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FOREWORD

This report was prepared for the National Aeronautics and
Space Administration, Lewis Research Center, under Contract
NAS3-18535 to present the results of the analysis of circumfer-
ential inlet distortion data for the TF30-P-3 afterburning turbo-
fan engine. Mr. D. G. Evans was the NASA Project Manager for
this effort, assisted by Dr. A. Kurkov and Mr. W. M. Braithwaite,
and Mr. R. S. Mazzawy was the PRWA Program Manager. This
report was prepared by R. S. Mazzawy and G. A. Banks, with
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SUMMARY

The analysis of circumferential inlet flow distortion data taken by NASA-Lewis Research
Center personnel from testing of a Pratt & Whitney Aircraft TF30-P-3 afterburning turbofan
engine is presented herein. The distortion was generated by a NASA-developed air jet de-
vice which was capable of varying the amplitude, circumferential extent, and circumferential
position of a low total pressure region. The data included detailed steady state instrumenta-
tion measurements for distortion levels below those required to stall the engine, as well as
steady state and high response instrumentation measurements to document engine stall.

Data analysis was primarily performed through the use of the P&WA-developed multiple seg-
ment parallel compressor model. This modecl exists as a computer program and provides a
detailed blade row by blade row definition of the distorted flow field for the TF30-P-3 com-
pression system. ‘The required pressure and temperature rise characteristics for each blade
row were provided from previous P&*WA compressor component rig testing. The results of
this program were compared in detail with available pressure and temperature measurements
at two low rotor speeds: 7400 rpm and 8600 rpm. Generally good agreement was obtained
between the model calculations and the test data. The predicted attenuation and circumfer-
ential movement of the distorted region through the compressor were verified by the data.
An analysis of the same data by NASA-LeRC personnel was presented in Reference 1 with-
out the assistance of the model. Some of the conclusions reached in that data analysis are
also included in this report for comparison purposes.

The engine stall data was analyzed on the basis of classical two-segment parallel compressor
theory. A comparison is made between the distortion level which was observed to cause en-
gine stall and the distortion level predicted by using parallel compressor theory. In general,
the predicted level was lower than that which was measured experimentally. On the basis of
the prediction, however, an estimate was made of the origin of the stall which was in reason-
able agreement with the stall site determined from high response records. The data analyzed
covered a low rotor speed range from 7300 rpm to 8700 rpm. It was determined in each case
that stall was initiated in the front stages of the low pressure compressor.

INTRODUCTION

NASA Lewis Research Center (NASA LeRC) testing of the P&WA TF30 P-3 afterburning
turbofan engine with circumferential total pressure distortion has provided detailed measure-
ments of distortion attenuation and sensitivity. A description of the test may be found in
Reference 1. These data have been analyzed by Pratt & Whitney Aircraft using its extensive
background of experience with this engine and also using parallel compressor theory and

the P&WA-developed multiple segment parallel compressor model. This model calculates a
row by row prediction of distortion attenuation and provides an analytical basis for inter-
preting the engine measurements. A description of the model is presented in Appendix A.

The multiple segment model makes use of blade row performance (pressure and temperature
~ rise) characteristics which have been derived from component rig testing with uniform inlet



conditions. For this reason, the undistorted inlet data for the NASA TF30-P-3 engine,
supplemented by similar measurements made by P&WA on a number of TF30 engines, were
analyzed to verify suitability of the model and provide a sound basis for interpreting the
engine data with the non-uniform inlet pressure.

The circumferential distortion attenuation data were predicted and compared graphically
with the measured data at two rotational speeds: 7400 and 8600 rpm (approximately 77
and 90 percent of low rotor design speed) at a Reynold’s Number Index of 0.5. Flow
velocity distortion predictions were also reproduced graphically. The circumferential
variations of blade incidence and loading were also calculated and are included in a summary
tabulation in Appendix B of this report.

Classical parallel compressor theory was used to predict the stall line sensitivity of the TF30-
P-3 engine to circumferential pressure distortion. This calculation was based upon the same
blade row characteristics used for the uniform inlet and distortion attenuation analysis.

The distortion level was varied systematically until the amplitude necessary for stall was
reached at the measured average engine operating point. The predicted level was compared
to the observed level of distortion at stall for four rotational speeds: 7300, 7800, 8200 and
8700 rpm. The maximum loading as defined by diffusion factor was calculated for each
blade row in order to fix the origin of compressor stall. High response instrumentation
records for the NASA LeRC engine test were used to verify the initial stall location.

The work reported herein was done in the U. S. Customary system of units. The informa-
tion in this report is provided in_those units as well as the International System of Units
(Sh.

PROGRAM INPUT
NASA LeRC DATA

The Pratt & Whitney Aircraft TF30-P-3 turbofan engine was tested with 180° circumferen-
tial total pressure distortion in an altitude test chamber. An engine cross-section with the
instrumentation station locations is shown in Figure 1. The distortion was generated by a
NASA-developed air-jet device (Reference 2). This device produces total pressure distortion
pattemns through the injection of secondary air one diameter upstream of the engine directed
against the primary inlet airflow. The distortion was rotated in 60° increments in order to
effectively increase the instrumentation coverage and provide a better definition of the dis-
tortion pattern.

The data obtained by rotating the distortion pattern was reduced, analyzed and reported
by NASA LeRC personnel in Reference 1. Two rotational speeds were tested: 7400 and
8600 rpm at approximately two-thirds the level of inlet distortion required to stall the



engine. Inlet distortion amplitude (Pt . - Ptmin/Ptavg) at stall was approximately 13
percent at 8600 rpm and 9 percent at 7400 rpm.

A subsequent test series using the same engine investigated the distortion sensitivity of the
TF30-P-3 engine. These results were not included in Reference 1, but are related in Refer-
ence 3. During these tests the distortion amplitude was systematically increased at constant
low rotor speed until an engine stall was recorded using high response instrumentation.

The engine was then decelerated with the air-jet device setting held at the pre-surge position.
The high pressure compressor 12th stage overboard bleeds were then held open and the
engine was accelerated back to the pre-surge low rotor speed. Steady state instrumentation
was recorded in order to document the distortion level and engine operating condition.

This procedure was followed for a range of low rotor speeds from approximately 6700 rpm
to 9000 rpm. Four low rotor speeds within this range have been selected for analysis under
this contract. These are approximately 7300, 7800, 8200, and 8700 rpm.

P&WA RIG DATA AND COMPRESSOR MODEL

Pratt & Whitney Aircraft’s TF30 compressor model is based upon individual static pressure
and total temperature rise characteristics for each blade row. These non-linear characteris-
tics are based upon mean diameter (defined as that diameter which separates the annulus in-
to two equal flow areas) with the exception of the fan. The first three stages of the engine
are separated into two regions representative of the flow which enters the fan duct and that
which enters the engine core. The outer annulus is referred to herein as the fan, and the in-
ner annulus, stations 2 to 2.3, as the first three stages of the low pressure compressor. These
two regions are separated by a pseudo-boundary located at a diameter which is dependent
upon the engine bypass ratio and fan geometry. These characteristics were derived from
component rig testing of the TF30 compressors with uniform inlet conditions, by using mea-
sured static pressures and total temperatures. The necessary velocity triangles are determined
by assuming that the exit angle for each blade row is constant in its own coordinate system.
That is to say, the relative air angle is equal to the trailing edge metal angle minus a fixed de-
viation. This deviation is determined for each blade row at design incidence from two-
dimensional cascade correlations. The inlet air angle relative to the following blade row is
then calculated by using local mean values for axial velocity and wheel speed. The P&WA
model additionally uses multiple circumferential segments and accounts for unsteady flow
effects and circumferential crossflow which take place due to the distortion. Thirty-six seg-
ments have been used for the analysis of the TF30-P-3 distortion attenuation data.

This model is not capable of determining an engine operating point a priori since it has no
simulations of any engine components except the compression system. Hence, necessary
input requirements include total corrected airflow and engine bypass ratio, as well as high
and low rotor speeds. The model may be exercised with either uniform flow conditions

or with circumferentially non-uniform inlet total pressure and/or total temperature, and/or
non-uniform exit static pressure. The operation of the model under non-uniform flow con-
ditions may optionally be based upon classic parallel compressor theory or as the more com-
plete multiple segment parallel compressor analysis.



. DATA ANALYSIS AND RESULTS
UNIFORM INLET DATA

Uniform inlet data from NASA-LeRC tests were analyzed to verify the applicability of the
P&WA blade row performance characteristics from TF30 compressor rig testing. The undis-
torted data analysis revealed that some measurements which are critical for the determination
of engine bypass ratio were made with an insufficient number of instrumentation locations.
In order to correct this deficiency the available data were supplemented by similar measure-
ments made by P&WA on a number of TF30 engines. The complete data analysis during this
phase verified that the blade row characteristics provided an adequate representation of the
TF30 engine performance. An exception was the speed-airflow relationship for the fan, but
this was corrected by modifying the characteristics to reflect slightly higher total airflow cap-
acity for the engine tested at NASA LeRC relative to the component rig results.

The P&WA characteristics were derived from rig testing with different instrumentation and
different Reynold’s Number levels than were used in the NASA engine testing. The use of
engine airflow for cooling purposes is another difference between the two tests. These dif-
ferences resulted in real and apparent flow capacity shifts and were necessarily considered
when the applicability of the characteristics was evaluated. The most convenient procedure
for this task was to adjust the engine data for these differences and make comparisons with
compressor rig overall performance maps. The engine core airflow calculation was an im-
portant part of this procedure and particular attention was given to using the most accurate
technique available.

The TF30-P-3 turbofan is a mixed flow engine since the engine core and fan bypass flows
mix together and exit through a common tailpipe and nozzle. This type of configuration
precludes the separate measurement of engine and fan flows as is done in COMPIessor rig
testing. It is customary, therefore, to measure the total airflow and to calculate the engine
bypass ratio (fan duct flow/engine flow) using other measured engine parameters. The
calculation used for this purpose is based upon an energy balance between the COmpressors
and turbines, the fuel and air flow entering and the flow leaving the engine. The equations
as well as the measured and assumed parameters required for this calculation are outlined in
Figure 2.

Initial calculations of engine bypass ratio for NASA LeRC uniform inlet data made on the
basis of an energy balance between the compressors, burner, and turbines indicated unusual
flow characteristics. Engine flow was calculated to increase as power setting was reduced
in the intermediate operating range. It was initially suspected that the assumed primary
burner efficiency used for this calculation was in error at reduced power. A thorough in-
vestigation revealed that the source of the probiem was the use of only two turbine exit
temperature rakes. It can be seen in Figure 3 that the right side and left side rake readings
are significantly different in the intermediate speed range. An investigation of the distor-
tion data showed a similar problem with the turbine exit temperature measurement over
this range. The difference in temperature measurement is attributed to the change in cir-
cumferential swirl of the air through the turbine with rotor speed. As swirl changes with
speed, the different rakes can be exposed to locally colder or hotter regions in the burner



exit profile which are not representative of true average conditions. For this reason,
experimental engines tested at P&WA normally have six turbine exit temperature rakes to
obtain accurate data. A comparison of the NASA LeRC data with other available engine
data indicates that the left side rake measurement is closer to the actual temperature than
the average of the two rakes. The left side temperature was therefore corrected to represent
an average temperature using other engine experience. Bypass ratios were recalculated and
the results were found to be more consistent with the other engine and compressor rig exper-

ence.

In summary, the following analysis has been conducted using the NASA LeRC uniform
inlet data:

1. The engine bypass ratio has been calculated on the basis of an energy balance between:
the compressors, burner and turbines. Inconsistencies in turbine exit temperature
measurements were caused by limited instrumentation coverage. These inconsistencies
have been resolved on the basis of other TF30-P-3 engine data with more extensive
instrumentation coverage. ‘

9. Parasitic airflow (.67% for cooling purposes) is removed from the main airflow at sta-
tion 3.0 (high pressure compressor inlet). This reduction in airflow was accounted for
in determining high pressure compressor performance.

3. The large (for structural integrity) station 3.0 total pressure rakes cause a known back-
pressure effect which raised the indicated total pressure measurement approximately
4% above the true level. The higher Pt 3.0 was accounted for to accurately determine
the relative airflow matching and performance of the low pressure compressor and high
pressure compressor. Small adjustments in total pressure level for differences in radial
instrumentation between engine and rig tests were similarly accountable.

4. Different levels of Reynold’s Number existed between the rig and engine tests. Flow
capacity shifts due to these differences were applied for the fan, low pressure and high
pressure COmpressors.

The resulting adjusted engine data has been plotted on the rig performance maps in Figures
4 through 6. The fan operating line, (Figure 4), falls below the normal sea level operating
line because the NASA test was run with a choked exit nozzle, which has the same effect
as running unchoked with a larger nozzle area. It is also observed that the NASA total
corrected airflow is somewhat higher than that measured in the rig test. The difference,
about 1.5%, can be attributed to engine-to-engine variation, and measurement error toler-
ances.

The low pressure compressor operating line is above the normal operating line, see Figure
5. This result is characteristic of the TF30 engine with a low fan operating line. Relative
speed-flow differences at high speed are also expected because of the influence of the by-
pass ratio (which is relatively higher with the choked jet nozzle) on the lpw pressure com-
pressor. The agreement of the data on the high pressure compressor map is quite good as
shown on Figure 6.



Predictions of the engine data using P&WA’s compressor characteristics are also shown on
the figures. Fan predictions were based on compressor characteristics with the fan blade
rows modified to reflect the 1.5% greater total corrected airflow measured by NASA. These
predictions automatically include the effects of bypass ratio on the low pressure compres-
sor map. The P&WA characteristics are seen to be quite adequate for use in predicting the
NASA data for this contract. It should be noted that data were not available from the NASA
LeRC engine test to substantiate the level of the rig-generated stall lines shown on the three
maps. However, P&WA experience with TF30 engine and dual spool rig testing (Reference
6) supports the assumption that rig and engine stall lines are synonymous at the same
Reynolds Number.

DISTORTION ATTENUATION

The circumferential distortion attenuation data analysis done under this contract is based
upon the P&WA developed multiple segment parallel compressor model. This model pro-
vides a detailed prediction of the distorted flow field which is used for the purpose of inter-
preting the measured pressure and temperature distortion profiles at the different measure-
ment planes within the engine. The data analysis of Reference 1 was done without the aid
of such a calculation. Accordingly, some of the conclusions drawn in that analysis are
different than those reached in this present work. These differences will be commented on
later in the data analysis section.

Data Analysis

The NASA LeRC TF30-P-3 turbofan tests were conducted to evaluate the response of this
engine to circumferential inlet total pressure distortion. The air jet device used to produce
the circumferential distortion is described in detail in NASA TMX-1946. Rotation of the
distortion in 60° increments provided detailed definition of the distorted flow field. 180°
extent distortion rotation data were obtained at two locations on the engine operating

line: one at approximately 7400 rpm, the other at approximately 8600 rpm. The data were
normalized by NASA LeRC for variations in inlet total pressure. Additionally, the P& WA
data analysis consisted of:

I.  averaging data over the six distortion positions,
2. calculating the compressor performance parameters,

3. executing the P&KWA multiple segment parallel model compressor program with
appropriate input from the distortion rotation data including inlet pressure profile,

4. comparing the compressor performance parameters from the P&WA compressor
modet predictions with those calculated from the test data and with P&WA compressor
rig experience,

5. comparing the flow field profiles as measured and as predicted by the P&WA com-
pressor model at the axial locations used by NASA LeRC to measure flow properties
within the compression system.



After the data were averaged over the six rotations at the stations required to determine
the performance characteristics for the components of the TF30 compression system, the
by pass ratios were determined by using the turbine exit temperature calibration obtained
from the clean inlet data in the energy balance equations. The resulting compressor per-
formance parameters were then adjusted as were the uniform inlet data for differences in
Reynolds Number, station 3.0 total pressure instrumentation, and internal parasitic flows,
between the NASA LeRC engine test and the P&WA compressor rig test. Inlet pressure
measurements were then used to determine suitable pressure profiles for input to the
multiple segment parallel compressor computer program.

Multiple Segment Model Calculation

The necessary boundary conditions for the multiple segment parallel compressor calculation
are the inlet total pressure and temperature distribution (Pt, Tt, vs. 8), the circumferential
exit static pressure distribution (Ps/Ps avg. vs. 6), the total airflow, bypass ratio and the
rotor speeds. The exit plane for the fan stream was considered to be station 2.6F where
measurements indicated that the static pressure was uniform circumferentially. The core
stream exit plane was nominally at station 4.0 where static pressure was similarly uniform.
An alternate exit plane used was station 3.0. Here the static pressure was also uniform and
computer time could be saved by using this exit plane to determine the low pressure com-
pressor response. The predicted output (total pressure and temperature distribution) of
the low pressure compressor could then be input to the high pressure compressor as a
separate computer run. This procedure was generally followed since it avoided having to
make calculations in the high pressure compressor when iteratively determining the low
pressure compressor solution and vice-versa. This procedure was also expedient for reduc-
ing the engine airflow into the high pressure compressor consistent with the parasitic bleed
air removed at station 3.0. In summary, then, the model input requirements include:

1. inlet total pressure at each segment (from profile),

2. inlet total temperature (flat profile input avg of rotations),
3. low rotor speed,

4. total inlet airflow,

5. Dbypass ratio,

5. high rotor speed,

7.  high pressure compressor airflow (low pressure compressor flow minus parasitic
flow),

8. locations at which circumferential cross flows are significant.

9.  Exit static pressure profile (P/Pavg) if not uniform.



Crossflow Calculation

When a total pressure distortion is imposed on a compressor, the inlet distortion level, the
exit static pressure boundary condition, and the overall pressure rise characteristics deter-
mine the resultant velocity distortion and the distortion attenuation. When two COMpressors
are involved (dual spool engine), the resultant velocity distortion depends upon how the
two spools are coupled aerodynamically. If the axial spacing between spools is small and
no large crossflow cavities are at the common boundary, then the combined overall pressure
rise characteristics will determine the inlet velocity distortion. That is to say the down-
stream compressor will have the same effect as additional stages on the rear of the upstream
compressor. When the axial spacing is large or crossflow cavities exist, the two compressors
operate independently and the downstream compressor has little or no effect on the inlet
velocity distortion. The TF30 engine has large crossflow cavities at station 3.0 directly in
front of the tenth rotor. Flow is redistributed circumferentially within these cavities so
that the velocity distortion exiting the low pressure compressor is reduced as it enters the
high pressure compressor. The problem is complicated somewhat by the extraction of
parasitic airflow (for cooling purposes) at this same axial location.

The realization that the two compressors are de-coupled, however, makes a very straight-
forward solution possible. This decoupling implies that the low pressure compressor exit
static pressure should be circumferentially uniform whether the high pressure compressor
is present (as in an engine) or not present (as in a single spool compressor rig). Hence the
low pressure compressor solution can be obtained independently and the resultant exit
total pressure and temperature distortion can be input as the inlet boundary conditions to
the high pressure compressor. The total mass flow entering the high pressure compressor
is reduced below the low pressure compressor exit mass flow by the amount of the parasitic
airflow rate. The difference between the calculated flow distributions for the low and high
pressure compressors gives a direct calculation of the circumferential crossflow required to
satisfy simultaneously the boundary conditions for both compressors.

It was not known at the start of the analysis how many of the external cavities contributed
significantly to the circumferential crossflow. Therefore, the first calculations were made
assuming that the most significant flow occurred at the boundary between the low pressure
and high pressure compressors, station 3.0. An inspection of the TF30-P-3 engine cross-section,
Figure 1, shows large cavities at this location. The uniformity of static pressure at this station
is another indication of a significant circumferential flow behind the low pressure Compressor.
The results of the initial calculation were then compared with the data. Subsequent calcula-
tions included additional major crossflow cavities chosen on the basis of geometrical considera-
tions. This process was continued until the solution was not significantly altered by including
additional crossflow in the calculation. In total, the seven crossflow locations shown in Figure
7 were included in the final calculation. The largest external cavities, besides station 3.0,

are located at the IGV, stator 3, stator 7, and stator 12. Another cavity, though somewhat
smaller, is located at stator 5. The axial slot which connects the compressor flowpath to this
cavity was relatively large, and it provided a good measure of the significance of performing
crossflow calculations for additional small cavities, Crossflows at all of these locations were
determined by using a general correlation of flow coefficients as described in Appendix A.



The circumferential flow distribution within these cavities was determined which satisfied

a continuity balance between the cavity and the compressor flowpath. The comparison with
data is made using this final calculation, but the initial results based upon crossflow only at
station 3.0 are shown for comparison at selected axial locations.

Program Output

The results of the distortion model include a detailed blade row definition of flow proper-
ties, velocity triangles and diffusion factor, and these results are presented in tabular form

in Appendix B. Results are presented both in U. S. Customary and S. . units. A summary
table of terminology and units is also presented in Appendix B. Thirty-six segments were
used to define the circumferential flow field at the inlet and through the compressor. Each
segment is identified by number and also by circumferential position at the inlet of each
blade row. The average swirl of a segment is identified at each axial station as flow swirl.
The average circumferential displacement or swirl of a fluid particle as it moves axially
through the compressor is also provided in the tabulations, and is referred to as particle swirl.

Comparison of Predictions with Data

Overall Performance

Compressor performance parameters for the two distortion rotation tests are presented in
Figures 8 through 10. These are compared to the multiple segment compressor model pro-
gram predicted performance for the fan, low pressure compressor and high pressure com-
pressor. As mentioned in the section covering the analysis of clean inlet, the existing fan
characteristics in the model were adjusted to reflect the fan uniform inlet speed-flow charac-
teristics of the engine tested by NASA. The agreement of the distortion rotation points is at
the same level as the uniform inlet data. On the LPC at the 7400 rpm low rotor corrected
speed point, the model predicts a lower pressure ratio than that measured from the engine;
at 8600 the model predicted pressure ratio was 3.5% lower than measured. The agreement
is good if allowances are made for measurement accuracy. Agreement on the HPC is ex-
cellent.

Attenuation Prediction

The attenuation of the total pressure distortion by the TF30 compression system has been
predicted for two different rotor speeds (7400 and 8600 rpm). Plots of total and static
pressure and total temperature distortions have been compared at the instrumentation
locations. The flow velocity predictions were also plotted at these locations but no compari-
son has been made with experimental results because there was no direct velocity measure-
ment, and the measured data do not provide necessary circumferential detail to make an
accurate velocity calculation. In addition, the prediction of the inlet flow angle at the IGV
leading edge is presented but no data are available for comparison.

The predictions at 8600 rpm are shown in Figures 11 through 22. Figure 11 presents the inlet
total and static pressure and total temperature distortions. The total quantities are input for
the multiple segment model while the static pressure is calculated from the calculated velocity



distribution. It appears that the measured static pressure distortion is approximately two
thirds of the prediction, but an inspection reveals that the static pressure instrumentation
was Jocated six inches upstream of the inlet guide vane leading edge. There is an exponen-.
tial decay of the static pressure distortion upstream of the engine (Reference 7) as shown in
Figure 12. The location of the engine instrumentation indicates that the distortion level
measured at the station 2.0 instrumentation plane will be 64% of the distortion level at the
IGV. This is verified by NASA LeRC data taken during another TF30 inlet distortion test
program. The model prediction is for the IGV leading edge and is in good agreement with
the data when the upstream attenuation is taken into account. The predicted variation in
inlet air angle is shown in Figure 13. While no data exist with which to compare the predic-
tion, the correct velocity distortion (as shown by the static pressure prediction) calculation
implies an accurate air angle distribution. Further substantiation can be obtained from a
comparison of measured and predicted inlet air angles, see Figure 14, for a NASA fan stage
by using the same analysis (Reference 5). The fan attenuation results are displayed on
Figure 15. Here it is shown that total pressure and temperature predictions are in very good
agreement with the experimental measurements. The static pressure data exhibit a fair de-
gree of scatter but are generally in agreement with the predicted results. The flow velocity
prediction at this station is also included as seen on Figure 16.

Attention will now be directed to station 2.1 on Figure 17. The data and the prediction are
in reasonably good agreement although the data are slightly more attenuated. The instrumen-
tation locations do not permit verification of the predicted “bumps” in the total temperature
distribution. The nearest temperature measurements do show a trend in the vicinity of the
distortion edges which agrees with the prediction. In Reference 1, it was reported that a two-
lobed velocity distortion pattern existed at station 2.1. No such patterns were predicted by
the multiple segment analysis. An inspection of the static and total pressure distortions in
the fan reveals that a precise definition of the distortion profiles, particularly near the edge
of the total pressure distortion, is quite difficult to obtain solely on the basis of the measured
data. The conclusion is that the two-lobe velocity pattern does not exist but is the result of
insufficient data used in the velocity calculation.

At station 2.3 a comparison is presented between two different predictions and the experi-
mental measurements. The first calculation (solid line) shown on Figure 18 was performed
assuming that all crossflow occurred downstream of the low pressure compressor at station
3.0. The second calculation (open circles) incorporated the effect of circumferential cross-
flows in other major cavities as discussed previously. The inclusion of the additional cross-
flow resulted in greater attenuation of the total pressure distortion in the front stage with a
resultant improvement in the agreement with the test data.

At station 2.6 there is a similar comparison made between the initial and final calculation

in Figure 19. The trend towards increased attenuation can still be seen but is less pro-
nounced between stations 2.3 and 2.6. The data show somewhat more pressure attenuation
than is predicted by the model. The disagreement was difficult to understand because of
the good agreement of the predicted temperature distortion with the data. The data which
show the greatest disparity also indicate that the pressure is above the average valuc 1n the
low pressure region and vice-versa.
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An investigation revealed that the low rotor speed was somewhat low for two of the distor-
tion rotation points (total pressure data shown at 60° and 120° and the two lower static
pressure data points at approximately 40° and 100° as well as the single low static pressure
data points at approximately 220° and 280°). The lower pressures resulting from the re-
duced speed cause an error in the calculation of the average pressure as well as in the
indicated distortion. The fact that the speed measurably affected the pressures is supported
by the three static pressure measurements which were only in disagreement when one or
more of them were recorded at the lower speed. This same problem contributes to the

data scatter which is visible at the other measurement stations.

Advancing to station 3.0 as depicted by figure 20, it can be scen that the total pressure dis-
tortion has been attenuated to the point where it is of the same order of magnitude as the
data scatter. The prediction appears to be as good a fit through the data as can be made.
The predicted temperature distortion becomes a better indicator of the model accuracy,
and agreement is quite good. The temperature distortion has swirled approximately one
quarter of a revolution at this point, a fact which has been accurately predicted by the

analysis (note predicted particle swirl of 96.21° (at stator 9, Appendix B, pg. 122).

It was also observed in reference 1 that there was an amplification of total pressure distor-
tion between stations 2.6 and 3.0 at the hub measurement diameter. Two possible explana-
tions were offered; the hub pressure rise characteristics, or the station 3.0 crossflows. The
multiple segment model predictions are based on mean diameter performance characteristics
and did not predict any amplification. The hub performance characteristics are more

likely to produce amplication and do provide a plausible explanation. The station 3.0 cross-
flows do increase the velocity distortion upstream of that axial location and would normally
produce more attenuation of the distortion. However, a positive-sloped pressure rise -
airflow characteristic would result in more amplification. Therefore, it is likely that both of
these effects contribute to the observed data.

At station 3.12, solutions are once again compared with different assumptions on the cir-
cumferential crossflow. The difference in the two solutions is quite small at this station as
seen in Figure 21. As at station 3.0, the pressure distortion is on the same order of magni-
tude of the data scatter. Although a small discrepancy appears to occur near the boundary
between the high and low temperature region, the temperature distortion prediction is in
good agreement with the test data.

Reference 1 reports two zones of static pressure distortion at station 3.12 and an inspection
of Figure 21 does reveal them in the data. The two zones of pressure distortion were most

likely due to the variation in engine rotor speed over the period of time required to rotate the
distortion. The ranges of low compressor rotor speed were approximately 140 rpm for the
7400 rpm point and 30 rpm for the 8600 rpm point. These rotor speed variations, along with
normal measurement error, result in pressure variations which are of the same order of magni-
tude as the pressure distortions in the high pressure compressor. Without the aid of the multi-
ple segment model predictions it is extremely difficuit to interpret the experimental results.

Finally, at station 4.0, see Figure 22, the same conclusion can be drawn concerning the ampli-
tude of the pressure distortion and the data scatter. The agreement of the temperature dis-
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tortion prediction and the experimental measurement is quite good. The large amount of
circumferential swirl of the temperature distortion relative to the inlet pressure distortion
location (nearly 160°) was accurately predicted by the multiple segment model (note pre-
dicted particle swirl of 161.86° in Appendix B). The engine core stream velocity distor-
tion predictions at 8600 rpm are shown in Figure 23.

The results at 7400 rpm are presented in Figures 24 through 34, and are qualitatively the
same as at 8600 rpm. The attenuation of the total pressure distortion is more gradual at the
lower speed so that comparisons at stations 3.0 and 3.12 between data and predictions are
more meaningful. In general, the model duplicates the test data quite well. The trends ob-
served with the variation in circumferential crossflow at 8600 rpm are repeated at the lower
rotor speed. The circumferential swirl of the distortion patterns is likewise well predicted
at the various axial measurement stations in the engine.

A numerical calculation of the attenuation of the pressure distortion and the increase of
the temperature distortion through the engine has been reported in reference 1. Some
thought was given to a similar calculation using the model predictions; however, the distor-
tions are not ‘“‘square waves’’ at most axial positions, and thus any attenuation definition
becomes somewhat subjective. Using the absolute maximum and minimum values of the cal-
culated pressures, temperature and flow velocity, the distortion amplitudes at various axial
locations can be approximately determined. This information is provided in Figures 35
through 38. The general conclusion to be drawn from these calculations is that the pressure
attenuation occurs for the most part in the fan from stations 2.1F to 2.3F, and in the low
pressure compressor from stations 2.3 to 3.0. Furthermore, the temperature distortion is
created primarily in the fan. These conclusions are in general agreement with the data
(Reference 1).

The average rotation or swirl of the low mass flow region through the compressor is predic-
ted by the multiple segment distortion model as shown in Figure 39. The amount of swirl of
a fluid particle is shown in Figure 40. These two *“‘paths” are described in more detail in
Appendix A and are approximately comparable to those followed by the pressure and tem-
perature distortion respectively. The term “approximately” is used because while the low
pressure and low flow region are generally coincident,the pressure can be modified by un-
steady flow effects. These effects are dominant near the edges of the distorted region and
can result in apparent shifts of the distorted region. In general, however, the unsteady ef-
fects are of second order for a multi-stage high pressure ratio machine like the TF30. The
temperature distortion “path” is influenced by the swirl of the low flow region and thus has
a component in phase (actually, 180° out of phase) with the pressure distortion as predicted
by parallel compressor theory. The particle swirl influence on the temperature change
across the rotor, however, provides the dominant effect on the distorted temperature region.
This is obvious from an inspection of the data and the multiple segment model prediction.

DISTORTION SENSITIVITY DATA

The distortion sensitivity data analysis is performed using classical parallel compressor
theory (Reference 4). Predictions are made for the distortion amplitude required to
cause a compressor stall, and these are compared with the observed level. The stalling
stage group is determined from high response instrumentation records supplied by NASA
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LeRC. Within the indicated stage group the individual blade row aerodynamic loading (as
calculated by the model) is used to locate the stall site.

Data Analysis

Sensitivity of the stability limit of the engine to 180° circumferential inlet pressure distor-
tion was evaluated by increasing the level of inlet distortion while maintaining a fixed level

of low rotor speed until the engine stalled. High response pressure data was recorded to deter-
mine the stalling stage group. Following stall, the 12th stage bleed was opened and the engine
was decelerated to idle speed. The engine was then reaccelerated to the low rotor speed being
investigated, and steady data was taken with 12th stage bleeds open and with the distortion
generator at the same setting at which stall occurred. This data required additional adjust-
ments for the effect of 12th stage bleed valve position, and instrumentation coverage, as well
as for Reynolds Number, station 3.0 pressure instrumentation configuration, and internal
parasitic flows. The procedure used to calculate the engine compression system performance
at stall was as follows:

1. Measurements were adjusted to represent the circumferential average by using factors,
normalized for distortion magnitude, which were based on distortion position and the
air-jet distortion rotation measurements.

2. Bypass ratio was calculated using the energy balance method.

3. Compressor performance parameters were calculated, including the effect of internal
parasitic flows.

4. Adjustments were made to the compressor performance parameters for the 12th stage
bleed valve position. Influence factors were obtained from a P&WA computer simula-
tion of engine operation, 12th stage bleeds open and closed.

5. Station 3.0 pressure instrumentation and Reynolds Number corrections were made.

Fixed instrumentation will often give misleading circumferential average measurements
when used with circumferential inlet distortion. Rotation of the distortion, in effect,
multiples the fixed number of instrumentation circumferential positions, to give better
average measurements. Data from the distortion rotation points were used to generate
correction factors (Table I) for use in calculating the distortion stall points.

13



TABLE |

CORRECTION FACTORS FOR SINGLE DISTORTION POSITION

N1A/B1, 7400 7400 8600 8600
DISTORTION POSITION (i) 0° — 180° 180° — 360° ~ 0-180° 180° - 360°
P15 CORRECTION - .0132 - .0828 - .0446 - 0309
P12 3¢ CORRECTION ~ 0376 - 0754 - .0160 - .0884
PT3.0 CORRECTION - .0913 - .1235 -~ .1001 - .1628
Tr3.0 CORRECTION 9979 1.0025 9989 1.0090
T17.06 CORRECTION .9950 1.0083 9931 1.0071
Tr7.0F CORRECTION 9991 1.0022 9977 9986
PRESSURE CORRECTION = (PT _ PTi)/PTi

PTmax - PTmln

PTavg !

TEMPERATURE CORRECTION = To/Tr;

CORRECTIONS NOT CALCULATED FOR Py, gr. AND Pr, o CONSIDERED TO BE FULLY ATTENUATED

AVERAGE OF PROBES FOR ALL SCREEN POSITIONS AT INDICATED STATION

i AVERAGE OF PROBES FOR SINGLE SCREEN POSITION AT INDICATED STATION

- These factors scale the readings at a given distortion position and rotor speed to the average
for the complete series of rotations. It was assumed that the difference between the fixed
position reading and the full rotation average was proportional to the inlet distortion level.
Also, the effect of speed on the scale factors was assumed to be linear, and based on the
two distortion rotation speeds. The effect of 12th stage bleed valve position on compression
system operating parameters was estimated, using a TF30-P-3 simulation program. The
12th stage bleed air is exhausted into the fan duct which tends to back pressure the fan
slightly reducing the total inlet corrected flow. The effect on the high pressure compressor
is to lower the operating line, increase the inlet flow capacity, and increase the rotor speed.
The increased high rotor speed and high pressure compressor flow capacity result in a lower
low pressure compressor operating line. The results of the calculations indicated that the
only significant variation of compressor performance parameters with distortion were the
LPC pressure ratio (2.5% lower) and HPC corrected rotor speed (1.6% higher). All other
parameters were in agreement with uniform inlet data.
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Approximately forty high response pressure measurements were recorded for analysis of the
engine stalls to locate the stalling stages. Selected measurements are presented herein to
support the conclusions of the analysis. It should be noted that for the cases at 7300, 7900
and 8200 rpm the inlet distortion (low total pressure) region was located between 0° and
180° at station 2.0. The distortion swirls somewhat circumferentially so that lowest velocity
and highest blade incidence probably occur in the third quadrant (180° to 270°). 1t will be
seen from the high response records that the initial stall activity originated in the third quad-
rant for these cases. For the 8700 rpm point, however, the distortion was located between
180° and 360°. Hence, all of the stall activity started in the first quadrant at this speed.

The stall site was identified by locating periodic and/or large pressure fluctuations in the data
records. As indicated in Reference 6, the sign of these fluctuations provides evidence of

the stall initiating stage group. Pressure increases are normally observed at measuring stations
upstream of the stall, with pressure decreases occurring downstream. There may be some
exceptions to this guideline due to radial variations in the stall region, but multiple measure-
ment locations can normally be used to sort out these uncertainties. The conclusions pre-
sented herein are based upon observations supported by the majority of the instrumentation.

Record 330 (7300 rpm)

The initial instability detected was a rotating stall which occurred between stations 2.3 and
2.6. Evidence to support this conclusion comes from total pressure records at stations 2.3,
2.6 and 3.0, see Figures 41 and 42. First of all an increase in pressure is observed at station
2.3 (6 = 265°) at approximately .155 seconds, and also at station 2.3 (6 = 85°) at approxi-
mately .163 seconds. The time interval (.008 seconds) required to travel from 265° to 85°
(% revolution) converts to a rotational velocity of 3750 rpm which is equal to 51 percent

of low spool rotor speed (7341 rpm), a typical rotating stall frequency. At station 2.6

(6 = 88°) a decrease in pressure is observed at approximately .163 seconds. The change

in sign of the pressure change indicates that the stall injtiated between these two stations.
Looking further to station 3.0 (6 = 118°) there is observed a decrease in pressure at approxi-
mately .164 seconds which serves to further confirm the origin within the low pressure com-
pressor and the rotating stall cell frequency.

Shortly thereafter at approximately .169 seconds, a surge occurs in the high pressure com-
pressor. The surge originates between stations 3.0 and 3.12 as can be seen from total pres-
sure records at these two stations. For example, an increase in pressure is seen at station
3.0 (8 = 262°) while a decrease in pressure is noted at station 3.12 (6 = 268°) at this
time (.169 seconds). Subsequently the surge progresses to other axial and circumferential
locations involving the entire compression system by approximately .175 seconds.
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Record 331 (7900 rpm)

The initial instability for this speed is also rotating stall occurring between stations 2.3 and
2.6. Evidence of this can be seen in Figures 43 and 44, jat station 2.3 (9 = 265°) at approxi-
mately .202 seconds and also (0 = 85°) at approximately .209 seconds. The increase in
pressure signifies that the stall site is downstream of station 2.3. The variation in the time
the stall cell is observed at different circumferential locations verifies that there is a rotating
stall cell. An inspection of the data record at station 2.6 (6 = 69°) shows a decrease in
pressure at approximately the same time a pressure increase is observed at station 2.3, thus
locating the stall origin. A decrease in pressure at station 3.0 (8 = 118°) at .212 seconds
further substantiates a low pressure compressor stall.

A large overpressure at stations 2.3 and 2.6 at approximately .215 and .22 seconds is due to

a high pressure compressor surge. Note that the location at 2.3 (6 = 265°) picks up the surge
first due to the circumferential position of the distortion. Records at station 3.0 (68 = 118°)
and station 3.12 (8 = 69°) confirm that the surge started in the front stages of the high pressure
COMPressor.

Record 336 (8200 rpm)

The initial instability within the compressor is observed at station 2.3 (8 = 265°) at about
.242 seconds on Figure 45. Later, there can be seen a sharp decrease in the total pressure
measurement at station 2.6 (6 = 88°) at approximately .249 seconds. At about the same
time there is a sharp increase in static pressure at station 2.3 (8 = 111°) which indicates that
the stall originated between stations 2.3 and 2.6. There is also a decrease in total pressure at
station 3.0 (6 = 118°) at .252 seconds to substantiate the occurrence of a low pressure com-
pressor stall. Shortly following the initial stall, there is a surge from the low pressure com-
pressor in between stations 2.3 and 2.6 at approximately .250 seconds. The large decrease in
station 3.0 total pressure (6 = 118°) at .253 seconds in Figure 46 indicates that the low pres-
sure compressor surged. The increased pressure at station 2.3 (8 = 111°) and the reduction
at station 2.6 (8 = 88°) further fix the location. There was also some evidence that pointed
towards the final surge event occurring behind station 2.6 (8 = 69° and 8 = 88°) since these
records show an increase in pressure. The initial instability, however, clearly occurred between
stations 2.3 and 2.6.
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Record 341 (8700 rpm)

This stall also originated within the low pressurc compressor as can be seen from high
response records at station 2.3, (6 =11 1°) station 2.6, (¢ = 88°) and station 3.0 (8 =1 18°),
Figures 47 and 48. The increase in pressure at station 2.3 at approximately .382 seconds
coincides with pressure decreases at the other two stations. A second, larger stall cell is
observed later at the same stations at approximately .392 seconds. Very little activity was
observed on the opposite side of the engine during this period in the station 2.3 pressure,

(6 = 265°). The stall cell apparently decayed after it rotated a significant circumferential
distance beyond the distorted region at this high rotor speed point.

An overpressure is observed at about .395 seconds at all the aforementioned locations when
the high pressure compressor surges. The decrease in pressure at this time at station 3.12
(0 = 82°) verifies that the surge originated in the front stages of the high pressure compressor.

For the three lower rotational speeds the inlet distortion was circumferentially located be-
tween 0° and 180°, while it was located between 180° and 360° for the highest rotational
speed. There is approximately 20° to 30° of rotation (swirl) of the distorted region between
the inlet and the station 2.3 to station 2.6 stage group. The stall cell is most likely to origin-
ate within the distorted region. Due to unsteady flow effects the highest incidence region is
usually not reached immediately as the rotor enters the distorted region, but is somewhere
near the point at which the rotor leaves the distortion. After a stall cell is formed, it will ro-
tate out of the distorted region and be recorded by the high response instrumentation. For
the lower speed, the stall cell was first observed at 265° which is just past the distortion into

the undistorted region. At a later time it rotates past the instrumentation located at 90-100°.
which is just into the distorted region. This effect was verified when the distortion position
was reversed for the high speed stall because the stall was observed to originate in the 90-100°
circumferential region. Another feature of the high speed stall was the dissipation of the

stall cell before it completed ¥ revolution. This is probably because the static pressure rise
characteristics are steeper at higher speeds so that the amplitude of the velocity distortion

is reduced. Therefore, a smaller increase in velocity is required to unstall the flow at high
speeds than at lower speed.

Parallel Compressor Predictions

Distortion sensitivity was predicted on the basis of classic parallel compressor theory for
four low rotor speeds. A low rotor speed range of approximately 7300 rpm to 8700 rpm
was included in the analysis of the experimental data. The criterion for stall was based
upon the compressor stall lines observed for uniform inlet rig testing. This was necessary
because engine stall line data with a uniform inlet was not available. There is a large amount
of data to support the assumption that the engine and rig stall line data are identical for the
TF30. These data include dual spool testing of the TF30 compression system under USAF
Contract No. F33615-70-C-1549 and Arnold Engineering Development Center (AEDC)
engine testing of a TF30-P-3 engine. Documentation of both of these results is contained in
Reference 6. Similar unpublished engine data obtained for TF30 engines at Pratt & Whitney
Aircraft support the same conclusion.
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The procedure followed in this analysis was to determine the level of distortion required to
stall the compression system at the engine operating point. The distortion level was system-
atically varied until the low total pressure region intersected the uniform inlet stall line for
some component of the engine compression system. Since the NASA LeRC tests were con-
ducted at a lower Reynolds Number index than was the P&WA rig testing, the critical distor-
tion level determined from the rig stall line should be higher than the NASA test levels. In
order to correct for this, an adjustment to the predicted levels was made on the basis of Figure
49. The curves in this figure were empirically derived from the TF30 engine testing by
P&WA at different Reynolds Number indices, and relate the necessary distortion amplitude
required to stall the engine. The stalling distortion levels determined by parallel compressor
have been compared with the NASA data on Figure 50. The closest agreement is obtained

at 8700 rpm but the theory falls well short of the data at lower rotor speeds. This trend with
speed is most likely due to unsteady flow effects which are minimized at higher speeds where
compressor performance characteristics are nearly vertical and velocity distortions are small.
The LPC high speed pressure rise characteristics are closer to being vertical than the low speed
characteristics, so the results are consistent with the predictions made by parallel compressor
theory.

From analysis of pressure traces, it was determined that the low pressure compressor stall
line was reached first and initiated the engine stall. This conclusion is supported by the
operation of the LPC on the rig stall line for the distorted flow region as seen in Figure 52.
The fan and high pressure compressor are seen to be away from their respective stall lines in
Figures 51 and 53.

An investigation of diffusion factors was made in an attempt to estimate the origin of stall
within the low pressure compressor. Diffusion factor is a measure of the relative aerodyna-
mic loading of a cascade of airfoils and is defined by the following equation from Reference
8:

oo 1 AVy
Diffusion Factor = (1 - V5/V{) + 5 T

where V5 = exit velocity
V| = inlet velocity
A Vg = change in tangential component of velocity (exit minus inlet)

8 = cascade solidity

The diffusion factors were calculated for each blade row on the basis of meanline air angles
and geometry. The diffusion factors for the low pressure region were compared to those
calculated with a streamline analysis for the uniform inlet engine design point at a sea level
(Mach number = 1.2) flight condition. A comparison of the two calculations has been made
in Figure 54 in an attempt to locate the probable stall site. From the figure it is observed
that diffusion factors are relatively high on rotor 3 and stator 3, (low speed only) rotor 5
and rotor 6. Rotor 3, however, is not located between stations 2.3 and 2.6 where all the
initial instabilities were detected with the high response instrumentation.
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On this basis, the best estimate for the stall site would be either S3, RS or R6 at the lowest
speed (7300 rpm) and RS or R6 at the other speeds. Diffusion factors calculated for the

high pressure compressor are not high as can be seen in Figure 55. The engine design point
levels are again shown for comparison. The low-levels verify that the high pressure compressor
did not initiate the stall. The high pressure compressor, however, will be additionally dis-
torted by the rotating stall from the low pressure compressor. The additional loading which
the rotating stall imposes on the high pressure compressor and which causes the final engine
surge is not reflected in the parallel compressor calculation.

A comparison shows that the stall sites from the high response records and the diffusion factor
analysis are in qualitative agreement. It is difficult to estimate the exact stail location because
of the distribution of the high response instrumentation. Furthermore, the diffusion factor
analysis is based upon a mean diameter calculation and does not reflect radial variations in
blade loading. The significant point is that basic parallel compressor theory gives a reasonable
prediction for the origin of stall for the TF30 engine. This was true despite the fact that the
predicted distortion level required to stall the engine was in disagreement with the test data.

SUMMARY OF RESULTS

The data analyses performed on the basis of the multiple segment and classical parallel com-
pressor model predictions for attenuation and sensitivity with 180° circumferential pressure
distortion are summarized as follows:

1. The square wave inlet total pressure distortions result in non-square inlet velocity dis-
tortions. The primary reasons for this are the inlet air angle variation caused by circum-
ferential flow redistribution upstream of the fan and unsteady flow effects.

9. Circumferential crossflow within the compression system resulted in increased attenua-
tion in the front stages.

3. The low mass flow region moves circumferentially as it travels through the compression
system by an amount equal to the switl of the acoustic path. This amounts to approxi-
mately 10-20 degrees in the fan and 65 degrees in the core in the direction of rotor ro-
tation. The static and total pressure distortion swirl about the same distance.

4. The total temperature distortion is primarily created by the attenuation within the front
stages. The temperature distortion swirls approximately 35 degrees in the fan and 165
degrees in the core in the direction of rotor rotation. This is comparable to the circum-
ferential displacement of a fluid particle as it passes through the TF30 compression sys-
tem.

5. The static pressure uniformity at station 3.0 indicates that the low and high pressure
compressors are decoupled by the crossflow cavities at station 3.0. The good prediction
of the distortion attenuation with this station 3.0 boundary condition verifies the de-
coupling.
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Over the speed range of 7300 to 8700 RPM, instability began as a rotating stall between
the 3rd and 6th stages of the low pressure compressor. A compression system surge
occurred shortly after the initial instability in each case.

The diffusion factors calculated by parallel compressor in the low pressure region were
relatively high in the front low compressor stages. This circumstance is consistent with
the observed origin of the initial instability.

The predicted distortion level for stall falls below the test level at all rotor speeds.
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W total, W core and W fan are airflows through the components and W fuel is fuel flow added in burner.

® Basic Equations:
® Measured
Parameters:
® Assumptions:
Figure 2
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b W

Energy Balance

Wtotal = Wcore + Wfan
Wecore (hT7.0 - hT2.0} -
Wrfuel {hv-hT7.0} + Wfan
(hT7F -hT2.0)=0

Where:

hT = Total Enthalpy

hv = (Heating value of fuel) x
{burner efficiency) +
{enthalpy of liquid fuel)

Total airflow

Fuel flow

inlet {2.0) and fan exit
{7F) total temperature
Turbine exit (7.0}
temperature

Burner efficiency (,99)

Engine Airflow Calculation Techniques
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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-1. The compressor performance in each region is assumed to
be that obtained from uniform flow operation at the local value of inlet velocity. Itis 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.

68



Finally, the exit static pressure may not be uniform so it is necessary to know the angular
displacement of 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 circumferential extent of the segment should
span several blade passages. The flow 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 influenced 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 by 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 from segment to segment because of the various phenomena outlined in the pre-
vious section.

The inlet boundary condition for 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 of 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 (Af segment) is less than
that for a fluid particle (A@ 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

b
Abgeoment = (u ta )

or

b
A()Particle = <;’> w

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 closcr 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 ( — ) where the irrotational com-
ponent is zero.

1 S Po-a (85Ps_g =0)
PO 4 ZLR2) 7

8Cxpor * 8Cx_q =

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.

8C"mnor = SC"mLET 'SC"ROT

The inlet velocity distortion, 8Cy inlet’ is a function of the compressor performance and local
boundary conditions for each segment and is determined iteratively. The source (sink) strengths
determined from 6C, can be used in a formulation from Reference 3 to determine the

ir

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 flow. 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 modemn 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 model 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 the 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 gucss 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.

- b —|
YUy uz
Py P,
= x
- I _QL = u ..a._u_ + .a_u._
P Ox ox ot
b b b
[ap 4y Ou gy + QU g (1
{ Ix dx o pu " X '[)‘p 31 X

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 aind 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= U+

_a& = _a_U_ '/ -

ot o1

Ay

v s Ax)

AX)1= A + ﬂgl;ﬂx

Substituting into Equation 1

b b !
du - du |
fop U dx pfo o TrEmE— (2
A

b '
pz-p,=_£ pu%-::—dx—p.[ —du'—' (3)

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 distortion 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 Law of
Thermodynamics, is applicable:
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dp (4)

S.dhg =dh+ udu
|
Tds= dho - udu- — d
2 p

Integrating across the diffuser:

b
[T JC SR SPRC

oo du du

Foox g 7Y ox
fbg—h—qu-—fbpidx+be—Q§—dx (6)
o Ox 0 01 o Ox

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.

b /
Ou . [ By
L ot ax = L o

/ b
I Ou ., L f 795 4« (7)
Toz~To® "¢g £ o1 Cp Yo

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 originated 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 distortzd compressor stage matching is illustrated in Figure
A-10. Asshown 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 swirl) 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 would 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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APPENDIX B — PROGRAM OUTPUT SYMBOLS AND TABULAR RESULTS

Symbol

ALPHA IN DEG

AXIAL VEL
AXVELAVG

BETA IN DEG

BYPASS RATIO
CORR FLOW
DEG

DEG K

DEGR

DF

EXIT

FLOW SWIRL
FPS

HPC

IGV
INCIDENCE IN DEG
KG/SEC

LBM/SEC

Legend of Symbols for Distortion Deck Print

Description

Blade inlet flow angle (absolute frame of reference) measured
in degrees

Axial velocity /average axial velocity
Circumferential average axial velocity

Blade inlet flow angle (relative frame of reference) measured
in degrees

Ratio of fan duct flow to engine flow

Corrected flow

Degrees

Degrees Kelvin

Degrees Rankine

Diffusion factor

Axial station located at the exit plane of the last row
Circumferential pressure distortion swirl through the engine
Feet per second

High pressure compressor

Inlet guide vane

Blade incidence angle measured in degrees

Kilograms per second

Pounds-mass per second
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Symbol

MAX-MIN/AVG

MN

MPS
NICORR
N2CORR

N2/N1 (MECH)

PA

PARTICLE SWIRL
PRESS RATIO

PS

PSAVG

PSIA

PTAVG
REL VEL
RVELAVG
SEG NO
THETA

THETM
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APPENDIX B (Cont’d)

Description

Depth of distortion - Maximum total pressure minus the
minimum total pressure over the average total pressure

Mach number

Meters per second

Low rotor speed corrected to the inlet
High rotor speed corrected to Station 3.0

Ratio of high rotor mechanical speed to low rotor mechanical
speed

Pascals (Newton/Square Meter)

Circumferential particle swirl through the engine
Pressure ratio

Static pressure/average static pressure
Circumferential average static pressure

Pounds pressure per square inch absolute

Total pressure/average total pressure
Circumferential average total pressure

Relative velocity/average relative velocity
Average relative velocity

Segment number

Circumferential position in direction of rotation
Theta-minus - extent of distortion

Total temperature/average total temperature



Symbol

TTAVG

VELAVG
WBL
WCORR
2.6F/2
3/2

4/3

APPENDIX B (Cont’d)

Description

Circumferential average total temperature
Mean diameter rotor velocity

Velocity /average velocity (absolute)
Circumferential average velocity

Cross flow from segment to external cavity
Total corrected air flow

Fan O.D. exit over inlet

Major Station 3.0 over major Station 2.0

Major Station 4.0 over major Station 3.0

87



APPENDIX B - DISTORTION PROGRAM TABULAR QUTPUT
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3. 11 1ot VBT D969 0879 L.u0ul [0} (7 (%34
1230 1< 1.003  0.379) 0.9753 0, w75¢ ] .0000 [> P 4 0.0 0,2%@
3. 13 1ot Ho3Tks $o9T4F (L9743 1.0LOGG (a0 C.0 0.z}
lal. 1e 1000 QosTTT 0.9T742 D.9T43  1.0000 0.0 .0 Goe263
Lhe  alb UeB%E  N.3172 D.8Tha 0.,9T42 1.6000 [N 0.0 0,264
ad. 1o G997 Go3TI0R D967 G 9142 ] 0000 U0 “.0 0.26%
LT I V.87 0,3VAY 0LTLY L. T4¢ ] u00u [+ 6.0 Ga2bS
L3 0F G99 0u3763 Cu9750 0.9T42 1.0000 0.0 0.0 0.266
3¥3. A% 1L9%h  OL3TAL €.975)  €.974c 1 0606 0.0 6.0 0.268
263, 20 Goy9®  D.ATAO 0.475) 09742 1.0000 0.0 0.0 0266
213. 21 0a¥8S DL3UDG 0.9751 B.9T4Y  1.60O0 6.0 0.0 n.287
wide 2 GaYYh Va3755 09755 6.974% 000G 6.0 0.0 0.267
e il Vet 0,378 0.976) 0.9751  1.0000 0.0 .0 0.267
e 24 Co9%¢  Le37ST L9772 09761 1.0000 4.0 2.0 D.267
930 €5 £e9%4% €315 L9TSH  LLYTBT 1.GGGE GW0 (¢ o267
263, 26 Wab%s 0,374 0.9823  0.9:12 1.0000 0.0 .0 D266
2730 2T mL.9CY  0.3752 1.0009 0,990 | LANOD  H L0 0.0 N.265
r'a3 Ca%b3  Guo3751 120192 1.016F ¥ .06GUG (O (] G0 0264
20 4,805 DL3T5: L0263 BW0D3D 10000 wll 0.0 (e8]
AU a9 Ga3Th 10249 1024 1.GOGL 8.0 [ no2ne
H3e M 0999 6.3TF? Joughe 16253 10660 Gof ‘.0 €257
/3 327 1.000 6,577« 1.02%0  1.024C  1,0000 .0 0.0 0,25
s33. 33 1a0072 OadTio 1ab24% 120251 1 .0000 0.0 [ 3 N.25%
ELT AN T JeWUl Vo3 /In Jati2dh 240251 J1.0000 [N (] 0.0 0.2%3
Su3. 35 lTebn 3 0L370) J,004% 140251 k.NOOQ 0.0 0.0 0.2%3
Za 36 lolla  Ca37%3 1264 1.0.252 1,006 el 0.0 Na2%2
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APPENDIX B8 {Cont'd)

“tabe codn fwines LalAUzo PAVTICLE SWIRL= 12.020kw POAVGE=  B.ORPSIA = 55259.PA
vIaVsz B TrSis = 62956 ¥A  TTAYEE DTS TULER R = 319.6D°C K VELAVO= 490.7FPS =149.6MPY
ViLAY- 3 LJ3aTFH. T £LU.aMPS  AXVELAVLS &GbLVFPY 3RZ3.BMPC Ve 990.FPSY = 202.MPS

T Ta SEC ViU NN Ps [ a4 1T XY wWHE OF INCIOENCE ALPHA 2XTAL kEL

Per e LeMs/ 5L KGL/SEG IN DEG IN DEG VEL VEL
1t 1 1.000  Da424C 1.0Z1IF  1.0219 00,9992 H.n - 0,216 ~10.02 5.4 1006 1.006
She - Tellh  be&244 1,021%  1.6219 G.999) (] . 0.215 =-10.04 S6ea 10U D.NUb
3. K FelLin  wredc4a? 120219 1,619 wluhy]) 00 . D.zl5 -10.06 56.5 1.006 1.0086
“le 4 1006 L.47a7 120619 146219 (.499) V.0 - n.235 ~10.07 56.5 1.006 1.000
Sle < UaS9Y Lobobr 21,0206 lobzlt €o499) .0 . O.zl4 ~10.GR $6.% 1.007 1.0¢7
LYES s D99V Dobzak 1.0214 ) .D214 0,999 0.0 . 0,204 -10.09 56.5 1.067 1.007
Jba 7 Cabnvt  Bodzbé: 120206 3.020% 0.99t¢ 0.0 . N.2k4  ~10.09 56.5 1.007 1.007
the 4 Colly  Dotihy 1.01T3 125172 4.9y9P2 6.0 - 0.214 -10.0P $6.5 1.007 1.007
9. s G99t Daeb24s 0.993) 0.9929 0.992¢ .0 0.237 9.2 S6.4 1.0066 1.006
i, 10 0.994 D.422% L.3719C C.¥Tk& G(.59139 6.0 0.219 -9.84 56.2 1.004 1.004
alde 2} 0,999 N.a22L N.9TBL D.9TT4A 0.9979 €.0 0.22% 9465 56.0 1.002 1.060?
17l. 127 Ge%95 0.4227 0.9T86 0.5775 0.9995 0.0 0228 ~9.43 55.56 1.000  1.600

131. 13 0.99 Da4c2Y% G.97To 0.9766 (.9999 0.0 0.233 9.2 55.7 0,990 0.99¢

0.0

0.0

0.0

2.0

0.0

0.0

0.n

[ )

0.0

6.0

0.0

0.0

0.0
Tode 14 J.907 D.427: 0.97P1 0.°773 1.0006 0.0 0.0 0.234 .14 85,5 0.997 G.997
151. 15 L.998 G.42z3¢ 0.9781 0.9775 1.0007 6.0 0.0 0.2306 -9.04 55%.4 0.926 0.9%
P13 PO ¥ S 0.95Y 0.4.39 L.OTTY 09775 1.0G0b C.0 0.0 6.237 -B.98 55.4 0.995 G.995
171. 17 0G990 D.424)1 C.9TTL  D,9TTS  1.000¢ 0.0 0.0 0.238 -8.93 55.3 0.995 06.995
8. 18 1.000 D.4243 V.OTTT 0.9775 1.000¢ 0.0 0.0 n,239 ~t.%0 553 N.99% 0,994
lel. )9 1000 O.4hihs 6G37T6 6.97TTH ) 0009 fets 0.0 0e240 -8.07 $5.3 0994 0.994
20k. 0O 1.000 0.4246 G.O775 0.9774 1,000 0.0 0.0 0.240 ~8.8% 55.3 0L.,994 (,.994
2il. 21 1.0G0 0.4245 G.9TT4 00,9775 1.0609 0.0 0.0 0.240 -8.84 55,2 0499% 0.994
221. 22 1.001  0.4247 0.977: 0.9778 1.0010 C.0 0.0 Co2 bl -8.83 55.2 0.993 (.993
231. 23 1.0U1  U.4247 G.9784 0.9784 1.0011 LR 0.0 h.2s) -y.b2 55,2 0.993 0.993
2xle <% 1oGhY  D.4243 L.9794 0.9795 1.00127 6.6 0.0 0.241 -6.62 5522 0.993 0.99]
ctle 25 1.00l Q.44 0.9022 0.9£23 1.0017 o0 U.0 0.240 -8.84 55.2 6,99 0.994
28} 26 1,002 0.4:5% G.u84h- 098446 1.0017 0.0 0.0 0.740 -B.R8 55,3 0,904 0.°9%9
271. 27 1eG0t  Gu4251 Lu0N5¢  1.0658  1.0065 (] 0.6 G.238 -8.96 55.4 £.995 0.99%
2tl. & 1.006 D,425¢ 1.0217 1.021% 1.006> 0.0 0.0 0.235% ~9.09 55.5 C,99¢6 N.9%
291. 29 14095 0.426% 1.0230 1.0241 1.0025 Db 0.0 0,231 -9.2b 55.7 0,996 DN.99¢
30). 30 1.G0n  Lohzbs T.0234  1.0225 1.00062 .0 0.0 0.227 -9.47 55.9 1.000 1.000
3il. 3 1.006 Q.4263 1.021° 1.0229 0,999° 0.0 0.0 0.224 .64 5% .0 1.002 1.002
3l 32 1.605 O.4z60 1.0212 1.0220 0.99%3 [y 0.0 0.221 -%.76 56+2 1.002 1,003
331. 33 1.002 0.4257 1.02146  1.0.220 6.¥993 0.0 6.0 0.21% ~9.85 56,2 1.006 1.004
Z4ale 34 1.001 D.425 1.0215 1.0220 0,999 e.o 0.0 0.218 -9.91 $6.3 1.005 1.005
351« 35 1.001 04252 1,021 1.0219 00,9997 0.0 0.0 0,217 -4.% 56.4 1.005 1,005
l. 36 1.00U  0.4i50 1.02)7 1.0219 6.9992 t.0 Gl 0,216 -10.00 bbes 1.006 1,006

STau: ¢
rulon Fous Swint - S.5%uty PARTICL: SWIKL= 1658010 PSAVG=  BL.29PSIA = 5T15%6.Fa
olave= 9 MerSIA = 83317.Pa TTaVe= STS.20L6 Kk = 339.6DEG K VELAVG= &L4b &4FPS =136, 1MPY
RVZLAYLE QA1.6FPS © 2k4 OMPS  AXVELAVGT 424.7FPS =129.3MPS U= 969.FPS = 295.MPS

THETA  SLC veL " P L3 ] n whi wFL LF  INCEILENCE BETA  AXIAL AEL
N LBM/SFL  KREGZSEC IN LER TN DEL VEL viL

1o, 1 1.007 0.3t80 1.0209 1.0224 6.9997 [ 4 .0 C.130 6.73 27.3 1.607 }.060
26, rs 1.607 0.388] 1200 1.n224 ©.9991 0.0 0.0 0,130 0.73 27.3 1.007 1.001
e E] 1.007 G.3RR7 10208 1.0224 0.99%) 0.0 0.0 0.130 6.72 27.3 1.007 1.001
~b. ~ hev0? 0.31E, 1.0208 1.0224 0.999] 6.0 0.0 L3129 0.72 2.3 1.007T 1.00}
36 - 1.G07 0,385 1.0208 1,022+ 0.999) 0.0 0.0 0.129 0.7} 27.3 2.007 1.0601
tb o & 1.GGT .33 1.02066 12,6220 C.99%0 6.0 G.0 C.129 0.71 27.3 1.007 1,001
. T 1.007 D.a>tke 1.019% 1.0212 0.99E9 6.0 G 6.12% G.T1 2723 1G0T 1.0G1
e " 1.007 0.3Lka 10162  1.01E0 06,9912 a.n 0.0 0,130 0.72 27.3 1.007 1.00])
Yo. 9 1.00o 0.3990 V9922 0.9941 (.992F 0.0 0.0 0.137 0.7 27.3 1.006 1.000
10e. 10 LUt U.31b. (.9783 0.%T9E 0.9939 [T .0 L% G.79 2T7.7 1004 1.0L00
Ao 1. 1.00c Go.3rés $.978) 0,977 0,997 o.n 0.0 0.1%8 Q.P6 27.1 1.002 1.000
| PR V3 Lalfilh  Ga3bS, D.OTBE C.5THE  (.99%5 GG 0.0 L.150 692 27.1 1.06060 1.0060
| EL ] 0.99t 0C.3b43 0,977 0.9773 D.9999 0.0 c.0 0.1%2 6.9 27.0 (,996 1.0600
Lane 14 VeQ%u (3030 0,978% D ,QTT7T  1.000: 0.0 0n.n n.15 1.0) 27.0 0,99 1.000
zha 15 C.%95  0.3R31 Lo3TBT 09776 ).0G07 [ON 173 0.0 0.154 1.04 27.0 0.99% 1,000
166, 1b V%04 Ousb,F 0986 ([.9774  1.000L 0.0 0.0 0.15% 1.066 269 6,99&  1.000
arn. 17 G996 Lo3Fen Gu9786 GLSTT2 D OLOF 0.0 0.0 0.156 1.0¢ 26.9 N.9% 1,000
leb. 1B GubYe 0,.302% 0.9TAS  CL4TT) L.EGLH (a0 0.0 Ga15%6 1.0v 26-9 6,994 1,060
ive. v N.v¥a D.2125 0.9TB4 0.9770 1.000Y 0.0 6.0 0.1%8 116 26.9 (.9%3 1.7.00
Ites 20 0.9%L 0,323 0.978% 0.9T6v ] NN nN.n n.n Na1s? 1l.10 26.9 0,993 0,999
S T ) £.993  L.3E22 D.YTBG L9THR T .0UGY 1.0 GG 0,157 1.11 26,9 (943 L, VY0
il i UeWGs  VLIELL 0.9078T7 0,977 10010 0.0 0.0 0.157 1.11 26.9 €.993 (.99%
cibe 3 UeL3 (a3 2] CWYTO&  LoTTH 100010 .0 [ ] Q.1%7 131 26,9 0,993 0,.%99
ahbhe 24 L9973 Uu302) L.%b0a  6.5Tok 1001, f ol 6.0 Calt7 1.11 26.9 (.993 G.999
25%6. 2> Ge®a: 0.352v 09631 0.%814% 1.0017 Lpe ) o.n 0,15 1.11 26.v 0,992 0,999
ab. eb G.vY3 O.3E21 O.9HS4 (L9RIR JJUOYT G.0 L.0 0.155 1.10 26.9 (1.993 Q.v9¢
LT, a7 Yet%4 (.31 17 1.00bs  J.CUS6  1.0uUAN v.0 0.0 0.15%0 .07 26,9 (.994 1.00GD
akbha «B Leb%6  Co3%2> 1,.621% 1.6206 D .0LES [ 29 0.0 0.143 1.03 JT.H 0.9% 1.900
oL 2y D.9%E 6.3B3% 1.0.235 1.6228 1l.00cS Gols G0 G.139 06.97 4T-0 D998 1.06060
P L] 1.600 O, 5t%7 1.02)6 1.P216 1.0007 0.0 C.0 0.137 0.91 2T7.1 1,000 1,000
slbe 3] 1002 GIlat JU2BL  1.0723 L,490¢ 0.0 6.0 N.135 O.8h 27.1  1.p02 1,000
3ib. 3¢ 1,003  L.3BST 1a020% 16217 0,599 6.0 Q.6 G.134 0.82 27.7 1.003 1.000
336. 3. doovt 323174 1,0:0% 1,021% 0,003 [T ] 0.0 0.123 0.7y 27.2 1.005 1.000
26b. 34 | 2% 1 B La3t7~ 1.0709 b eY9Yd el .0 0.132 0.77 2T.2  1.005% 1.000
she. 4 1.00¢  G.3HTT 1.6209 €C.99%, (.0 [ G133 0.7 €722 Da0UE  1.000
e b Lotta D 3ETE 1.020% N, 4997 0.0 €.0 0,130 0.7« 27.3 1.006 1l.00
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APPENDIX B (Cont'd}

tlatu«

Siacz 3
kU TUR

90

FLUw Lwiet: celibleu PARTICLE Swikl= 26.7RLcC PEAVE: 9.31PS1A = 64157.Fa
PIAVIZ= 104G 1A = T1706.PA TIAVES 805.kDeC R = 335,000 X VELAVL= 4T76.3FPS =145, 2mMp!
CYILAYLE B4, THPY = 257 _5MPs AAVELAVG= W23,..FPS =12%.0MPS Uz Q0 FPS = 7BO.MPS
Th-Ta  sco LEER LU [N PY 17 whi L I-1 LF O INCIDENCE ALPHA ANIAL
LI LHMZSEC  RLZSEL IN DeG IN UFG VEL
13. 1 1.L0L G427t 1 0170 levl?a G 991 v.0 .G G.282 -22.2% 63.8  1.0)0
23, 2 1-001  0.49027 10170 3,017+ 0,99 0.0 0.0 D182 -22.2¢ 63,6 1.011
3. 3 Lolbl €.4027 30170 1u0174 Goy9ur G.0 G.0 6.318) -~22.30 h3. 8 1.011
“3. “ 12001 0.402Z7 1.0170 1.C)7« G.99¢¢ [ 0.0 G181 -22.3) 63,8 1.0}
»3. 1 1.001  D.4027 1.0170 1.0174 0,u9is o0 0.0 0,16} -~22,32 63.¢ 1,011}
e 6 leGlt Goalr2e 1.0166 1.6176 (e 49PT 0.0 0.0 0.1681 -22,37 63.8 1.011
LEN L4 L.U0l  D.«0io 1.0159 1.0163 0.9985 G.0 V.0 Goakl -22.3) 63.7 1.011
ta, & 1.00F L.4G26 }ou)3Z 3.0135 0,997 0.0 D.0 0.1P2 =22.24 63.7 1,010
Yie L) (e99%  0.4027 0.9928 G.$Y32 0.99:2 6.0 Gat G.191 ~21.73 63,2 l.GLS
3. 10 M99 0.4015 0.9604 D.9502 0.990% 0.0 0.0 €200 -21.1¢ 62.7 1.606C
113. 11 Va9  0.4003 0.96)7 0.9501 Nowayy, 0.0 n.o 0207 -20.84 62.4 0,997
1é3. 1« Le¥9L  L.4GOL 09834 0.9824  (,.999r, 6.0 0.0 0.210 -20.s67 62.2 0.995
Liza 43 U996 0.4003 0.9€7E ¢.9419 1.0000 0.0 0.0 0.213 ~206.50 62.0 0L.993
43, 14 Le¥“?  (.4004 G.9831 ,9824 }.0007 0.0 0.0 0.215 ~20.40 61,0 (.09
i3, 15 G996 0.4067 G900 0.9874 1.0011 (] 0.6 C.227T -20.32 61.8 G.991
163. 14 D.99t  0.400°% 0.9(26 0.9t22 1.0011 0.0 0.0 O.2le -20,26 61,8 €.99]
373, 17 0.99¢ 0.4010 0.9p26 ©0.9821 1.0011] L] 0.0 0.219 -20.22 61.7 n.990
tie 3t 62999 0.4G11 U924 ©.9M)19 1.0011 el 0.0 G.219 -20.19 61.7 0.06p
1935, )e 4.999  0.401)1 0,9¢23 0.9¢1¢ 1.0012 0.0 0.0 0.220 -20.16 61.7 0.990
«Cie 26 G.9%9 G.4012 0,922 ©,.96838 1.1012 G.0 0.0 0,220 ~20.15 6l.6 ¢.990
£hbs. 2} 0.999 0.4012 6.9621 G.9617 1.06612 Gath .0 0.220 -26,13 bl.6 0.989
2234 22 N.999 0,403 0.9¢24 0.9820 ) .n0l: 0.0 0.0 0.220 -20.13 61.6 0.989
£33. 23 G999  0.4012 D.9829 09826 1.0U14 0.0 0.0 6,220 -20.14 6l.6 0.9ty
3. 24 ©.99% 0.4013 G.9p38 0.9634 1.0016 (1] 00 0.220 -26.16 61.7 0.990
253, =29 1.000 0.4013 0.9661 0,905¢ 1.0021 0.0 0.0 0.219 -20.22 &1.7 0.99%
63, 26 1.066 G.401s 0.9881 G879 1.0023% G.0 G.0 0.218 -20.28 61.8 0.%4)
273. 27 1.002 0.4012 1.0061 1.0057 GO, (% 4 0.0 0.211 -20.649 82.2 6.59%
Z83. 20 1.005 0.4020 1.0200 1.n20] 1.0089 n.o 0.0 0.20y -21,22 62.7 1.000
293. 29 leGla  G.64G32 1.6203 1.0210 1 .004% 0.0 0.0 0,195 ~21,.55 63.0 ).a03
Ma. 30 1.005 0.4036 1.0172 1.0182 1,.000% L.n 0.6 0.192 -21.712 63.2 1.00%
313. 31 1.606  0.4034 1.017)1 ).0179 0.00q, 0.0 0.0 0.18%9 ~21.86 63,4 1.006
323. 32 leGhs  (.4033 ).6166 1.0173 0.999] .0 G.0 0.187 -21.97 63,5 }.007
333. 33 .00 0.40231 1.0067 1.0173 0.9989 6o [ 187 0. 186 22,05 63.6 1.008
343. 34 1.0U2 0.402° 1.0168 1.0}74 0 .99Fy .0 0.0 0.184 -22.12 63.6 1.009
343, 3% 1.002 0.402b 1.0169 1.0174 ¢.9989 0.0 0.n 0.183 -22.)¢ 63.7 1.010
3. 36 la00: 0.402F 1.0169 1.007¢ @©,%0f¢ 0.0 0.0 0.183 -22.22 63,7 1.h10
FLUN LWIRL=  6.31DfL PARTICLE SWIKL= 24,2400 PLAVG=  9,42PSIa = 64541 .PA
PIAVGT 10 .40PS1a = 71735,.Pa TTAvG= 603, 1GEG R = 335,008 K VELAVG= 450, 7FPS a137,4MpP5
RUCLAVLS 968.4FPY = 294 ,6MPC AXVELAVL= 4447085 =135, 5mPS U= 931.FPS = 284.MP5S
T Ta 8 Yel MN [ PT T LIRS Wel of INCIDENCE BETA AX)aL
L1Y LER/SED  KLsSHG IN DEGC  IN DEG VvEL
16, i 1.012 0.384% 1.0153 1.017¢  ©0.99ks n.n 0.0 —.057 ~2.2% 27.7 1.012
<ba < 1.012 0.3B46 1.0)152 20178 G.99RR G0 0.0 ~a058 -2.30 27.7 1.012
36. 3 1.00i D.3fe? 1.0152 1.017¢ D.99ge Dty 0.0 ~e057 ~2.31 27.7 1.012
“b. “ 1.012  G.304T 1.0152 1.0178 G.998p G.0 0.0 ~-058 ~2,3) 27.7 1.012
S56. s 1.0 s 0.3548 L.0151 1.0178 G.996R G 0.0 ~e 05T ~2.3} 27.7 1.012
LY TS s 1.012 0.3k4t 1.0i4s 10174 0997 0.0 0.0 =2.3} 27.7 1.012
To. 7 1.012  ©.3R48 1.0)14) 1.0167 D .9%p" 0.0 0.0 -2.31 27.7 L.012
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