recovery from
rotating stall. The influence of the rotor row 9 flow coefficient

loss coefficient cur,e and other blade row design
variables on model predictions are studied. W total pressure loss coefficient

Nomenclature c time constant

BV blade velocity 1' stream function

C absolute velocity 4, pressure coefficient

F Fourier Transform SUBSCRIPTS

F
- 1 

Inverse Fourier Transform 1 conditions upstream of rotor

H mechanical energy per unit mass (fluid head) 2 conditions downstream of rotor

A blade chord length Introduction

P static pressure Axial-flow compressor post-stall behavior is
an important aspect of aircraft engine stability

P total pressure and operability. The rotating stall phenomenon,
which can occur under certain conditions, limits

Q volume flow rate the range of engine operation. Reduced compressor
pressure rise and mass flow associated with

a blade pitch rotating stall cause performance loss and engine

overtemperature, and locally unsteady flow within

t time the compressor blading can produce damage through
aeromechanical effects. Compressor recovery from

TF transfer function the globally-stable rotating stall condition is an
important concern.

U steady axial velocity
Conditions which give rise to rotating stall

u axial perturbation velocity and aspects of compressor behavior in rotating

stall have been di:cussed by several authors

U + u Analyses by Moore have shown the effect of the
general shape of the compressor characteristic on

V steady tangential velocity post-stall and recovery behavior. The present

work provides predictions of compressor stage

v tangential perturbation velocity post-stall behavior from a flow model which

includes blade row design features and

V + v aerodynamics. The model, based on an gpproach

originally developed by Takata and Nagaio , shows

w relative velocity local features of rotating stall in a compressor

sta e, including flow velocities and pressures.

Aerothermo. Design Engineer, Garrett Turbine

Engine Company Phoenix, Arizona; Member AIAAI *Professor of Mechanical Engineering; Member AIAA

Coprighl Z American Institute of Aeronautics and

Astronaulics, Inc.. 1985. All rights reserved.
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Stall inception and recovery points, and a post- pressure loss along the semi-actuator disk
stall operating characteristic are predicted. The representing the compressor rotor, employing the
details of the loss behavior of the rotor blade quasi-steady loss curve and the flow exit angle
row are found to have the principal influence on for the rotor cascade. A dynamic response
model predictions, expression in the form of a transfer function (TF)

is then used to compute the dynamic loss.
* The No~del

TThe 
Rotor Semi-Actuator Disk

The numerical model represents components of
an axial-flow compressor, that is, a set of inlet The flow upstream of the rotor semi-actuator
guide vanes and a rotor. In the model, the disk is assumed to consist of a uniform velocity
compressor rotor is represented by a discontinuity field on which a perturbation velocity can be
surface (a semi-actuator disk) at which the energy superimposed. Neglecting body forces, the
transfer due to the rotor blades is Introduced momentum equations for the perturbation flow field
into the flow. The flow fields upstream and take the form of the Euler Equations,
downstream of the rotor are interactively coupled
using the semi-actuator disk. The model is used aid
to predict whether the onset of rotating stall F = p x u - U V z(
will occur under any particular set of operating t - P u -

conditions by imposing a perturbation upon the av I aP 61 av
uniform flow field of the upstream face of the -- P u- v (2)
rotor semi-actuator disk. If the rotor is

* operating in a stable regime, the perturbation The total fluid mechanical energy per unit mess is
velocity will diminish with time and the flow will

return to its former uniform condition. If the P 1 2 2
rotor flow is made unstable, the disturbance will H =-- 1 (u+ v (
grow into a fully-developed pattern which will p P u + . (3)

propagate around the rotor semi-actuator disk in Taking the partial derivative with respect to the
the form of a rotating stall. x and y directions yields for the perturbation

flow field
The solution of the analytical model is

carried out using numerical techniques to solve 011 1 bP au Iv
the unsteady, nonlinear equations which represent - & + u - + v -F (4)
the flow fields and the characteristics of the -

semi-actuator disk. aH 16P bu av> - -~~ 1- + u-.+ v s
The flow fields upstream and downstream of S _P 7

the rotor are represented by two-dimensional flow Combining Eqs. (1) and (4), and (2) and (5) for an
* mcdels. These flow fields are obtained by irrorational flow field yields the following

unrolling a unit thickness cylindrical section of equations,
the compressor annulus into a two-dimensional
plane, as shown in Fig. 1. The upstream flow is 6H bu
assumed to be incompressible, inviscid, and - . - (6)
Irrotational. The downstream flow is considered

incompressible, inviscid, and rotational. O1 av
-* -.. (7)

INLET 4NADE VNS PTPW 
.T 7

.... which describe the flow field upstream of the
..-I krotor.

I RomaTieAa IROT&TIO 0 The boundary conditions imposed on the
S ROA A upstream perturbation flow field are that: (I)I the perturbation velocity vanishes far upstream,

I Z11(2) the side boundaries, which represent a common
L------------'.. \.. -~axial trace in the compressor flow, are taken as

oI periodic (i.e., any flow leaving one side boundary

must enter the other side boundary with the same
velocity vector), and (3) the boundary condition

Fii NIow mti fwid Slogs Cawus nt the rotor face is a prescribed potential

distribution 0(y) at the initial time which

In models of this type, one must he able to represents the perturbntion velocity. A new

calculate the dynamic manner in which the blade potential distribution 4(y) ;It this hotindiry is

row characteristics respond to changes in the calculated at each time step. The solution to

inlet flow. The present stall model improves on Laplace's equation with this boundary condition

the first-order techniques many investigators have yields an expression for the axial perturbation

used in the past by incorporating an ir proved velocity at the rotor upstream face.

dynamic loss model developed by Sexton. The
model utilizes experimentally-measured blade The flow field downstream of the rotor can be

forces to describe the dynamic blade row charac- modeled in a similar manner with the exception

teristics. The dynamic loss for each time step in that the flow can no longer be considered

the numerical calculation is determined by first irrotational. Vorticity introduced at the rotor

calculating the quasi-steady variation in total semi-actuator disk will he convected downstream,

its
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making the flow rotational. The downstream flow disk

can then be described by a stream function
Six,y,t) and a vortLcity distribution dH 'lt 2 2
C(x,y,t). The vortlcity Is distributed in the 1- . - (Ho) - I secM( u + BV 1 (15)

flow field downstream of the blade row and the Oy
2

equations of motion take the form of

and

- - .r - (V + v) C (8) v2  - u tano 2  (16)

aHl av Combining equations (8), (9), (15), and (16)
w + (U + u) C. (9) yields

Elimination of H from equations (8) and (9) yields - (- u tanOi2 ) + (U + u) C2  (wdynw )

+ (U + u) + (V + v) .- 0 . (10) -2 ±2u)
-- axi secC(- W- + BV Z (17)

In developing an equation to represent the
exchange of energy between the rotor and the flow where

field, the time-dependent energy equation for a 2
control volume is considered in the form (wdynWl) m Hloss) P C. H(c .v. aHc .v

(H - H2 - Hle) " ps co 3-(-!-!.
v  

+ --!---) and

(1l) Wdyn - F
1 

ITF x F(,wJ)quasisteady,

where the H.los term is the dynamic value of the as previously discussed. Equation (17) then gives
rotor row losses. The control volume considered the time-variation of vI for the rotor.
for Eq. (11) has sides parallel to the flow direc-
tion and to the blade pitch, and is equal to the The Downstream Flow Field Model
blade pitch in width along the circumferential
direction. The terms on the left hand side of the The two-dimensional flow field downstream of
equation represent the fluid head of the flow the rotor row is assumed to be incompressible,

* entering the control volume, the fluid head of the inviscid, and rotational, since the vorticity at
flow leaving the control volume, and the total the semi-actuator disk representing the rotor is
fluid head loss in the control volume due to convected downstream. The flow downstream of the
viscous effects. The terms on the right hand side rotor row can be described by a stream func-
of the equation represents the change in energy in tion Xx,y,t) and a vorticity distribution
the control volume and the change in position of C(x,y,t). The equations describing the down-
the control volume as it moves relative to the stream flow field are
stationary frame of reference. Since the flow is
assumed incompressible, only the change in kinetic - C

energy of the flow in the control volume need be (18)
considered. If the average velocity of the flow
in the control volume is assumed to be In the and
direction parallel to the blade, the flow will
then be at an angle C to the axis of the
compressor and the time variation of the kinetic - + - 0 (19)
energy in the control volume is

~4~. ~ 12 22 u whe re
a_. -. . 6 (_L C

2  
se C2 ) _ C sec C - . (12) wher

u - U + u

The position variation of the kinetic energy In v - V + v
the control volume is

3lC.V. . BV 6 (1 C
2 

sec
2 
r) - C sec

2
, BV "u

(13) The solution of these equations is performed by
using a finite difference technique throughout the

Including this result In the time-dependent energy flow field. Since u and v are known leaving the
equation yields: rotur row, the vorticity can be calculated. Far

downstream from the rotor row, the houndary

au= condition imposed Is
Ill - H2 - (H loss X(.t + BV 7) secF . (14)

OP 0 (20)
Taking the derivative of this equation in the

tangential direction yields for the semi-actuntor

'4



The numerical solution of the downstream flow Sample results were developed for a blade row
field is performed through the use of a successive having loss characteristics as shown in Fig. 2,
overrelaxation technique, and for an initial angle of attack of 29". This

was well into the rotating stall region for this
Once the flow field is determined, a pressure blade row, as the -inception" point was found in

solution is performed by solving the Poisson successive runs to be near 26. Figure 3 shows
pressure equation the variation in axial velocity Immediately

upstream of the rotor as the stall develops and

S2 j ,2 2 %, 2 become stable. Forty-nine nodes in the
V
2
P " 2 [--' (',.',j • (21) circumferential direction were provided in the

ax ay numerical formulation, representing O-2a radians
around an annulus. The initial imposed perturba-
tion is shown as a dashed line, while the final

Results stable rotating velocity field is shown as a bold
solid line. Other velocity plots in Fig. 3

The model my be utilized to develop represent the growing perturbation, and the
solutions for the unsteady flow fields upstream continuing stable axial velocity disturbance
and downstream of the rotor actuator disk. Input representing a rotating stall. The simulated
data are the quasi-steady loss and turning of the rotating stall is moving at a rate corresponding
modeled rotor blade cascade, as determined from to approximately 45% of the blade velocity.
cascade tests or numerical calculations. Figure 2
shows a loss curve developed from available data
for a 65 series cascade at 25* stagger angle. In
addition, rotor blade velocity BV, blade row 00o In

dimensions and inlet air density are specified. e

0zC B

d 65 series airfois
25* stager

-

€lt~~CIllRMWR ENTIAL POMTiO

43 - 1 i i2 O i' 41The local angle of attack of the flow at the
ANGLE OF ATTACK rotor face, shown in Fig. 4, is the determining

variable for the look-up of quasi-steady loss and
FI&,2 Lose carv far 65Series Cascade turning angle values. The dynamic loss te rm

'Od n of Eq.c (7 ) 61 formed through the use of a
The initial flow field for the model is res onse function.

•established by specifying an angle of attack for

the flow over the rotor blades. This value, with The associated tangential or circumferential
the specified geometric parameters, generates a velocity field immediately upstream of the rotor

mean axial velocity which is maintained throughout is shown In Fig. 5. The blockage of the stalled
a simulation run. The solution proceeds through rotor passages Induces a variation In tangential
small steps in time, developing perturbation velocities as shown. Figure 6 shows the
values of velocities (u and v). If an initial tangential velocity perturbations downstream of
small circumferential velocity perturbation prows the rotor actuator disk, now relatively smaller
for the specified angle of attack, a rotating because of the swirl velocity Induced by the

stall Is simulated. if the perturbation becomes rotor. The varyinp pressure distribution around
smaller, the specified angle of attack will not the simulated annulus downstream of the rotor Is
produce rotating stall in the model, and Is shown In Fig. 7, as calculated from Eq. (21). The
therefore considered to he less than the static pressure pattern behind the rotor arises as
"inception" value. 3 consequence of the varying; vorticity field

behind the rotor. The downstream pressure distri-
•Since the model calculates local velocity and bution changes from the pattern shown In Fig. 7 to

pressure for the flow field in the region of the a uniform pressure far downstream of the rotor. In

rotor, the variation of these values can be accordance with the condition 6P/ly - 0, imposed

examined at each axial station In the flow field. by Eq. (20).
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CIOOMFfEKNTIAL POSITION assuming that strong external ly-imposed trsinsients

do not occur. Thus, a compressor in stable opera-

FW6U% dM CpWisAh 1 MW ONs~., ftlmI tion in a rotating stall will remain In rotating
stall, so long as the throttle-imposed flow

Employing the simulation, it is possible to coefficient is within the range of t ,e rotating

aplot axial and tangential velocity distributions, stall characteristic. Similarly, a compressor In

as well as static pressure variations at any .normal" operation in the dual stahility reg'ion

*desired point In the modeled flow field, upstream will remain in normal operation unless the flow

*or downstream of the rotor. The plots are useful coefficient Is reduced below the "inception"

for study of the rotating stall phenomenon, as value, or the compressor operation Is upset In

well as for comparisons with measured values from some way, such as by a strong transient or an

*modeled compressor stages. inlet distortion. The existence of a dual

stability region, bounded by the stall inception

* sig heflow field pressures and velocities and recovery lines, is the essential feature of

provided by the model, it is possible to construct recovery hysteresis. A measure at recovery

a predicted compressor stage characteristic from hysteresis might be defined as

the results of the simulation. The generally-

expected form of the rotating, stall compressor B 2?

characteristic Is shown In Fig. 8. Study of the R H"(2

figure shows that stable operation on a throttle (

line within the bounded region is possilhle at tw(,

points. The actual point of operation depends with a low value of R representing good recovery

upon the Immediate past history of the compressor, characteristics.



The present calculation produces an operating Specification of an initial angle of attack,
characteristic for the modeled stage which is inlet guide vane discharge angle, and rotor blade

" similar in form to that discussed above. It will velocity produce a calculated steady axial
* be recalled that the boundary condition far down- velocity U, which is maintained as a convergence

stream of the rotor requires a uniform static requirement throughout a given calculition. Axial
pressure in the circumferential direction. Since velocity perturbations (u) developed by the com-

. the local velocities at this point are also known, putations are added to the constant mean axial
a mass-averaged total pressure can be conveniently velocity (U) to obtain the local absolute axial
calculated. The total pressure rise of the stage velocity,
at each calculated operating point can thus be
expressed in the form of a pressure coefficient, u = u + U (24)

P - PO Defining an average flow coefficient

1 03 2 (23) 4
;p( B) uj dy

where the station numbers refer to Fig. I - u (y

R BVT(Ay7 - TV25

SALL INCEPTION / STALL RECOVERY it can be seen that a liven calculation will take
T TRTi

,,
L place at a constant 0. Thus, the calculation

D LIT simulates the development of a rotating stall cell
DUAL STABILITY at constant mass flow or *, rather than along a

REGION UNSTALLEO fixed throttle line, as would occur in a

- OPERATING conventional compressor test. A series of
* LINE calculations are necessary to develop the rotating

A stall operating line, each defined by an initial
angle of attack of the rotor flow. The

4 C'. calculation proceeds from the uniform axisymmetric
~TINGSULL flow condition at inception along a line of

OPERATING LINE constant 0, to the fully-developed rotating stall
simulation.

Figure 9 shows a stage operating characteris-
tic developed from a series of eight runs of the
computer model. Again, the loss curve of Fig. 2
was used, and a blade velocity of 166 feet per

___second was specified. For initial angles of
attack of 25* or less, the imposed axial velocity
perturbation decreased in magnitude, predicting
stable, unstalled operation. For an initial angle
of attack of 26, the initial perturbation grew to
a final stable velocity disturbance, moving at

Fig.8 Ge*nlWl Form Of COmPISIMat ChrOctffistlc approximately 45% of blade velocity. Following
w ith Rotating Stall. the procedures described above, the values

MODEL PREDICTIONS
" INITIAL POINT CONSTANT

PROGRESS Of CALCLAHRTI4OTTLE UNES
* FINAL STABLE OPERATING

O.0. PONT

OPERATING
" O.G 33* LINE

Is-
ROTATING STILL
OPERATING LINE

0.G /
I01

3 ds 6.4 d d.6 1 i ds di 1!0

Fig. 9 Model-Generoled Compfressor Slogs Unltalld and PwI-Slall Choroclensic;
Input Dot for 65 Series Cascade, 29" STAGGER.
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6

of 4 and 0 were calculated for the starting point stage, leading to a "progressive", rather than an
and the final stable rotating stall operating abrupt transition to rotating stall, is not
point. Additional calculations at 29, 31, and simulated. The predicted behavior is more closely
33* initial angle of attack were performed, related to the full span stalling behavior
defining the predicted post-stall operating line observed in the stages of multistage
shown in Fig. 9. The starting points for each compressors. While three-dimensional effects
calculation define a line of axisymmetric, but cannot be included in the present formulation,
unstable, operation of the stage in the stalling extension to include local reverse-flow
regions of 0. calculation capability as well as the addition of

a downstream stator row is possible.
Constant throttle position lines are sketched

In Fig. 9. The predicted inception and recovery .
throttle positions are labeled, leading to an
estimate of the recovery parameter R = 0.05.
Relatively small recovery hysteresis is evident I-
here, as would be expected for the simple stage Y
modeled. As can be seen from the geometry of Fig.
q, the use of input loss curves having a greater U
difference between the minimum and maximum loss 0
values would lead to an operating line in stable
rotating stall which is positioned lower on a

* graph such as Fig. 9. Predicted recovery
hysteresis in the form of the recovery parameter R o
would therefore increase. (A

ta

In several runs of the model, the shape of -J

the loss curve in the transition region from low
to high loss has been shown to affect the 0

predicted inception point for rotating stall.
Thus, a loss curve of the form shown in Fig. 10 O
would lead to a prediction of decreased angle of 4 1' ' i, 2 30 37 44 j, 5
attack for stall inception, a less abrupt change
in the operating line, and lower recovery ANGLE OF ATTACK

hysteresis. Figure 11 shows a stage characteris-
tic generated from the loss curve of Fig. 10, with
all other parameters held constant. Reduced
vertical spacing of the pre-stall and post-stall Fi.IO Mdified Lon Cwv.
operating lines is evident, and improved recovery
behavior is predicted. Here, the R-parameter is Conclusions

calculated as essentially zero, quantifying the
improved recovery prediction. A mathematical model for the two-dimensional

unstalled and stalled flow in the neighborhood of

The model is two-dimensional, and is limited a compressor stage composed of an inlet guide vane
in prediction accuracy by this assumption. The row and a rotor row has been described. Principal
well-known tip-stalling behavior of a single input data for the model are the rotor row quasi-

LO MODEL PREDICTIONS CONSTANT
9 INITIAL POINT THROTTLE LINES

-.-. PROGRESS OF CALCULATION
A FINAL STABLE OPERATING

POINT
0.9

.8- 25 UNSTALLED

0.?-

*ROTATING STALL/

0.6 OPERATING LINE

/

0 o.5 0. 0.4 05 __ 07 1 0.5.0

Fig. II Model-Gonerated Compresso Sloge Ur.stolled and Post-SIall Choroctensfc,
Modified Loss Curve
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steady loss and turning angle data, a dynamic loss
response function, the blade arrangement in terms
of stagger and chord, and the rotor blade
tangential velocity. Predictions of local velo-
city and pressure fields in rotating stall are
obtained. A compressor stage performance map is
predicted, including stable pre-stall and post-
stall operating lines, and a measure of recovery
hysteresis is suggested. The principal influence
on model predictions is found to be contained in
the shape of the rotor loss curve.
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