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SUMMARY 

Loss in compressor stall margin due to inlet flow distortion depends upon the amplitude, the 
radial and circumferential extent, and the duration of the distortion. Effects of amplitude 
and extent are adequately accounted for by distortion indices derived from correlations of 
steady, long duration distortions. This report addresses the problem of distortion duration. 
In particular, it is desirable to know the smallest duration time for which lucre will be a sig¬ 
nificant compressor response. This duration is defined as the critical response time. 

Non-steady flow effects are dependent upon the travel time required for fluid movement 
through the compression system. For this reason, critical response time has been related to 
the time required for fluid to travel a distance which is significant for distortion sensitivity. 
This is conveniently expressed as reduced frequency: - the non-dimensional ratio of fluid 
travel time to the period of the distortion. Non-steady response was investigated in detail 
on two axial length scales, the blade length and the compressor length. Mathema'.ical mo¬ 
dels were employed to ascertain which length scale controls the distortion sensitivity of the 
compressor. One of these models allows the investigation of unsteady response on the blade 
length scale. The other model is capable of including non-steady effects on the compressor 
length scale alone or on both scales simultaneously. 

It was determined that, while non-steady effects on a blade length scale are important for 
long duration inlet distortion sensitivity, the compressor length scale seis the limiting dura¬ 
tion time. Furthermore, the maximum reduced frequency at which a compressor is sensi¬ 
tive based upon compressor length was determined to be in the range of I to 5. Limited test 
data was used to further refine this estimate for critical reduced frequency to approximately 
¿•0« 
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INTRODUCTION 

Engine inlet flow distortion is. in general, a complex combination of spatial and temporal 
variations in pressure, temperature and flow angle. Currently, the engine's response to a com¬ 
plex inlet distortion can be determined with confidence only by experiment Some measure 
of success has been achieved by constructing distortion indices or factors, but these depend 
upon the assumption that the distortion (a combination of radial and circumferential varia¬ 
tion) persists for a time period significant to the engine. Th<*t is to say. even though the 
spatial distortion is being altered as a function of time, it is assumed that the engine response 
is the same as if the distortion were time invariant. It is known, however, that as the dura¬ 
tion time of a distortion diminishes, »he engine's response necessarily also diminishes. This 
is because of the finite time required for the fluid as well as any flow disturbance to propa¬ 
gate through the engine’s compression system. 

The reliability of distortion indices can be improved if the required duration time is known 
for a particular compression system. This distortion duration can be define'1 as the “critical 
response time” for the compression system. Several investigators have successfully used this 
concept to improve the application of distortion indices, either through the use of a low pass 
analog filter* 1 ) or, equivalently a digital running average for a specified averaging time*2) to 
evaluate inlet data. These two approaches can be related by the fact that the cut-off (-3dB 
point) frequency of the analog filter is equal to approximately one half of the inverse of the 
averaging time* 3). 

This artificial filtering of inlet pressure fluctuations is considered to be analogous to the 
natural falloff in the sensitivity of the compressor to these fluctuations at high frequency 
levels, see Figure I. Better data filters could be constructed if the reduction in compressor 
sensitivity with frequency were known. 

FILTER CHARACTERISTIC COMPRESSOR SENSITIVITY 

AMPLITUDE 
RATIO 

LOSS FOR 
FIXED 
AMPLITUDE 
DISTORTION 

SURGE 
MARGIN 

FREQUENCY FREQUENCY 

Figure 1 Similarity cf Compressor Sensitivity to Analog Filtering 

PrectAii pap Maak 
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Consequently, a mathematical model capable of p'edicting the falloff in sensitivity of the 
compression system would be useful for de term ir mg the proper filter characteristic for the 
evaluation of inlet distortion data. Such a model is being developed at Pratt & Whitney Air¬ 
craft. This model is based upon the solution of the time dependent equations of motion 
using the Method of Characteristics (MOC). The MOC calculation is based upon the physical 
phenomenon of pressure wave and fluid particle propagation and. as such, does not suffer 
from phase problems normally associated with “lumped volume” models. A limitation of 
this model had been the use of quasi-steady compressor performance characteristics to repre¬ 
sent the action of the compressor blades on the fluid. Under this contract, this limitation has 
been removed through the incorporation of non-steady blade loss effects. The non-steady 
blade loss calculation is based upon a rotor loss correlation derived from compressors operat¬ 
ing with steady circumferential distortion. The use of this correlation is possible because the 
flow f ield is non-steady in the rotor reference frame even though the distortion is steady in 
the absolute sense. 

This report details the work done under this contract to modify the PAWA MOC model to 
include non-steady blade losses. It includes a description of the basic technical approach and 
justification for the use of the rotor loss correlation. It details how the rotor loss correlation 
was obtained from the steady circumferential distortion data using a PAWA circumferential 
distortion model. The manner in which the loss correlation has been incorporated into the 
MOC model is described, and results of a three-stage compressor test case are presented. 

Descriptions of the PAWA MOC model and the PAWA circumferential distortion model used 
in the non-steady loss correlation are included in separate appendices. 

TECHNICAL APPROACH 

Reduced Frequency 

When a time unsteady phenomenon occurs, its significance depends upon the system 
under consideration. More specifically the frequency of the phenomenon (or inversely, its 
period) must be compared with the time required for fluid to traverse the system from its 
inlet to its exit. Reduced frequency has been defined in such a manner: 

where L * system length (ft) 

F = disturbance frequency (Hz) 

U = fluid velocity (ft/sec) 

k = constant coefficient (normally equal to ») 
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It is appropriate to consider various magnitudes of reduced frequency. In order to do this, 
a typical compression system will he defined as follows 

Overall Length L = 2 ft 

Blade Length Lf, * 0.2 ft. 

Fluid Velocity U = 600 ft/sec 

Depending upon whether we look at the entire compres-ion system or an individual blade, 
the reduced frequency will differ by a factor of ten (one order of magnitude 1. 

(R F .)c 

(R.F.H, 

ir • 2 • F 

600 

ir • 0.2 • 

600 

= .01 •F 

001 -F 

When a disturbance has a small reduced frequency (on the order of .01 ) the system can be 
expected to respond in a quasi-steady manner. That is, the response will be the same as if 
the disturbance took place at an infinitely slow rate. For the two systems under study, a 
reduced frequency of .01 corresponds approximately to: 

F = I H/ (Compression System) 

F = 10 Hz (Blade Row) 

At the other extreme a hrge reduced frequency (on the order of 10) signifies a situation when 
the disturbance is varying so rapidly that the system has only a very Umited response. This is 
understandable because the disturbance has fluctuated between its maximum and minimum 
values many times before the fluid can traverse the system. With a reduced frequency of 10. 
the two systems have approximately: 

F= 1000 Hz (Compression System) 

F =10000 Hz (Blade Row) 

Br tween these two extremes lies the area of interest when the system's time unsteady response 
is considered. The fact that the b¡. de row system is actually part of the compression system 
further complicate> the question concerning the relative significance of a time unsteady phen¬ 
omenon. For example, ai the upper frequency boundary of 1000 Hz (R.F. = 10) for the com¬ 
pression system, fluid flow velocity fluctuations at any point within the compression system 
will be of relatively low amplitude (attenuated). Thus, the response of the blade row system 
to these velocity fluctuati« ns will necessarily also be of relatively low amplitude even though 
the reduced frequency for (his system is approximately 1.0. Although compressor instability 
will be initiated by a breakdown of flow within the blade row system, it is probable that 
critical response time is set primarily by the compression system upper frequency, 1000 Hz 
or less in this example. In order to understand how the biade row system response modifies 
the critical response time, it is necessary to look at this system in detail. 
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Compicssor In Steady Flow 

Each rotor and stator in a compiessor consists of a cascade of airfoils. Similar to an isolated 
airfoil, the performance of a cascade can be expressed in terms of lift and drag torces. The 
lift foices, being normal to the mean flow direction turn the fluid while the drag forces are 
in oppaition to the mean flow direction and retard the fluid. These forces are normally ex¬ 
pressed m terms of non-dimensional coefficients times mean flow dynamic head times area: 

£ = Ci ’p Urn1 • A 
T" 

D - CD -(.JisL • A 

The cascade parameters of importance are the blade-to-blade spacing(s), the chord length 
(b), and the mean flow angle (am) as well as the flow angles entering and leaving the cascade 

tttj and ai). See Figure 2. 

Figure 2 Cascade Parameter Identification 

In reference 4 it has been shown that 

sin3 a 
and 

S^ 

b 

A Pn 

2— (cot a j - cot 02) sin am 
b 

'/20 11,2 
m. 

sin2 a. 

where A Pj is the measured loss in total pressure across the cascade. For a given geometry, 
the cascade solidity (s/b) and stagger angle (oim) are fixed. It is therefore convenient to look 
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at the cascade performance in terms of the change in air angle (turning) and total pressure 
loss . These parameters are related to the inlet air angle in the same manner that isolated 
airfoil lift and drag coefficients are related to incidence. The inlet air angle, as defined by 
P&WA nomenclature, is related to incidence angle according to Figure 3. 

Figure 3 Inlet Air Angle Definition 

The equivalent isolated airfoil and cascade performance parameters are shown in Figure 4. 

ISOLATED AIRFOIL 
CASCADE 

“1 

ISOLATED AIRFOIL CASCADE 

“1 

Figure 4 Isolated Airfoil and Cascade Performance Parameters 
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The reduction in lift and the increase in drag at high values of incidence occur because the 
fluid separates from the airfoil. The initial separation takes place near the airfoil trailing xlge 
and moves towards the leading edge as incidence increases until the entire airfoil is separa ed 
or stalled. A similar sequence takes place in the cascade. Additionally, while a cascade is nor¬ 
mally considered stationary, the same parameters apply to a rotor with the pertinent flow 
parameters evaluated in the rotating reference frame. 

The P&WA models use measured static pressure rise and total temperature rise as a function 
of inlet corrected flow rate to represent blade row performance. Blade loss is represented by 
the entropy rise which can be calculated from the pressure and temperature rise. This re¬ 
presentation is used because static pressures and total temperatures are directly measurable 
in a compressor test with fixed instrumentation while blade losses must be calculated from 
the results of detailed instrumentation traverses. The latter type of measurements are nor¬ 
mally available from cascade testing but are not always obtained during a compressor experi¬ 
ment. 

Compressor In Non-Steady Flow 

If the incidence angle of an airfoil changes with time, the lift and drag coefficients will vary 
in some manner. When the rate of change of incidence is slow enough these coefficients 
assume the steady flow value. The term “quasi-steady” is an appropriate description of this 
response. This means that the lift and drag coefficients at any point in time are of essentially 
the same value they would have if incidence was not varying, but was fixed at the instan¬ 
táneo is value. If the incidence varies more rapidly, the lift and drag coefficients will deviate 
from the quasi-steady values as shown in Figure 5. 

Figure S Unsteady Deviation of Lift and Drag Coefficients 

The lift and drag coefficients for the non-steady case differ from the quasi-steady values at 
high incidence because of the finite time required for airfoil separation to develop. Whether 
the separation progresses from the trailing edge to the leading edge or occurs as an abrupt 
leading edge separation, it has been experimentally observed that a vortex-like disturbance 
is shed which passes over the airfoil at a convection velocity on the order of 1/3 to 1/2 of the 
free stream fluid velocity.(^) Similarly, ex*)eriments conducted with a cascade demonstrated 
that the separation point moves along the blade at a rate proportional to the time required 
for a fluid particle to move across the blade row. 
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This experimental evidence makes it clear that a time unsteady flow analysis which relies on 
the quasi-steady blade row performance is necessarily limited in the accuracy of its results. 
The complexity of the non-steady separation process is not amenable to purely analytical 
treatment. Consequently it is necessary to correlate the non-steady loss and turning through 
a combined experimental/analytical procedure. In this way pertinent design parameters can 
be varied in a systematic way to ascertain their relative influence on the non-steady flow pro¬ 
cesses. 

On the basis of the experimental oSservations of the boundary layer separation process, a 
simple model can be proposed which relates the non-steady performance to quasi-steady per¬ 
formance in the following manner: 

d Loss _ 1 ., , 
dt ' 7(lx5SSQ.S. * L055* (1) 

d Turning 1_ 
~- = ~(TurningQg -Turning) (2) 

These relations, stated simply, say »hit the rate at which loss and turning change with time 
is governed by how much they lag their quasi-steady counterparts (for the same value of in¬ 
let air angle). The term r is an empiricaltime constant which is to be evaluated on the basis 
of blade row cascade geometry u.id pertinent flow variables. The experimental evidence 
suggests that 

r = K (b/U) ( 

where : K is proportionality constant to be determined 

b is blade chord length 
U is fluid velocity 

The questions to be resolved are: 

( 1 ) Does this simple model approximate the non-steady flow? 

(2) How do the pertinent cascade parameters such as solidity (ratio of blade chord to spac¬ 
ing), aspect ratio (ratio of blade span to chord) and loading level (level of static pressure 
rise across blade) influence the proportionality constant? 

These questions must be resolved experimentally, but extensive testing of a compressor, or 
even a cascade, with time variant inlet conditions (eg. sinusoidally varying inlet total pressure) 
is a complex and expensive undertaking. It would be necessary to measure blade inlet and 
exit air angles and loss transiently with high response instrumentation, and then compare non¬ 

steady and quasi-steady values. For this reason, an alternate approach was taken which makes 
use of available test data. 
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These data are derived from compressor experiments ,vith an imposed inlet total pressure cir¬ 
cumferential distortion. One of thett experiments wa„ conducted with a single stage machine 
using high response instrumentation to measure rotor loss and turning. The remaining experi¬ 
ments were conducted with three stage compressors using only conventional instrumentation 
to measure overall compressor response. The overall response of these compressors to steady 
circumferential pressure distortion, of course, is different from the response to time variant 
inlet pressure fluctuations. The rotor blades, however, experience time variant changes in in¬ 
let air angle as they rotate around the circumference in the same manner that a stationary 
cascade would experience changes in a time variant flow field. 

* 

While the majority of the available circumferential distortion data is taken with conventional 
instrumentation, PAW A has an analytical model with the capability of calculating compressor 
response with either quasi-steady or non-steady blade response. This model is the multiple 
segment parallel compressor model, a detailed description of which appears in Appendix A. 
The model makes use of individual performance characteristics for each rotor and stator blade 
row. The performance of stators is quasi-steady since they experience a steady flow field. The 
rotors, however depend not only on local air angle but also on the way in which air angle 
changes with circumferential position (analogous to time in rotating reference frame). The 
model is capable of calculating the non-steady performance of rotors through the use of an 
appropriate time constant. This capability allows one to predict distorted compressor per¬ 
formance using a range of time constants, and thereby select the value which most closely 
approximates the data. 

The demonstration of this capability has been accomplished using the single stage experiment¬ 
al results which include an indirect measurement of the time constant. These experimental 
results are depicted graphically in Figures 6 and 7. These figures show the measurements 
of rotor loss and exit air angle, respectively, in quasi-steady and non-steady flow. We will 
now consider Figure 6 in more detail. This figure shows rotor blade losses measured on a 
compressor rig using high response instrumentation. The measurements were made both with 
a steady uniform inlet and a 180° circumferential distortion screen. The uniform inlet data 
was obtained by measuring the rotor blade wakes at different values of rotor inlet angle. The 
air angle was reduced (incidence angle increased) by throttling the compressor discharge un¬ 
til the compressor stalled. The circumferential distortion data was obtained at one throttle 
position by measuring the inlet air angles and rotor blade wakes at different positions around 
the circumference. 

ROTOR INLET AIR ANGLE - degrees 

Figure 6 Rotor Response to Inlet Air Angle - Experimental Data 
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CIRCUMFERENTIAL DISTORTION 
CAUSES UNSTEADY ROTOR TURMN6 

Figure 7 Unsteady Exit Air Angk* Measurement - Experimental Data 

In this way, one full cycle of rotor blade loss for a single revolution was obtained. Starting 
at a high inlet air angle (away from the distortion screen) the rotor moves behind the screen 
(in direction of arrows) and inlet air angle is reduced. The measured blade loss, however, 
lags behind the uniform inlet data. Before emerging from behind the screen, the rotor blade 
experiences air angles lower than the values at the uniform inlet stall point, but does not stall 
This is similar to lift and drag coefficient data for a typical airfoil as shown in Figure 5. The 
rotor finally emerges from behind the screen, again lagging behind the uniform inlet loss un¬ 
til the cycle has been completed. If the first order loss model described by equation (a) is 
correct, it should be possible to calculate the circumferential distortion loss data with an ap¬ 
propriate time constant. This has been done for the data of Figure 6 and reasonably good 
agreement was obtained for a value of time constant, r = 1.0 b/u, as shown in Figure 8. 

Figure 8 Rotor Response to Inlet Air Angle - Experimental Data and Prediction 
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A similar evaluation was attempted using the measured exit air angle data. It was found, how¬ 
ever, that it was not possible to define a single value for the time constant which could ap¬ 
proximate th«! data. In order to avoid additional complexity and on the basis of the observed 
small lariatkn in exit air angle (approximately 1.5 degrees), the decision was made to use 
quasi-steady turning and non-steady losses in the multiple segment model to predict distorted 
performance. The good prediction of the distorted compressor stall point shown in Figure 
9 justifies the decision for this compressor. Furthermore, in a high solidity cascade, the 
variations in exit air angle with inlet air angle are relatively small. The general application of 
the quasi steady turning is therefore not considered to be a serious limitation to the non-steady 

calculations. 

CORRECTED FLOW ~ lbs/sec 

Figure 9 Multi-Segment Model Compressor Stall Predictions 

The approach selected is therefore one which uses available test data and analytical techniques 
to defíne a general procedure for the evaluation of non-steady blade loss. This procedure may 
then be applied to the method of characteristics mode* to evaluate its impact on the response 
of a compressor to a time variant distortion. 

TIME CONSTANT DETERMINATION 

The basis for the general determination of the non-steady loss proportionality constant is 
P&WA’s multiple segment parallel compressor model. As explained in Appendix A, it is 
possible to differentiate various distorted flow phenomena using this model. This capa¬ 
bility makes it possible to predict a compressor’s response to circumferential distortion 
with various rotor blade loss assumptions. The quasi-steady loss may be directly applied as 
derived from local flow conditions and blade row performance curves. Additionally, a form 
of equation 1 may be used to calculate losses in the non-steady rotating frame of reference. 

The time constant in equation 1 may be systematically varied to ascertain its effect on the 
model predictions. The results of model calculations can be evaluated in two ways. First 
of all a prediction of the mass flow rate at the distorted stall point can be compared with 
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experimental measurements. Secondly the circumferential distribution of airflow at the 
stall point can provide an appraisal of the loss calculation. The relative agreement between 
r )del predictions and experimental data is the basis for selecting the proper value of the 
time constant. Using the model in this manner, the time constant can be determined for a 
representative i.amber of compressor configurations. 

Selection of Circumferential Distortion Data 

A large data bank of circumferential distortion data was available. In order for this circum¬ 
ferential distortion data to be useful for defining ihe influence of cascade parameters on 
non-steady blade losses, it had to: 

1 ) Cover a wide range of pertinent cascade parameters (aspect ratio, solidity and loading 
level) 

2) Include a systematic change in the cascade parameters so that the effect of each one 
could be evaluated individually. 

3) Consider a range of circumferential extents of the distorted region to verify general 
applicability of the unsteady loss madel. 

4) Have sufficient instmmentation to provide an accurate evaluation of the distorted flow 
parameters around the circumference. 

Data which satisfy these requirements were available from a series of three stage compressor 
rig experiments. Distortions of various extents were generated for these tests using a 
perforated steel plate located ahead of the compressor. Measurements of flow rate, static 
pressure, total pressure, total temperature and flow angle were made at a number of axial 
and circumferential locations. In addition, the distortion plate was continuously rotatable 
so that data measurements could be made at different circumferential locations relative to 
the distortion. A cross section of the test rig showing typical instrumentation is provided in 
Figure 10. A summary of the three stage compressors is shown in comparison with the base 
single stage compressor in Table 1. 

Q90009000 

Figure 10 Three-Stafe Compressor Test Rig Showing Instn nenUtion Stations 

13 



TABLE 1 COMPRESSOR DISTORTION COMPARISON 

Configuration # Stages 
Average Rotor Average Rotor Average Radial Distortion 
Aspect Ratio Solidity Loading (AP/q) Extents 

1 

2 

3 

4 

1 

3 

3 

3 

2.0 

1.2 

.8 

1.0 

1.2 

1.36 

1.36 

1.36 

.3 

.4 

.4 

.5 

180 

60,90,180 

60,90,180 

60,90,180 

Calculation Procedure 

Having defined the compressor configurations to be used in determining the unsteady loss 
time constant, it was first necessary to establish an adequate representation of quasi-steady 
blade performance for each compressor. This was done primarily on the basis of undistorted, 
uniform inlet test data covering a range of airflow rates from maximum to stall. However, 
the multi-segment model requires the quasi-steady row performance characteristics of the 
compressor for the range of flows passed through the various circumferential segments. 
Unsteady flow effects associated with circumferential distortion allow some segments to 
operate at flow levels below the undistorted stall point. Blade row performance at these low 
flow rates cannot be obtained from the undistorted compressor data. An alternate procedure 
must be used for defining blade row performance in this flow regime. ConsequenLy, per¬ 
formance curve extrapolations were predicted using a cascade correlation based upon mean- 
Mne blade geometries. Together with the steady-state unstalled data, the extrapolations 
were used to create a continuous row performance curve (Figure 11 ) by extending the 
curve through the data roughly parallel to the cascade prediction. (In gem ral, cascade pre¬ 
dictions do not match steady-state data exactly because of span-wise geometry and flow 
variations.) 

O data 

_ CASCADE PPEDICTION 

—. RESULTING ROW CHARACTERISTIC 

Figure 11 Extrapolation of Steady State Row Performance Data 
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To improve the level of the extrapolated curves, data from the region of low flow from a 
near-stall distorted inlet case were examined. Data from a small circumferential section 
behind the screen (approaching the screen trailing edge in the rotational direction) show flow 
rates below the undistorted stall flow. These data also exhibit minimal unsteady effects 
in the rotors as noted by a relatively flat inlet flow velocity curve. Figure 12. Utilizing the 
initial extrapolations, the distortion model was used to predict the circumferential position 
of low flow segments representing this region (those with small values of pressure rise attri¬ 
butable to unsteady effects) at the leading edge and trailing edge stations of each blade row. 
The particular low-flow segments were then traced back through the compressor, and the 
data measured at these circumferential positions were used to generate equivalent steady- 
state points on the row performance curves. The model was also used to estimate any resid¬ 
ual unsteadiness, which was subtracted from these points for the rotor blades. These data 
points, always of a limited flow range, were used to extend the range of the performance 
curves into the stalled region as shown in Figure 13. In determining the final curve, these 
low flow points were weighted more heavily than the cascade prediction. 

FLOW 
VELOCITY 

Figure 12 Circumferential Region of Low Unsteady Effects 

Figure 13 Adjustment of Extrapolated Region 
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The distortion data analysis '■«** begun by using the results of the single stage compressor 
described earlier which indicated that the time constant was approximately equal to the 
time required for the fluid to move from the rotor leading edge to the rotor trailing edge, 
i.e. the loss lag proportionality constant was 1.0. The requirement was to determine whether 
the proportionality constant was always approximately 1.0 or whether it changed from one 
compressor configuration to another. The procedure which was followed for each of the 
three stage configurations consisted of the following steps: 

1. The data from 180° distortion extent testing was predicted for each compressor with a 
proportionality constant equal to 1.0. 

2. If the results when a value of 1.0 was used did not agree with the data, the proportion¬ 
ality constant was varied in an attempt to improve this agreement. 

3. The same procedure was then repeated using the 60* and 90* extent distortion data. 

The model was run using 36 individual segments, each representing a circumferential region 
10* in width. The large number of segments provides an accurate description of the non- 
uniform inlet total pressure profile. 

A typical inlet total pressure profile is shown in Figure 14. The non-square shape of the 
distortion occurs because the distortion screen is located close to the compressor inlet 
plane. The inlet flow which does not pass through the screen has a uniform total pressure 
level, but the total pressure of the fluid passing through the screen varies with the velocity 
at which it passes through the sc een. The airflow velocity at the leading edge of the distor¬ 
ted region remains higher thnn áte average flow in this region because of unsteady effects, 
and consequently the loss through the screen in this region is g> cater. 

Figure 14 Typical Inlet Pressure Profile 
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The measured inlet total pressure profiles were input to the multiple segment model program, 
together with the other measured boundary conditions: exit static pressure profile and uni¬ 
form inlet temperature. The model then predicted the mass flow rate at stall and the airflow 
distribution which satisfied these boundary conditions. The resulting inlet static pressure 
profile was then compared with the data at the measured stall airflow. In general, the pre¬ 
dictions for the mass flow rate at stall did not match the data (see Table 21 exactly. Since 
this was observed, the measured stall flow rate was specified, and the model's prediction of 
airflow distribution at this flow rate was compared with the data. In the instances wàere 
the model predicted a stall airflow higher than that indicated by the data, it was not possible 
to run the model at the measured stall airflow. In these cases the airflow distribution from 
the preu<cted stall point was compared with the data. 

TABLE 2 

Comparison of Measured Stall Performance with PftWA Model Predicted 

Performance Using Rotor Loss Lag Proportionality Constant K ■ 1.0 

Configuration 

i 

3 

4 

Distortion 
Extent 

60 

Q() 

180 

60 

00 

180 

60 

90 

180 

Measured 
Flow at Stall 

14.88 

14.56 

14.41 

I4.50 

14.07 

13.60 

I4.55 

I4.I7 

13.72 

Predicted 
Flow at Stall 

14.61 

14.80 

I 4.65 

14.81 

14.44 

14.35 

13.66 

13.60 

I3.76 

Measured 
Pressure Ratio 

at Stall 

1.32 

1.32 

1.32 

1.3 29 

1.314 

1.311 

1.377 

1.365 

1.370 

Predicted 
Pressure Ratio 

at Stall 

1.316 

1.318 

1.327 

1.348 

1.339 

1.342 

1.396 

1.388 

1.385 

Results 

Measured compressor performance parameters are compared in Table 2 to PAWA circum¬ 
ferential distortion model predictions which were made using a rotor loss lag proportionality 
constant of 1.0. Stall point flow rates were predicted with greater accuracy with the rotor 
loss lag proportionality constant K=1.0 tha.i with K=0. However, the lack of consistency in 
the results indicate that stall point prediction alone was not adequate for defining the rotor 
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loss lag proportionality constant. Variation of the proportionality constant to improve the 
prediction for a given configuration and distortion extent resulted in a random distribution 
of values which did not correlate with changes in geometry, fhis problem can be understood 
by considering the basis for the prediction of stalling airflow. The stall criterion is based 
upon the solution at which some segment has reached its peak pressure rise as determined 
from the blade row performance curves and calculated unsteady pressure rise across rotors. 
In the region near stall the slope of the exit static pressure vs airflow is very shallow, making 
a small error in pressure rise result in a significant airflow variation. Because the majot 
component of the pressure rise is achieved from extrapolated blade row performance curves, 
the piedicted stall point is very sensitive to the extrapolations. Even though great care was 
taken using cascade correlations and distortion data at low flow rates to calculate the extra¬ 
polations, they were not satisfactory for predicting the exact stall point. 

The primary method for evaluating the proportionality constant was therefore based on the 
comparison of the circumferential flow distribution predictions with the test date. The flow 
distributio.: produced by the compressor operating with total pressure distortion can be in¬ 
ferred from measured inlet static pressure distributions. The predicted inlet circumferential 
static pressure proflies based on input measured total pressure profiles are compared to the 
measured static pressure profiles in Figures 1S through 23. Unless specifically noted other¬ 
wise, a rotor loss lag proportionality constant of 1.0 was used for the predictions. 

Two measured pressure profiles appear in Figures 18 thru 23. The square symbols represent 
data taken at the near stall condition. The circles represent more extensive data resulting 
from rotation of the distortion screen. These data were taken at flow conditions further 
removed from the stall point to preclude inadvertent stall before screen rotation was com¬ 
pleted. Rotation provides better resolution of the pressure profiles which can then be used 
to aid in the interpolation of the shape of the profile between the squares. 

Ideally, th<* loss lag proportionality constant would be that valut which resulted in perfect 
agreement letween model prediction and measured data. Perfect agreement is unlikely, due 
to flow redistribution within the compressor and other effects which may not be completely 
accounted for in the model. Referring back to Figure 6, the greatest deviation between 
quasi-steady and non-steady rotor loss occurs where, having re hed a minimum value, the 
air angle increases. Since the air angle is at a minimum value, this is the most likely location 
for unsteady loss to influence the compressor stability. This location corresponds to the 
region where the rotor has just entered the undistorted sector of inlet flow. Agreement 
between the predicted value of inlet stall pressure gradient when compared with the measured 
value in this region was the basis of selection of the rotor loss proportionality constant be¬ 
cause this gradient was fairly sensitive to the value of this constant. 

Figures 15, 16, and 17 show very good agreement of inlet static pressure profile for con¬ 
figuration 2 at 60, 90, and 180 degree extents of distortion, respectively. A loss lag pro¬ 
portionality constant of 1.0 was therefore considered applicable to configuration 2. This 
good agreement indicates that the proportionality constant is not significantly influenced by 
cascade parameters since aspect ratio, solidity and loading level for this configuration are all 
different than the base single stage configuration. 
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Figure 15 Circumferential Variation of Inlet Static Pressure 
Configuration 2-60° Screen 
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Figure 16 Circumferential Variation of Inlet Static f. essure 
Configuration 2-90° Screen 
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O M€ ASUBEO AT NCAR STALL Vty/TjJÒj • 15 32 

— MOOCL 01CTE0 STALL • 15.22 

N—OnCUMf EMiNTlAL LOCATION Of 
"S DISTORTION SCREEN 

Circumferential Variation of Inlet Static Pressure 
Configuration 2-180° Screen 

Q MEASURED AT NEAR »TALL »V^t'*t * 14 “ 

O MEASURED AT WyíÇ/Â, • I«JJ 

- MODEL PREDICTED STALL 

CIRCUMFERENTIAL LOCATION 0» 
DISTORTION SCREEN 

Figure 18 Circumferential Variation of Inlet Static Pressure 

Configuration 3-60° Screen 
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□ MEASURE 0 AT NEAR STALL - WAVffîr • U 0> 

0 MEASURED AT E»aV/Bt/8t ■ I« ?9 

-MODEL PREDICTED STALL - WA^/ff iT ■ 14.44 

Figure 19 Circumferential Variation of Inlet Static Pressure 
Configuration 3-90° Screen 

O MEASURED AT NEAR STALL 6f • 13 60 

□ MEASURED AT Wv^t/6t - 14 78 

-MODE L 

K * 0 0 \N^Lj6j • 15 27 

K-1.0 WV^y6T-1435 

K-4.0 14.65 

///7 CIRCUMFERENTIAL LOCATION 
OF DISTORTION SCREEN 

Figure 20 Circumferential Variation of Inlet Static Pressure 
Configuration 3-180° Screen 
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0 MEASURED AT NEAR STALL ■ 14 55 

Q MEASURED AT WV^/0T • 15.60 

— MODEL Wy/V^T ‘ 14 88 

CIRCUMFERENTIAL LOCATION OF 
DISTORTION SCREEN 

Figure 21 Circumferential Variation of Inlet Static Pressure 
Configuration 4-60° Screen 

O MEASURED AT NEAR STALL Wyfilbj • 14 17 

□ MEASURED AT • 14.85 

——• MODEL Wv6t/6t - 14 21 

//y/ CIRCUMFERENTIAL LOCATION OF 
'''' DISTORTION SCREEN 

Figure 22 Circumferential Variation of Inlet Static Pressure 
Configuration 4-90° Screen 
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□ MEASURED AT NEAR STALL Wvfl76T- 13 72PPS 

0 MEASURED AT WVÆ6T • 13.76 PPS 

MODEL 

K-0.0 - 14 59 PPS 

K-10 13.76 PPS 

K-4.0 Wv^/6t • 13 79PPS 

^77- CIRCUMFERENTIAL LOCATION 
OF DISTORTION SCREEN 

Figure 23 Circumferential Variation of Inlet Static Pressure 
Confíguration 4-180° Screen 

Agreement between the P&WA model and data is not quite as good for configuration 3 as 
shown in Figures 18, 19 and 20. Where there is a pressure plateau predicted by the model 
there remains a decreasing pressure gradient in the data as the rotor approaches the distorted 
region. The comparison on Figure 20 includes additional loss lag proportionality constants 
of 0.0 and 4.0. The plateau also persists with these values which means some factor other 
than unsteady loss response is responsible for the disagreement. As previously mentioned, 
the most likely place for unsteady loss to influence the compressor is in the region where 
the rotor is entering the undistorted region. The proportionality constant of 1.0 is clearly 
superior to 0 and 4.0 in this region in Figure 20. Again a loss lag proportionality constant of 
1.0 or possibly a little less, was concluded to represent configuration 3. Rotor aspect ratio 
is the only difference between configurations 2 and 3 and, again, does not have a strong 
influence. 
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Configuration 4 has a higher loading level than the other configurations and is presented in 
Figures 21, 22 and 23. In this configuration the plateau noted as a difference between P&WA 
model predictions and data is present in both the data and in the model prediction. How¬ 
ever, the steeper gradient of the static pressure data in the region where the rotor is entering 
the undistorted region indicates that the loss lag proportionality constant is near but less than 
1.0. In Figure 23 the inlet static pressure profiles for loss lag proportionality factors of 0.0 
and 4.0 have also been included. Inspection of Figure 23 indicates that a proportionality 
constant near 1.0 is correct, but the scatter of the data in the region entering the undistorted 

region precludes defining a more precise number. There was also some uncertainty in the 
measured airflow rate at stall for this point which is demonstrated by the level difference 

between the prediction and the data. 

Although the model results have provided only an approximation of the proportionality fac¬ 
tor, there is obviously no large influence of the cascade design parameters. For this reason, 
a single value of rotor loss lag proportionality factor of 1.0 was selected for use in the time 
unsteady method of characteristics model. This value, within the ability to differentiate, is 
the consensus of the effort under this contract, earlier P&WA high response measurements, 

and the results of other investigators(6)(7*. 

MODIFICATION OF METHOD OF CHARACTERISTICS MODEL 

The basic P&WA method of characteristics model assumes that the action of the compressor 
blades on the fluid may be represented by the quasi-steady compressor performance maps. 
This model is described in more detail in Appendix A. Under this contract the MOC model 
has been modified to account for non-steady blade losses in evaluating compressor perfor¬ 
mance. This means that the blade less or entropy rise across a blade row is not just depend¬ 
ent upon the local instantaneous flow conditions. It is additionally influenced by the time 

history of entropy rise across the blade row. 

(1) 
dt r 

In order to illustrate how this effect is implemented, let us consider an instant of time t at 
which the contribution of the compressor blades to the flow field is to be evaluated. Flow 
conditions at the inlet to the blade row are used to evaluate the pressure and temperature 
rise in the normal manner. From these flow properties, the quasi-steady entropy rise is cal¬ 

culated AScq g . The non-steady entropy rise is then determined: 

8ASc 

dt 

ASc(t) - ASc(t - At) _ 2 (AScq.s. (t) - ASc (t)) 

At r 

ASc(t) /1+-\ -AScO.S.(t) 4 
\r +At I t 

ASc (t - At) 
—+ — 

r At At 

ASc (t - At) 

At 
(2) 
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The non-steady loss only alters the pressure rise since the total temperature rise is determined 
solely from the work input of rotor blades, which is assumed to be equal to the quasi-steady 
value, or is zero across stator blades. The pressure rise must be recalculated from the non¬ 
steady entropy rise and the temperature change. This provides the necessary information to 
evaluate the blade force and blade loss functions in the time unsteady solution of the equa¬ 
tion of motion. 

Compressor Test Case Calculation 

The three stage 2.0 aspect ratio compressor was chosen for the test case evaluation of the 
non-steady blade loss. An average flow condition was chosen approximately 10% 
above the quasi-steady stall airflow. This point was chosen so that a significant inlet total 
pressure oscillation could be imposed without causing an instability indicative of compressor 
stall. In order to check the significance of the non-steady loss calculation it is also necessary 
to be operating over a flow range with a significant range of quasi-steady blade loss. With an 
inlet total pressure variation of ±0.5 times inlet dynamic head (1/2 pUJ), the test case satis¬ 
fies both of these requirements, except at the lower frequencies « 20 Hz) where it was 

necessary to reduce the inlet total pressure variation to ±.l times inlet dynamic head to 
avoid an instability. The response of the test compressor was evaluated with the MOC model 
over a frequency range from 10 Hz to 200 Hz, which covers a reduced frequency range 
based upon compressor length of .5 to 10. The limiting case of a quasi-steady disturbance 
was also evaluated manually to provide a range for the compressor from a quasi-steady re¬ 
sponse through solutions where the compressor response is quite small. 

The questions of interest are: 

1 ) What is the limiting frequency above which the compressor response is insignificant? 

2) Does the non-steady blade response significantly alter the limiting frequency or is it 
governed primarily by non-steady flow effects on the compress'-r scale? 

In order to evaluate the relative response of the compressor at different frequencies the 
attenuation of the flow disturbance was investigated. This was done in terms of the ampli¬ 
tude of the compressor mass flow variation and the attenuation of the inlet disturbance 
through the compressor. The mass flow variation has been normalized by the amplitude of 
the inlet total pressure variation. The attenuation is determined from a ratio of total pres¬ 
sure variation at the exit to that at the inlet. Results of the MOC model are presented using 
both a quasi-steady and a non-steady loss calculation in Figures 24 and 25. From these 
figures, it is apparent that, while the blade loss assumption does alter the solution in the 
frequency range of interest, the dominant effect is the reduction of the mass flow variation 
at high frequency. 
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Figure 24 Variation of Mass Flow with Disturbance Frequency 

Figure 25 Effect of Disturbance Frequency on Attenuation 
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The limiting frequency for a significant compressor response cannot be determined precisely 
from these results, but it is possible to specify a probable range. Clearly, the response above 
100 Hz (compressor reduced frequency = 5.) is not significant and sets the upper limit to this 
range. The lower limit must be set somewhat arbitrarily. It is most likely in excess of 10 Hz 
because the mass flow variation has only diminished by approximately 20% from the low 
frequency value. The compressor response at 20 Hz is still greater than half the quasi-steady 
level so it is probable that the critical frequency lies in the range of 20 Hz to 100 Hz. This 
corresponds to a reduced frequency range of 1 to 5. 

A survey of published data can be used to gain some additional insight into the critical 
level of reduced frequency. Time variant inlet distortion testing was reported in reference 1 
and relates the sensitivity of a fan plus low pressure compressor. It was determined that the 
sensitivity to time variant distortion of this machine at design speed was well correlated if 
the inlet data were filtered using a 160 Hz. low pass analog filter. The reduced frequency for 
this machine at 160 Hz. and be calculated: 

ff-2.9 ft. 160 Hz 
R.F. =- 

700 ft/sec 

R.F. = 2.08 

In order to make the significance of this number uncerstood, the amplitude ratio character¬ 
istic of a 160Hz (3 pole) fUter is shown in Figure 26. At high frequencies the filter reduces 
the amplitude of inlet pressure fluctuations which are used to calculate a distortion index. 
This reduced amplitude distortion index is then used to estimate the resultant loss in stall 
margin based upon a correlation of steady, time invariant distortion data. The successful 
use of this technique implies that the natural reduction in compressor distortion sensitivity 
is similar to the filter’s artificial reduction in distortion amplitude. Whether or not this is a 
valid conclusion was investigated to some extent in Reference 8. In this report, similar 
results for filter cut-off frequency were obtained by other investigators using independently 
generated time variant distortion data for the same compression system. It was also deter¬ 
mined in this work, however, thnt the “rolloff’ rate in amplitude .atio above the cutoff 
frequency was only of secondary importance. One therefore concludes that the falloff 
in compressor sensitivity is quite rapid above this cutoff-frequency. It should be noted, 
however, that the critical value of cutoff frequency was defined using a rather coarse mesh 
(50 Hz) of fUter frequencies to reduce the distortion data. On a reduced frequency basis, this 
corresponds to an uncertainty of ±1.0 in the investigated flow .ange. Hence, a lower filter 
cutoff frequency might have yielded equally satisfactory results, but may have been more 
sensitive to rolloff rate above the cutoff frequency. The major point to be concluded, how¬ 
ever, is that this compression sysicm is insensitive to complex, time variant inlet distortions 
above a reduced frequency of 2.0. This is consistent with the MOC model results which sug¬ 
gest that critical reduced frequency is between 1.0 and 5.0. 
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Figure 26 Attenuation Characteristics of a 160° Hz (3-pole) Filter 

The practical appUcation of the critical reduced frequency concept is the establishment of 
analog Filter cutoff frequency or digital averaging time for the analysis of time dependent 
distortion data. While it is not likely that the very sharp rolloff in typical filter characteristics 
matches the actual falloff in compressor sensitivity, it is apparently adequate if the cutott 
frequency is approximately equal to the frequency at which compressor response is a mini¬ 
mum On the basis of these limited results it appears that filter cutoff frequency can be 
limited to a reduced frequency range of 2.0 with a good probability that compressor sensitivity 
will be satisfactorily correlated. Similarly an averaging time should bt used which co^ponds 
to one half of th ï period at the reduced frequencies in this range. These guidelines 

marized below: 

Analog Filter 

2.0 ■ Fluid Velocity (Ft/Sec) 
Cutof f Frequency (Hz) -- 

ir . Compressor length (ft) 

Digital Averaging 

Averaging Time (Sec) = xh 
■a . Compressor Length (Ft) 

2.0 • Fluid Velocity (Ft/Sec) 
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CONCLUSIONS AND RECOMMENDATIONS 

The following conclusions can be drawn from the exults of work under this contract: 

1) Reduced frequency is the controlling parameter for non-steady compressor response to 
inlet flow distortion. 

2) Reduced frequency on the blzde length scale is most significant for compressor 
response to circumferential inlet distortion which does not vary with time. Other 
blade cascade parameters examined (blade aspect ratio, solidity and blade loading) do 
not influence the non-steady blade response. 

3) Reduced frequency on the compressor length scale is the significant parameter for 
determining critical response time for time variant inlet distortion. 

4) Results of a mathematical model of a compressor’s transient response indicate that the 
critical reduced frequency based on compressor length is between 1.0 and 5.0. 

5) Limited test data demonstrates thi t the critical reduced frequency is approximately 2.0. 

As a continuation of this effort the following is recommended: 

1 ) The general applicability oí the limiting value of reduced frequency (2.0) should be 
tested against available distortion sensitivity data. It should be compared with filter 
cutoff frequency levels or averaging time values which have successfully correlated such 
data. 

2) Alternatively, the P&WA mathematical model based on the method of characteristics 
could be used to predic' compressor ¿ensitivity to time variant inlet conditions. This 
would require verification of the model us»ng data from an experiment with discrete 
frequency pulsation of inlet pressure. Once verified the model predictions could be 
used to evaluate the limiting reduced frequency for a range of compressors for compari¬ 
son with the value of 2.0. Model results could also be used to improve filter character¬ 
istics at high frequency. 

3) Until such verification is completed, it is recommended that the reduced frequency of 
2.0 be used in establishing preliminary values for filtering inlet distortion data. 

4) Further analysis relating distortion sensitivity to reduced frequency should be made 
as suitable compressor data becomes available. 
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APPENDIX A - CIRCUMFERENTIAL DISTORTION MODEL 

Parallel Compressor Theory 

Parallel compressor theory considers the circumference of the compressor to be divided into 
two flow regions: one of relatively low velocity such as would exist behind a distortion in¬ 
ducing screen and one of relatively high velocity. The essential points of parallel compressor 
theory are illustrated in Figure A-l. The compressor performance in each region is assumed to 
be that obtained from uniform flow operation at the local value of inlet velocity. It is fur¬ 
ther assumed that circumferential crossflow within the compressor is negligible and that the 
exit static pressure is uniform. The total pressure distortion is attenuated by the compres¬ 
sor because of the difference in pressure ratio between the high and low velocity regions. In 
addition, a temperature distortion is created out of phase (high temperature-low pressure) 
with the pressure distortion due to this attenuation. The limit of stability (stall point) of the 
distorted compressor is predicted to occur when the low velocity region reaches the uniform 
flow (undistorted) compressor stall point. The resultant performance at stall is calculated 
as the area average of the two regions. 

Multiple Segment Parallel Compressor Model 

The current model expands the basic parallel compressor theory by using multiple parallel 
segments to provide a detailed definition of the circumferential flow field. These segments 
pass through the compressor from inlet to exit. They do not, in general, enter and exit the 
compressor at the same relative circumferential location, but swirl to some degree commen¬ 
surate with blade stagger angles, rotor rotation, and propagation characteristics of the flow 
properties assumed for the model and discussed in the following section. The flow rate in 
each segment is determined from its boundary conditions (inlet total pressure & total tem¬ 
perature and exit static pressure) and the compressor’s performance within that segment in 
a manner quite similar to classic parallel compressor. The concept of using multiple parallel 
segments, however, is much more complex than the multiplication of the classic calculation. 
The complexity arises from two dimensional flow effects and from unsteady flow effects 
caused by the relative motion of rotor blades through the distorted flow region. 

Consider a circumferential segment as it approaches the compressor. In the presence of a 
non-uniform inlet total pressure, circumferential static pressure gradients exist at the com¬ 
pressor inlet which redistribute the flow and can alter the flow velocity and direction of 
that segment. The performance of the first blade row will depend on the local flow angle 
as well as the local inlet flow rate within the segment. Proceeding through the compressor, 
the circumferentially non-uniform static pressure can cause further flow redistribution, 
particularly when “stagnant” air cavities exist external to the compressor flow path. This 
redistribution will result in a different amount of airflow in the segment at different axial 
locations within the compressor. When the segment encounters a rotor blade row, unsteady 
flow effects must be accounted for due to the circumferential nonuniformity of the flow 
field. The rotor performance depends not only on the local flow velocity and incidence 
but the time dependent (in the rotating reference) velocity and incidence gradients it ex¬ 
periences as it rotates past the segment. 
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Finally, the exit static pressure may not be uniform so it is necessary' to know the angular 
displacement ot the segment as it traverses the compressor in order to apply the proper down¬ 
stream boundary condition. None of these effects are considered by basic parallel com¬ 
pressor theory but are all accounted for in the multiple segment model. The only restriction 
to the multiple segment approach is that the circumferenMal extent of the segment should 
span several blade passages. The How properties in each segment are then representative of 
local average conditions. This restriction poses no problem as long as the distortion is large 
relative to the blade pitch or spacing, which, as previously stated, covers most cases of practi¬ 
cal interest. 

A further departure from parallel compressor theory is the use of individual blade row per- 
formance on the premise that deviations from uniform inlet performance will result in 
changes to the front-to-rear matching of the compressor blade rows. Such changes cannot 
be easily assessed on the basis of an overall performance representation. However, regardless 
of the way in which the uniform inlet performance is presented, the important point is to 
recognize the deviations from this performance that can occur under distorted flow condi¬ 
tions. 

Procedurally, the multiple segment model calculation is similar to a classic two-segment par¬ 
allel compressor solution. Each segment has known inlet and exit boundary conditions, and 
the mass flow rate consistent with these boundary conditions is to be determined. The major 
distinction is that the compressor segment performance is intluenced by the distorted flow 
and is not identical to uniform flow performance as assumed by classic parallel compressor. 
In order to evaluate unsteady flow effects, the flow rates of adjacent segments are required in 
determining a given segment’s performance. It is necessary, therefore, to establish a periodic 
solution around the circumference of the compressor. It is only after periodicity of mass flow 
rate is established that a calculation is considered complete. This is in contrast to the discon¬ 
tinuities in mass flow rate allowed ivy classic parallel compressor at the boundaries of the dis¬ 
torted region. 

Calculation Procedure 

Each segment has a constant circumferential extent with a fraction of the total mass flow 
entering the compressor. The fraction of the total mass flow in a given segment is depen¬ 
dent upon that particular segment’s boundary conditions and the overall performance 
characteristic of the compressor for that segment. The performance characteristic effectively 
changes trom segment to segment because of the various phenomena outlined in the pre¬ 
vious section. 

The inlet boundary condition tor a segment is easily defined from the prescribed inlet total 
pressure and total temperature. The other boundary condition required is the static pres¬ 
sure at the exit of each segment. The average level of exit static pressure required to 
satisfy the specified total mass flow must be determined iteratively. Furthermore, the 
possibility of having non-uniform exit static pressure (Reference 1, for example) makes it 
necessary to know the proper circumferential location cf each segment at the exit of the 
compressor. 
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Each segment moves circumferentially as it passes through the compressor since mean 
flow angles within the rotors, stators and gaps are seldom axial. In addition, the rotation 
of the rotor provides additional angular displacement. This is illustrated schematically in 
Figure A-2. Note that the segment displacement due to the rotor (A0 segment) is less »han 
that for a fluid particle (A0 particle). This is because the acoustic path is important in 
establishing the non-steady flow in the rotating reference frame. Since an acoustical signal 
exceeds local fluid velocity in the forward direction, the “residence time” in the rotor is less 
than that for a fluid particle. 

Angular Displacement = Residence Time x Angular Velocity 

^Segment 

or 

^Particle 

The angular displacement of each segment is calculated from local conditions and an 
average for all the segments is used to match proper inlet and exit boundary conditions. 
The average angular displacement of the segments is denoted as “flow swirl”. 

The compressor performance as well as the exit boundary conditions is therefore partially 
dependent upon the mass flow distribution. Consequently, an iteration scheme is utilized 
which necessarily assumes a mass flow distribution and solves for the mass flow in each seg¬ 
ment on the basis of this assumption. The calculated mass flow distribution then replaces 
the original assumption and the procedure is repeated until the calculated mass flow distribu¬ 
tion agrees with the assumed mass flow distribution. The necessity of knowing the mass 
flow distribution in order to calculate compressor performance will now be illustrated by a 
discussion of the various distorted flow phenomena incorporated in the multiple segment 
model. 

Distortion Induced Inlet Flow Redistribution 

Flow redistribution takes place upstream of a compressor operating with non-uniform flow 
as the compressor acts to create an upstream attenuation of the inlet flow distortion. A 
further description of this phenomenon may be found in Reference 2. The resultant inlet 
static pressure imbalance and a streamline curvature, Figure A-3, causes a variation in inlet 
air angle. With no inlet guide vane the incidence on the first rotor blade varies as in Figure 
A-4. The multiple segment model calculates this inlet angle variation in order to properly 
determine the first blade row performance. 
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The procedure for calculating the upstream flow redistribution is based on the use of a dis¬ 
tribution of sources and sinks at the compressor inlet plane to represent the effect of the 
compressor on the upstream flow. As the fluid approaches the compressor, the axial velocity 
distribution is altered from the values far upstream of the compressor. In some regions around 
the circumference the fluid velocity is decreased as it gets closer to the compressor so that a 
flow source opposing this fluid may be thought to exist. Similarly, a flow sink would account 
for an increase in the velocity of the fluid as it approaches the compressor. The strengths of 
these sources and sinks are calculated in the following manner. 

The upstream velocity distortion is separated into its rotational and irrotational components, 
both of which are considered to have amplitudes such that a linearized description can be 
adapted. The rotational component is associated with the inlet total pressure distortion. Since 
the total pressure is convected by the flow from far upstream to the compressor, the rota¬ 
tional velocity distortion can be evaluated far upstream ( - 00 ) where the irrotational com¬ 

ponent is zero. 

R . _ h Po-m_ (SPs..=0) 
SC«I.OT ' hC'- • 7?T (, + £¡.¡¡8*) ¿r 

The irrotational part of the velocity distortion is due to the upstream flow redistribution 
induced by the compressor. Since there are multiple segments, the compressor can be repre¬ 
sented by an array of sources and sinks located at the compressor inlet plane with the effect 
of compressibility accounted for by using a Prandtl-Glauert transformation. The local 
strength of the source (sink) is calculated from the irrotational component of axial velocity 

at the inlet. 

^Cxirrot s ^ C* inlet “ ^Cx*>T 

The inlet velocity distortion, 8CX ¡niet> *s a function of the compressor performance and local 
boundary conditions for each segment and is determined iteratively. The source (sink) strengths 
determined from 5CY. can be used in a formulation from Reference 3 to determine the 

velocity potential function for such an array. The tangential velocity perturbation com¬ 
ponent can then be determined from this potential function. It should be noted that al¬ 
though the analysis has been derived on the basis of small perturbations, comparison with 
measured data shows that the calculation has provided an accurate solution for the inlet air 
angle distribution even when the imposed inlet total pressure distortion was quite large (see 

Figure 14). 

Circumferential Crossflow 

Circumferential flow redistribution can also occur within the compressor as well as upstream 
of it. Within the compressor, this flow redistribution can take two different forms as illus¬ 
trated by Figure A-5. First of all, the compressor flowpath has axial gaps between blade 
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rows which provide a means for redistributing the How. This occurs primarily near the 
edges of the distorted region where static pressure gradients are largest. Since it is localized 
to the edges and since normal axial spacing in a modem engine is small, this form of cross- 
flow can normally be considered negligible, and is not included in this analysis. 

The second form of cross flow can take place within cavities (roots of shrouded stators and 
bleed plenums) which are exposed to the circumferential pressure gradient. Since the static 
Pressure differences can be large and the fluid within a cavity has negligible axial momen¬ 
tum, the crossflow can be significant. This was demonstrated qualitatively by a flow visu¬ 
alization experiment on a 3 stage compressor with inlet distortion, the results of which are 
shown in Figure A-6. in this experiment, felt tufts were mounted in an annular plenum 
external to the compressor flowpath. The tufts were viewed through a plexiglass cover and 
indicated substantial circumferential flow velocities consistent with the imposed pressure 
distortion. 

The calculation procedure in the current model consists of an evaluation of mass flow trans¬ 
fer between each segment and the external flow cavity. The flowpath circumferential static 
pressure distribution is assumed to be known but the cavity pressure distribution must be 
determined iteratively. Since the crossflow occurs as a steady flow process there can be no 
mass accumulation within the cavity. Therefore, the solution for the static pressure distri¬ 
bution within the cavity must satisfy a continuity balance. The calculation depends upon 
the flow characteristics of the cavities as well as those of the passages connecting the cavities 
with the flowpath. Large cavities induce the most crossflow and for these the flow character¬ 
istics of the connecting passages are more significant than the cavity flow characteristics for 
determining crossflow rate. 

In general, exact flow characteristics for these connecting passages are not available. The 
model makes use of a general correlation of flow coefficients for air being bled off perpen¬ 
dicular to the flow direction. This correlation was empirically derived in Reference 4 and 
is reproduced on Figure A-7. Because of the general nature of this correlation, the results of 
the current mode! are only approximate. However, the usual amplitude of crossflow within 
any single cavity is only a small percentage of the total airflow. The use of generalized flow 
coefficients is normally adequate. 

The sequence of the iteration starts with a single segment (one having a relatively high flow- 
path static pressure is selected) by assuming the local static pressure within the cavity. Flow 
characteristics for the passage connecting the flowpath with the cavity are used to determine 
the mass transfer into the cavity. These characteristics depend upon the static pressure dif¬ 
ference across the connecting passage, the cross-sectional area of the passage, and flow condi¬ 
tions (static pressure, total temperature, Mach number) on the high pressure end of the passage. 
The mass flow which enters from the first segment into t'.e cavity is used to calculate the 
Mach number in the cavity, based upon the cavity geometry. Proceeding in the direction of 
rotor rotation to the next segment, a change in total pressure occurs due to the friction or 
drag of the cavity walls. These walls may be either stationary or rotating and the frictional 
losses depend on the relative flow velocities. The mass transfer calculation is repeated at the 
next segment based upon the local flow parameters. The mass flow rate within the cavity and 
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the flowpath are appropriately adjusted and the calculation is continued until a full circuit 
around the circumference is completed. A check is then made for continuity of mass flow 
into and out of the cavity. If continuity of mass is satisfied within a preset tolerance the 
solution is accepted. If not. the calculation is repeated using a higher or lower guess for cavity 
pressure depending upon whether the net cumulative mass flow into the cavity is positive or 
negative. The iteration is continued until a solution (zero net mass flow into the cavity) is 

obtained. 

Unsteady Flow Effects 

Another reason why distorted performance differs from uniform inlet values is because the 
rotor experiences time variant changes in velocity and incidence as it moves through the dis¬ 
torted flow field. First of all, the acceleration of fluid through the rotor implies a local sta¬ 
tic pressure difference between the leading and trailing edges over and above that indicated 
by the quasi-steady pressure rise characterstic. This additional pressure rise must be ac¬ 
counted for in determining the distorted compressor performance. 

In order to simply illustrate the basic fluid mechanics of this unsteady static pressure change 
across the blade row, the blade passage can be modeled in the rotating reference frame as a 
one-dimensional, inviscid, linear diffuser with unsteady flow. 

For this one-dimensional inviscid diffuser, it will be assumed that area varies linearly from 
inlet to exit as illustrated in the figure below. The unsteady pressure change can be deter¬ 
mined from application of the Momentum Equation. 

The first term on the right is the quasi-steady state pressure rise due to diffusion and is con¬ 
sidered to be the static pressure rise across the blade row with uniform, time invariant inlet 
conditions. This term is evaluated like an actuator disk for the circumferentially local mass 
flow rate and combined with the second term which represents the effect of local acceleration 
of the fluid within the blade passage. For simplicity, this term will now be evaluated for the 
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case of an incompressible fluid in order to indicate the controlling parameters. The effects 
of compressibility have been determined separately and are included in the computer model 
in an approximate manner. The circumferential displacement of the segment by the rotor 
provides for the proper acoustic delay of the static pressure rise. 

Assumptions : 

u, = Û, + 
/ u. 

dt dt 

u(X)= U| 
Ai 
A(x) 

A(X) = A| + X 

Substituting into Equation 1 

rb 
p2- p, = / pu dK- o J! dui 

Jo r d* r 

The unsteady part of the pressure rise is thus proportional to the rotor chord length and the 
change of relative inlet velocity. This acceleration rate can be determined from the fixed 
coordinate system velocity d-stortion and the rotational speed of the rotor. 

In order to calculate the change in stagnation temperature due to this unsteadiness, the fol¬ 
lowing relation between fluid properties, which may be derived from the First LswnoI , 
Thermodynamics, is applicable: * 
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(4) T d* = d h - dp 

ho = h + y- 

d h0 = d h + u du 

Tds = dho • udu- y dp 

Integrating across the diffuser: 

rbTds . rVaho.-u^ . ^ d* Jo T17 0 Jo ^ P ^ ' 
(5) 

From Momentum Equation: 

• dP . du . . du 
' d* ‘ <3» dx 

Jq Ot J0 0\ J0 Ot 

•P au (6) 

Thus, the change in stagnation enthalpy relative to the rotor is composed of two terms. The 
first term corresponds to the unsteady pressure rise and will be treated by making the same 
assumptions concerning compressibility. 

1' 

du j _ p .d»^ 
dt df 

T T - --1- J — to2 to'- cp ^ at 
_L fb T ii. 
Cp 1 dx 

dx (7) 

This unsteady total temperature rise is added to the steady rotor temperature rise as deter¬ 
mined from uniform inlet flow conditions. The steady and unsteady total temperature 
rises are combined in a manner similar to the static pressure rise. Like the unsteady pressure 
rise, the unsteady temperature rise is proportional to the rotor chord length and the time 
rate of change of velocity relative to the rotor. Even though the analysis is an inviscid one, 
the second term is generally non-zero because of the entropy gradients associated with the 
upstream total pressure (or temperature) distortion. In order to properly account for the 
entropy gradients, it is necessary to know the path line followed by fluid particles through 
the compressor. The second term is evaluated for each segment using the difference between 
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the circumferential displacement of a fluid particle and the circumferential displacement of 
the segment to define the amplitude of the entropy gradient. The temperature change so 
determined is then added to the steady and unsteady temperature change for each segment. 

Fluid Particle Displacement Effects 

It is necessary to calculate the fluid particle displacement because the particles within a 
rotor blade passage can swirl into and out of the distorted flow region. When viewed from 
a fixed reference frame, the entropy of the fluid entering a rotor passage may be different 
from that of the fluid leaving that same passage at that instant in time as shown in Figure 
A-8. This difference in entropy must be accounted for in calculating the changes in the tem¬ 
perature across the blade passage, as can be seen from Equation 7. 

Since the flow process across the blade row was considered inviscid in this analysis, any en¬ 
tropy change across the blade row must be due to a difference in instantaneous inlet and 
exit fluid properties. This difference becomes evident when it is realized that fluid particles 
are displaced circumferentially by the rotor and that the fluid within the blade passage at 
any time originated from a circumferential sector of finite extent. The extent of this sector 
is a function of the rotational speed, the rotor chord length and the relative fluid velocity. 
The properties of the fluid leaving the rotor passage onginated at the beginning of this sec¬ 
tor while the entering fluid comes from the end of the sector. Thus, the entropy change 
across the rotor is equal to the circumferential entropy difference across the sector, which 
is easily defined from the imposed rotor inlet total pressure and total temperature distortion 
and the sector extent. The displacement of the fluid by each rotor blade row is calculated 
and accumulated in the multiple segment parallel compressor model in order to provide an 
accurate exit total temperature distortion profile. 

This effect on total temperature due to particle displacement accounts for the observation 
often made with multistage compressors that the exit total temperature distortion is not 
aligned with the attenuated total pressure distortion as predicted by parallel compressor 
theory. This is illustrated in Figure A-9 where the exit total temperature distortion has been 
calculated from measured attenuation of an imposed inlet total pressure distortion. The 
agreement with data is greatly improved by accounting for particle displacement when cal¬ 
culating the temperature distortion. 

The impact of particle swirl on distorted compressor stage matching is illustrated in Figure 
A-10. As shown in the figure for parallel compressor, the low total pressure region and high 
total temperature region are aligned throughout the compressor. Note that in this particular 
example no circumferential displacement (flow swiri) of the distorted region is assumed. 
When particle swirl is taken into account, however, there is a region of relatively low total 
temperature in the rear stages of the low total pressure region. This results in lower cor¬ 
rected flow and higher corrected speed in these stages relative to conditions that wou!d nor¬ 
mally be obtained with a uniform inlet and the same inlet values of corrected flow and 
speed. There is thus a tendency to increase incidence in the rear stages which effects a re¬ 
match of the front-to-rear loading distribution of the compressor stages. A similar rematch 
in the reverse direction occurs in the undistorted region of the compressor. The net effect 
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of the rematch is to reduce the circumferential variation in velocity at the front and increase 
the velocity variation at the rear of the compressor relative to that calculated from parallel 
compressor theory. The consequences of particle swirl with respect to the distorted stall 
line are therefore dependent on the axial location of the limiting stage. 
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LIST OF SYMBOLS SUBSCRIPTS 

A Area 

a Sonic Velocity 

b Chord Length 

Cp Specific Heat at Constant Pressure 

h Enthalpy 

N1 Low Rotor Speed 

N2 High Rotor Speeo 

p, P Pressure 

s Entropy 

T Temperature 

t Time 

u, U Velocity 

a,¡i Air Angle 

6 Perturbation Quantity 

0J2 Met Corrected Temperature 

0J3 HPC Inlet Corrected Tempei ature 

p Density 

t Empirical Time Constant 

cu Circular Frequency 

o, T Total Conditions 

IMUT, I Inlet 

2 Exit 

*• Upstream Infinity 

X Axial Direction 

Q.S. Quasi-steady Value 

SUPERSCRIPTS 

— Average 

/ Perturbation Quantity 
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Figure A-l Parallel Compressor Distortion Analysis 
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Figure A-2 Segment (Flow) and Particle Swirl Through A Compressor 
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Figure A-3 Asymmetrie Flowfield Upstream of Compressor 
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Figure A-4 Effect of Upstream Circumferencial 
Velocity on Rotor Incidence 
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Figure A-6 Flow Redistribution Due to External Flow Chamber 

Figure A-7 Flow Coefficients for Passages From Flowpath to External Cavities 
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Figure A*8 Entropy Difference Due to Rotor Rotation 

• HIT TINKMTINE MSTMTNM PREDICTIONS 

Figure A-9 Particle Swirl Effect 
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• FRONT TO REAR STA6E MATCH CHANCE REDUCES INIE7 VELOCITY DISTORTION 
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Figure A-10 Particle Swirl Effect 
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APPENDIX B 

MOC Model 

The problem addressed by this model is the solution of the time unsteady equations of mo¬ 
tion for planar flow disturbances in a compression system. These flow disturbances take the 
form of inlet total pressure and temperature as well as exit static pressure. The method of 
characteristics has been chosen as the calculation procedure because it embodies the physical 
mechanisms of pressure wave and fluid particle propagation through the compressor. This 
insures the accurate phasing of events as the flow field changes with time. Furthermore, 
an algorithm has been constructed which enables the compressor blade performance maps to 
be used over a portion of a rotor or a stator. Previously, these maps have been used over the 
entire rotor/stator in a single step, thus giving erroneous propagation of waves through the 
rotor/stato;. This algorithm provides a more realistic propagation of waves through compres¬ 
sors than has previously been possible with nonsteady compressor flow models. 

Equations of Motion 

The equations of motion solved are those for the one-dimensional conservation of mass, mo¬ 
mentum and energy. These are expressed by the following relations in differential form: 

Conservation of Mass 

d (pUA) 

3x 
3 ., 

dt 
(1) 

Conservation of Momentum 

d(pU2A) A dp 
-r-+ Ag — 

d (pUA) 

dt + 
(2) 

Conservation of Energy 

1 DQ Ds 

Dt 
(3) 

T Dt 

These relations compose a set of partial differential equations necessary to solve for the time 
unsteady flow through a compressor. They can, however, be expressed in terms of total time 
derivatives of properties along certain “characteristic” directions or paths. These paths ?r*' 
those describing the motion of forward and rearward traveling pressure waves and fluid par¬ 
ticles. They are expressed by the following: 

Preceding page blank 
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Forward Traveling Pressure Wave 

dx 

dT 
u + a 

Rearward Traveling Pressure Wave 

dx 
-= u - a 
dt 

(4) 

(5) 

Huid Particle 

dx (6) 
-= u 
dt 

Let us now define Ô+/5t to denote difierentiation with respect to time along the first two of 

these characteristics: 

(u + a) 
0_ 

9x 

6_ 

6t 

a 
dt 

9 
+ (u - a) — 

9x 

with the differentiation along the particle path having its usual definition, 

D 9 3 
-= - + U -r— 

Dt 9t 3x 

It is now possible to expand the equations of motion in terms of derivatives along the cha¬ 

racteristic directions: 

dx 
Along — — = u + a 

dt 

ã+T + a 
7- 1 5t Ôt 

JgT 
8+S 

JT 
ua2 dA 

A dx + 

ga dP (7~ D PS 

pA dx R 7 PI 
(7) 
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Along — 
dt 

u - a 

7gR Ô_T 5_u , 6_S 

7-1 St ~ * ~6T ~ JßT -JT 

ua2 dA 

A dx 

Along 
dx 

dt~ 
u 

ga dF + Ja2^ (7-1) DS 

pA dx R 7 ~dT 
(8) 

Ds _ 1 DQ DSc 

Dt T Dt + ~dT (9) 

Once the flow field properties have been defined at some initial time t0, it is possible to 

evaluate them at a later time tQ + At through the numerical integration of equations 7-9 
along their respective characteristic directions. See Figure B-1. 

METHOD OF CHARACTERISTICS CALCULATION PROCEDURE 

Figure B-l Method of Characteristics Calculation Procedure 

A simultaneous iterative solution of the equations is required because the derivatives of the 

various flow properties are differenced over the time interval from t0 to t0 + At. After the 

complete flow field solution has been obtained, at t0 + At, the process is repeated for addi¬ 
tional time intervals until the desired transient flow process has been completed. 
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Algorithm for Blades 

Since the axial locations at which the characteristics intersect the horizontal axis (Figure B-l ) 
at time t0 are not necessarily at the leading or trailing edge of a blade row, it is necessary to 
represent fluid properties at these locations in some manner. The simplest approximation 
that can be made is a linear variation of a sufficient number of fluid properties to define the 
internal flow field. Flow velocity, static temperature and static pressure are assumed to vary 
linearly across each blade row. The other necessary flow property, entropy, is defined from 
the pressure and temperature. This algorithm insures continuous flow field properties and 
provides an accurate calculation for disturbance propagation across rotors and stators. 

Nomenclature 

p Density (lbm/ft3 ) 

A Area (ft2 ) 

U Velocity (ft/sec) 

t Time (sec) 

X distance (ft) 
Ibm ft 

g gravitational acceleration constant (32.2 -) 
Ibf sec2 

p pressure (lbf/ft2 ) 

F blade force (Ibf) 

S entropy (BTU/lbm °R) 

T temperature (°R) 

Q heat energy (BTU/lbm) 

Sc Entropy associated with compressor blades working on the fluid (BTU/lbm °R) 

J Joules constant (778. ft Ibf/BTU) 

R gas constant (53.3 ft Ibf/lbm °R) 

7 ratio of specific heats 
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