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1.0 SUMMARY

The objectives of this study were to investigate potential techniques
for improving the stability modeling of clean-inlet and distorted-inlet flows
and to evaluate the sensitivity of stage characteristics to measurement
error. The analyses were verified by comparison with the clean-inlet per-
formance and the l/rev circumferential total-pressure distortion performance
of a J85-13 engine tested at NASA Lewis Research Center. The calculation of
1/rev distorted flow circumferential redistribution effects in the blade-free
volumes of the compression component was investigated. This was accomplished
through the addition of the angular momentum equation and the inclusion of
the tangential flow terms to the equations of continuity, axial momentum, and
energy. Analysis of the total-pressure distortion simulations showed that it
was possible to calculate redistribution effects in blade-free volumes using
a coarse grid in conjunction with a lumped volume technique. The technique
is numerically stable, but is not adequate for defining the fine details of
flow fields. However, the technique does meet the intended purpose of cou-
pling with the parallel-compressor model and providing volume averaged
redistribution effects as compressor sector entrance flow conditions. Exam-
ination of the compression-component performance indicated no significant
improvement over the parallel-compressor-type solution in predicting the
stability limit. This finding is probably the result of the manner in which
the inlet guide vanes are modeled and the fact that the presence of high-
sclidity inlet guide vanes minimize the effects of tangential flow redistri-
bution. It is anticipated that the inclusion of the effects of redistribu-
tion will probably have a more significant effect when coupled with compres-
sor mocdels not possessing inlet guide vanes.

The aerodynamic response of a blade row passing through a distorted flow
region was modified using a simple differential form of the dynamic response.
Significant gains in the ability to match the distorted inlet compressor per-
formance were made although stage mismatching poses some limitations to the
technique.

Analyses conducted heretofore have been performed with the constraint
that all losses are assigned to the rotor of a stage, while the stator is
considered lossless. A study was conducted in which variable stator losses
were derived and their impact on the predicted stability limit and on the
location of the stalling stage was assessed. It was concluded that the
dynamic model was more sensitive to the throttling process with the inclusion
of variable stator losses, although no significant change in the overall com-
pressor stability was observed.

Finally, studies were conducted in which the sensitivity of the stage
characteristics to measurement error was evaluated. The total pressure of
one stage was varied one percent while the overall compressor characteristic
was maintained. Clean~inlet-throttling simulations were then conducted in
order to determine the impact on the predicted stability limit. These com-
putations indicated that no significant change occurred in the prediction of
the stability limit or the stalling stage location.



2.0 INTRODUCTION

Analyeis of the results obtained from the General Electric Dynamic
Digital Blade Row Compression Component Stability Model during clean-inlet~
flow and distorted-inlet-flow studies of the J85-13 turbojet engine (Refer-
ence 1) identified three areas needing study. These areas were:

1. Effect of upstrean redistribution of circumferentially distorted
inlet flows on surge line predictions.

2. Effect of including stator losses on stability predictionms.
3. Effect of measurement inaccuracies on derived stage charactaristics.

During the first year of this two vear effort, the Dynamic Digital Blade
Row Compression Component Stability Model was modified to a multi-sector
parallel compresscr configuration to permit simulaction of inlet flows with
180°, 1l/rev total-pressure, total-temperature, and combined total-pressure
and total-temperature distortions. The inlet total pressure and total tem-
perature were specified for each sector and all sectors exited to a uniform
static pressure downstream of the compressor discharge diffuser. Throttling
was accomplished by ramping the flow function at a plane simulating the
turbine diaphragm. Surge was predicted when one sector encountered the clean
inlet surge line and developed an aerodynamic instability while operating on
its clean-inlet-flow speed-lire characteristics. As with most parallei-
compressor models, the lecss in surge pressure ratio is more accurately pre-
dicted when the speed lines are steep than when the speed lines have low
slopes. Because of the low gap-to-radius ratios that are characteristic of
the J85-13, it was contended that this overprediction of loss in surge pres-
sure ratic could not be attributed to internal crossflows between the dis-
torted and undistorted sectors. This contention is supported by the analyti-
cal work of Plourde and Stenning (Reference 2) who showed that for the gap-
to-radius ratios characteristic of modern compressors, very iittle crossflow
occurred. Spring (Reference 3), using the technique of Plourde and Stenning,
predicted the redistribution effect of a compressor on an upstream distorted
flow. It was found that for a flow exiting from a screen far upstream of a
compressor, the impos: ® total-pressure distortion with its attendant uniform
static pressure and large {low differences was transformed at the corpressor
face to a flow with essentially its total-pressure distortion unchanged.
However, static-pressure and circumferential-velocity distortions were cre-
ated while the flow distortion tended to a more uniform dis:iribution. Fur-
ther, the effect of internal crossflows were examined in a recent study by
Tesch, Moszee, and Steenken (Reference 4). They concluded that including
crossflow in the model did not improve the predicted results.

Analysis of all these results led to the conclusion that the upstream
boundary conditions imposed upon a parallel compressor model are unrealistic.
During the course of the effort rerorted upon hereia, the upstream flow field
was modeled by including the angulcr momentum macrobalance and by including

ORIGINAL PAGE 18
OF POOR QUALITY



the tangential flow contributions to the mass and energy ma:robalances. It
was felt that use of a coarse grid (same number of circumfereutial sectors as
used in the parallel compressor) would be sufficient to establish the gross
characteristics of the flow field and yet would ;ive a suificiently accurate
estimate of the flow field entering the compressor IGV's for the purposes of
compressiou component stability computations. Hence, the upstream boundary
conditions were imposed upstream at the plane of the screen and the flow
field was allowed to adjust to the more unif>srm volumetric flow per unit area
distribution that is desanded by the pumping characteristics of the compressor.
Further, the model was structured in such a wav that circumfereatial redis-
tribution could be included in the free volume located between the trailing
edge of the IGV and the leading edge of rotor 1 and in the free volumes
between the compressor discharge and the choke plame located at the simulated
turbine diaphragm location if desired.

Verification of the effect of circumferential flow redistribution in the
presence of circumferential distortion was accomplished by simulating 180-
and 60—-degree extent l/rev total-pressure distortion patterns and comparing
these results with test results in terms of pressur. ratio and €low at surge
for at least two corrected speeds.

A second topic of distortion analysis modeling to be investigated was
that cf rotor dynamic response. Since rotor blade rows caunot respornd instan-~
taneously to changes in inlet couditions when passing through a distorted
flow. field, a preliminary formulation of a rotor dynamic respomse function
was developed. The resporse function was evaluated through the analysis of
circumferential inlet total-pressure distortions of varying extents at sev-
eral different corrected speeds.

All votal-pressure losges were assumed to occur ounly in rotor blade rows
during the Reference 1 study. This assumption is often used when interstage
data are iimited and is not a limitation of the blade row model per se. The
effect of this assumption on surge line predictions and the location of the
stage initiating the instability, were evaluated by estimating stator blade-
row losses and including them in the model. Then assuming that the stage
characteristics remained unchanged, new relative total-pressure loss coeffi-
cieuts and rotor deviaticn angles were derived for each rotor. The improve-
ments offered in the prediction of the loss of surge pressure ratic by in-
cluding stator losses in the model were evaluated by throttling clean-inlet
flows to instability. The resulting loss in surge pressure ratios and cor-
rected flows at surge were compared with test data. TFurther, the stage whe:re
instability was initiated with clean inlet flow was compared with the Refer-
eace 1 results.

During analysis of test data to establish stage characteristics during
the Reference 1 study, it was found that the stage characteristics based upon
data (and assump:ions required in lieu of missing test data) when stacked,
did not pruperly simulate the overall speed line. This was due to some
stages being loaded differently than design goals or experience would dic-
tate. Although, the reason for this discrepancy was not ferretted out, the
possibility of instrumentation or instrumentation-induced errors cculd never



be ruled out. Since the Dynamic Digital Blade Row Compression Component
Stability Model requires loss coefficients and deviation angles, which are
derived from stage characteristics as input, it was deemed 4ppropriate to

determine the manner in which changes in stage characteristic levels would
effect stability predictious.

This effort was conducted by parametrically varying the pressure coeffi-
cient of one stage and maintaining the overall pressure ratio - corrected
flow characteristic > cthe speed line. The model was then throttled with
¢clean inlet flow to surge and the difference in surge pressure ratio anc
location of the stage initiatiag Instability noted.
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3.0 BLADE ROW DYNAMIC MODEL WITH CIRCUMFERENTIAL REDISTRIBUTION

The parallel-compressor analyses of circumferential inlet distortion
reportad upon in Reference 1 revealed certain areas in which an improvement
in the technique of surge line prediction was suggested, particularly iz the
low speed regime. This section reports upon an investigation in which the
parallel-compresscr Dyaamic Digital Blade Row Compression Componment Stadility
Model was wodified to account for the circumferential redistridbution effects
experienced with circumferentially distorted inler flows. These modifications
persit the model to calculate the circumferential readjustment of £flow in
blade-free volumes upstream and downstream of the compression component.
Evaluation of the mdel results was accomplished through the analvsis of
circumferential total-pressure distortion om the "Moss" J85-13 engine
(Reference 5). A description of the J85-13 and the basic mcdel geometry may
be found in Reference 1.

The model germesry as reported in Reference 1 was modified slightly for
the redistribution aodeling activities. The modifications consisted of the
addition of five additional blade-free veolumes to the front of the model.
These volumes and the two originai blade-free volumes upstream of the inlet
guide vanes were added to permit calculation of flow redistribution in the
region between the distortion screen and the inlet guide vanes and to maintain
volume lergths no longer than the longest compressor blade row. Figure 1
provides a schematic of the mcdel geometry used in the redistribution analvses
and Table 1 provides a tabulation of the additicnal gecmetric lengths and
areas.

3.1 REDISTRIBUTION ANALYTICAL TECHNIQUE

3.1.1 Equaiions of Change

The couplete set of non-linear partial differential equations which
describe the transfer and storage of mass, momentum, and energv within a
fluid are called the equatiorns of change (Reference 6). These egquations have
been integrated once over an arbitrary volume of the {low systexz to obtain
the macroscopic balances for quasi two-dimensional flow without heat transfer
and internal fluid shear and are reproduced below in the forwm in which thev
are used in the dwvnamic compression component model.
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The terms enclosed by braces, { }, in the sbove equations are additions
to the one-dimensional forms of the continuity, axial momentum and energy
equations as specified in Reference 1. Equation 3 is the macro-balance
expression for the conservation of angular momentum. Subscripted variables
on the right-hand side of the equations refer to quantities at the faces of
the control volume; i.e., "i" refers to the axial faces and "j" refers to the
tangential faces. Variables on the lefr-hand side refer to volume averaged
quantities, i.e., in generalized form

(5)

The energy equation (Equation 4) was derived by combining the equation
of change for energy and cne of the therxzodynamic TdS relationships. These
equations were used in this form for caiculating the volume averaged quantities
in each sector in blade-free volumes. The equations were used without the
terms enclosed by braces and without Equation 3 for bladed voludes.

3.1.2 Force, rressure, and Entropv Production Terms

This set of equations (other than being applicable to quasi two-dimeasicnal
flows without heat transfer, without tnternal fluid shear, and a finite, but
small volume) describes the state of a fluid in motion. In order for a
solution to be obtafned, it is necessary to supply the caloric and thermal
equations of state and expressions for Fg, Py, and Sp. Fp (Equatiom 2)
represents the blade force acting upon the fluid and includes contributions
from the energy-producing torque term and the drag force term. Py (Equation
2) represents the mean pressure over the lateral surface area of the volume



element and iz sometimes referred to as the drum and shroud force. It is
calculated from a linear combinstion of the entrance and exit axial static
pressures. Sp (Equation 4) is the term which represeats the total rate of
irreversible coanversion of mechanical to internal energy and, in the case of
this model, represents the entropy production due to blade row losses.
Details of the derivations of these three terms may be found in Reference 1.

3.1.3 Calculation Technique

Time-dependent solution of the system of equations (Equatioms 1 through

& and expressions for Fg, Py and Sp) that comprise the dynamic digital com-
pression component model is effected through a Taylor series which establishes

the values of the four independent volume-averaged variables (p, Wz, Wy, 08)
at the gext increment in time. This technique is identical to that discussed in
Refereace 1 with the addition that the tangential terms also must be considered,
that is, just as there are axial stations, there are circumferential statiomns.
The circumferential station values are obtained using an interpolatiom tech-
nique which weights the adjaceant volume-averaged quantities in a manner
inversely proportional to their respective volumes. Hence, the statiom
values of density pj, circumferential flow Wgj, axial velocity Cz;, and
tangential velocity Cg; are obtained according to the generalized relation-
ship

i vkrl + Vk

Equation (6) maximizes the effect of the small extent sector which is in
keeping with the fact that the sector statiom is closer to the center of the
smaller volume than it is to the center of the larger volume. Thus, the
station value is more iikely to be closer to the small sector-volume averaged
value than it is co the large sector-volume averaged value. Further details
on the Taylor series prediction of volume-~averaged variables are given in
Reference 1.

The redistribution model was developed as an extension of the Dynamic
Digital Blade Row Compression Component Stability Model discussed in Reference
1 and as such the computational technique is quite similar to that illustrated
in Figure 12 of that document. The significant difference between the two
techniques is the addition of a sector calculation loop inside the volume
calculation loop for the redistribution model.

3.2 INITIALIZATION

Like all time-dependent solutions, the dynamic redistribution model
requires a set of initial conditions in order that the tramsient event may be
simulated. However, in the case of the circumferential redistribution analysis,
the problem of initializing a transient event {s complicated by the fact that



there is no easily obtainsble steady-stage solution as there is for axisym-
matric flow. Therefore the starting conditions for the transient simulation
were obtained by allowing a steady-state parallel-compressor solutiom to
settle out under the constraint of a constant exit-flow function. Thus, the
model uses a time-dependent calculation until the flow derivatives are small
enough to insure that the flow Has readjusted to a valid set of initial
conditions for the transient event simulatioa.

3.3 CIRCUMFERENTIAL REDISTRIBUTION DISTORTION ANALYSIS

The effect of circumferential (tangential) flow redistribution om the
prediction of the behavior of the distorted surge line was evaluated through
the simulation of 60° and 180° extent 1/rev circumferential inlet total-
presgsure distortions at 80% and 100Z corrected speeds. The distortions were
produced by a screen with 49% blockage and were tested on the "Moss" J85-13
engine as reported in Reference 5. The model was coanstructed such that
redistribution was allowed in the seven blade-free volumes upstream of the
IGV and in the blade-free volumes between the OGV and the uniform static-
pressure boundary condition (see Figure 1).

The dynamic redistribution model was used to investigate a 180°, l/rev
circumferential total-pressure distortion at 80% corrected speed. The model
was subdivided circumferentially into six 60° sectors, three each in the
clean-inlet and the distorted-inlet regions of the flow. The resultant oper-
ating points of the individual sectors after allowing settling out for 800
time-~steps from the initial parallel-compressor solution are shown in Fig-
ure 2. The operation of each sector differs little from the original oper-
ating points of the sectors of the parallel-compressor case. It should be
noted that Figure 2 represents the performance as defined by the region from
the IGV leading edge to the OGV trailing edge and does not illustrate the
readjugstment of the flow upstream and downstream of the compressor in the
blade free volumes. Figures 3 and 4 illustrate the axial flow distributiom
and flow angle distributions in the blade free volumes. The increase of
axial flow in the distorted inlet flow sectors can be observed (Figure 3)
with increasing distance downstream of the distortion screen. This influx of
flow into the distorted sectors is further substantiated by the flow angle
distribucion (Figure 4). As one might intuitively expect, the fluid tends to
flow into the distorted (low total pressure) flow sectors downstream of the
distortion screen. Figures 3 and 4 also illustrate the downstream readjust-
ment of the flow between the OGV and the uniform static-pressure boundary
condition. Figure 5 illustrates the tangential-flow distribution in the
blade-free volumes upstream and downstream of the compressor.

At 60°, 1/rev circumferential total-pressure distortion also was inves-
tigated at 80% corrected speed. Again the flow-field was divided into six
60° se-tors with total-pressure distortion occuring only in one of the sectors.
The operating points of the sectors after settling out from the parallel-
compressor initialization are shown in Figure 6. In addition, a throttling
simulation was performed. Little difference between the parallel-compressor
and redistribution stability limits was noted. The axial flow, flow angle,
and tangential flow distributions in the blade-free volumes are given in
Figures 7, 8, and 9.
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Due to the symmetry of forces on Sector 3 (the clean-inlet-flow sector
opposite the distorted sector) very little change is seem in the axial flow,
tangential flow, and flow angle from the distortion screea to the compressor
face. These results are supported by the Reference 7 compouent tests, during
which detailed flow surveys were taken at the compressor inlet when operating
with distorted inlet flow conditions. These tests showed that the region
opposite the screen possessed almost no circumferential variacion in sxfal
velocity or flow angle. Examination of Figures 7 and 9 reveals two inter-
esting facts vhich are not comsistent with intuition: 1) the increase in
flow in the distorted sector is due to a decresse in axial flow in Sectors 2
apd &4 (sectors which are not adjacent to the distorted sector) aad 2) there
is a net tangential flow only in the two Sectors (1 and 5) adjacent to the
distorted sector. In am attempt to obtain a better understanding of this
predicted flow process, the circumferential static-pressure disctribution was
examined. This was accomplished by plotting the volume exit static pressure®
(a primary flow variable) at each axial station as a functioan of angular
position (Figure 10). The important feature of this plot is that "side
lobes" of low static-pressure are being developed where it would be amtici-
pated that po static~pressure deficit would occur although they have dis-
appeared by the time the IGV's are reached. In order to determine what
effect interpclation in the circumferential direction played, the interface
static-pressures between gectors were plotted (Figure 11). This plot shows a
better behaved distribution (no side lobes), but the static-pressure distor-
tion has been spread over 120° with a reduced minimum magnitude. It is well
recognized that some of these flow field calculation anomolies can be removed
by going to a differential formulatiou as opposed to the integral formulation
that is being used. However, such a formulation would oot wmatch well with
the integral compressor formulation which we wished to maintain. While it
would be quite satisfying if the integral flow field solution gave an ade-
quate representation of the complete flow field in blade free voiumes, it is
important to realize that the major objective of the integral circumferential
flow redistribution formulatiou is to provide a better representation of the
flow entering the compression component and not necessarily of the whole flow
field. At this point, it was appropriate to investigate the cause of this
behavior noting that it also occurs in other flow variables. The eifects of
the following items were investigated:

a) A finer circumferential grid (more se:tors).
b) An odd number of sectors.
¢) A nonequiangular sector distribution.

d) A finer axial grid in the blade free volumes.

*It should be noted that although the static pressure is plotted using linear
interpolation between the midpoints of each sector, the predicted model dis~
tribution is represented by the inset schematic.
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In order to obtain an understanding of these items, model configuratioms
of twelve equal 30° sectors, eleven equal 32.727° sectors, and eleven sectors
(one 60°, ten 30°) corresponding to above items a, b, and c, respectively
(see Figure 12) were used for these studies.

The volume axial-exit circumferential static-pressure distributions are
plotted for the volume 1 exit in Figure 13 with the six 60° sector distribu-
tion superposed. The volume axial exit circumferential pressure distribu-
tions are plotted in a similar mancer for the volume 7 exit in Figure 4.
The important features of these figures can be summarized as follows:

1. A finer angular extent grid does not remove the side lobes or even
reduce their magnictude.

2. The occurrence of the side lobes is not related to whether the con-
pressor face flow is divided into an even or odd number of sectors.

3. The occurrence of the side lobes is not related to whether the
sectors are of equiangular extent.

An actempt was made to run with some 15° sectors adjacent to the distorted
region in belief that even a finer grid in the region of high gradients might
give better circumferential distriburions. Unfortunately, this case would
not run although no significant expenditure of time was made to ¢ircumvent
the incurred prcblems.

The effect of a finer axial grid was examined by increasing the number
of blade free axial volumes upstream of the compressor IGV from seven to
twelve in the six 00° sector model (see Figures 13 and 14). Again nc signifi-
cant improvement was noted, since the volume 1 exit static-pressure side
lobes have magnitudes approximately equal to the distorted sector static-
pressure, and at the exit of the last blade free volume, the results are
essentially equivalent to the six 60° sector wmodel.

Upon considering the 1Q07 corrected speed line, it was decided to inves-
tigate onlv the "worst" case comnfiguration of a 60°, lirev circumferential
total-pressure distortion. This case required comsiderable effort to settie
out as the distortion level was 10.5% (MAX-MIN)/AVG) and care had to be
exercised to aveid computaticnal protlems due to the initially large start-up
gradients. Figure 15 illustrates the resultant operating points of th
sectors and the comparison with the parallel-compressor solution. Documen-
tation of the axial flow, flow angle, and tangential-flow Jistributioms in
the blade-free volumes is provided by Figures 16 through 18 respectively.

Since the 807 corrected speed throttling simulation showed little change
when compared to the parallel-compressor model predicted stability limit and
since the 100% corrected-speed sector operating points are close to the
parallel-compressor operating points, it was decided that a throttiing simu-
lation at 1007 corrected speed was not justitfied.
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3.4 REDISTRIBUTION .NALYSES SUMMARY

The results of the analyses discussed in the previous section indicate
that it is possible to calculate some of the characteristics of flow redis-
tribution in the blade-free volumes of a compression component using a coarse
grid. That is, use of sectors of large angular extent can be used to obtain
the gross characteristics of the flow field which it is hoped are suitable
for conducting stability analyses. However, there are some aspects of the
calculations which cannot be improved by either increasing the fineness of
the circumferential or axial grids. It is strongly suspected that the pres-
ence of the static-pressure side lobes is a result of the algori*“m used to
define sector interface values in the circumferential direction. The flow-
field at the entrance -o the IGV's intuitively appears to be correct and
thus, holds promise for providing better compressor entrance conditions for
use in stability calculations. If one's main interest were the details of the
flowiield, then it probably would be necessary tvo resort to a differentisl
formulation.

While the prediction of the major characteristics of the flowfield is of
interest in itself, it has not improved the ability to predict the lcss in
surge rressure ratio due to distortion, expeciallv at low speeds for the Jj85-
13 com.ressor. Although there are a number of possible explanaticns for this
apparent deficiency, it is suspected that two of the more significant exglana-
tions are: 1) the presence of the IGV and how it is modeled; and 2) the
dvnamic response of the rctors.

For this model of the J85~13 engine, the 1. et guide vanes are modeled
as a lossless blade-row having constant deviation angle -"--'g anv perticular
speed line. This constraint forces the exit air angle of the IGV to remain a
constant, regardless of the incidence angle to which it is subjacted. Tor
example, Figure 4 indicates a 23° range in air angle at the IGV inlet and vet
the exit air angle and loss are the same for all sectors. However, the ra-
moval of this constraint would require test data which generally is not
available., 1t is anticipated that a simulation of a fan with o IGV would
exhibic considerably more respounse to the erffects of redistribution =ince the
rotor 1 loss coeffi:zients and deviation angles will varv from sector to sector
as the incidence angle varies from sector te sector.

An adaitional item of concern is that parallel-compressor tvpe sciuticns
doe not address the problem of the dynamic response of the rotors as theyv
travel through the distortion pattern. A preliminary investigation into the
Jdynamic blade row rosponse was performed in an attempt to gain some insight
into the magnitude of this effect and is discussed in the following section.

3.5 DYNAMIC BLADE-ROW RESPONSE

One of the standard assumptions used in parallie!-compressor Ivpe anal-
vses is that the compression component of each sector responds independentlv
and as if each were experiencing clean inlet flow, This implies thar each
sector responds instantaneously to circumferential variations in incidence
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angle. During the simulation of plana: pressure waves in a two-stage fan
(Reference 8), it was found that above certain frequencies the blade response
could not be adequately represented with an instantaneous response, but
rather provisicn for the dynamic response had to be made in order to obtain a
better representation of the blade row performance. It was the purpose of
the following analysis to formulate a dynamic response function for blades
entering and leaving circumferentially distorted regions and at the same time
retain the ecoromical computational advantages of a parallel-compressor type
solution. The method proposed in this report for representing the asero-
dynamic blade respoase to circumferential distortion builds upon the blade
response function developed for blade rows subjected to planar waves in
Reference 8 and the work of Kimzey (Reference 9).

The response of a blade row to changes of instantatous incidence angle
can be expressed as:

B(ie-i )

o .
t T + (le-io) ii io (0

where 1t is the blade row time constant, i, is the effective incidence angle,
ij is the instantaneous incidence angle, and i, is a reference incidence
angle. The dependent variable, effective incidence angle, is defincd as the
incidence angle which is equivalent to the dynamic response of the blade as
it passes through the distortion. This implies that the blade-row character-
istics are functions of the effective incidence angle rather than the instan-
taneous incidence angle. This formulation permits working with only one
differential equation and can account for the blade response to a step change
in the actual incidence angle.

With reference to Figure 19a and a parallel compressor model, the quanti-
ty ij is the step change in actual incidence angle and i, is the previous
sector effective incidence angle as the blade leaves the sector. Solving
Equation {7) for the homogeneous and particular solutions for the step change
in incidence angle of Figure 19a vields

-t/

i = 112 + (iil‘iiz) e (8)

e

The effective incidence angle respouse for a large angular extent dis-
tortion where the effective incidence angle rises essentially to the ins-an-
taneous value of incidence angle is shown in Figure 19a. The effective
incidence angle response for a small angular extent distortion, where the
effective incidence angle will not rise to the instantaneous incidence angle
before the blade leaves the distorted region is shown in Figure 19b. Notice
that in this case, the starting point (reference value) for the effective
incidence angle calculation in the undistorted region is the last value of
the effective incidence angle in the distorted region.
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Before the effective incidence angle can be used in a parallel compres-
sor model, it should be noted that the flow in each sector is an average flow
for that sector. Hence, the corresponding effective incidence angle to be
used in the parallel compressor calculations is an average (mean) effective
incidence angle for each sector. Integration of Equation 8 over the interval
(0 to t2) that the blade is within the sector gives

- L 1 ~-ta/t
i, = Ef 1, de = :; 11, cz+(112—111) T (e ~1) 9

as an expression for the mean effective incidence angle. Since only rotor
blade rows move into and out of disturbances in a steady distorted flow,
Equation 9 is applied only to rotors and the mean effective incidence angle
rather than the instantaneous incidence angle is used to determine the rotor
loss coefficients and deviation angles. Therefore, it remained to determine
the time constant of Equation 9 that best represented the test results. This
was accomplished by evaluating differrnt values of t until an improved data
match between the model results and the test data was obtained in terms of
APRS. Since it had been well established in Reference ! that the dynamic
parallel-compressor stability limit was reached when the distorted-sector
speed-line slope went to zero, it was felt that there was no need for dynamic
simulations during this preliminary investigation. Therefore, this effort
was performed through the use cf the steady-state parallel-compressor model,
wodified accordingly for the calculaticm of the effective incidence angle.

The time constant in keeping with Reference 8 and the work of others
(Reference 9) was defined to be propcrtional to the chord of the roter di-
vided by the inlet relative velocity; or in other words, some multiple of the
time it takes 2 particle to travel through the blade row.

T = e (10)

The same time constant was used for each blade row rather than varying it as
a function of solidity as was done in Reference 8.

An attempc was made to determine an optimum value of the preportionality
constant A at each speed (802 and 100Z N/v8 for each distortion (180° and
60° 1l/rev) by choosing the integer value from Figure 20 which zave the least
error between the predicted and measured values of 4PRS. The 180°, 1/rev sim-
ulations were performed using a two 180° sector model while the 60°, 1l/rev
simulations were performed using a two sector model with a 300° clean-inlet-
flow sector and a 60° distorted-inlet-flow sector. The speed line and predict-
ed surge point for each distortion pattern and speed with the selected value
of A are given in Figures 21 through 23. Unfortunately, it was not possible
to obtain a solution for values of A greater than 2 for the low flow sector for
the 60° extent distortion at 80Z% corrected speed. The lack of results with
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the 60°, 1/rev total-pressure distortion results at 80% corrected speed
represent more of a limitation of the blade row characteristics than the
determination of an optimum proportionality constant. Any further increase
in the constant A to a value greater than 2 pushed the performance of the
distorted sector to a level where the uniform static-pressure boundary condi-
tion could not be satisfied. This is a result of severe mismatching between
the clean inlet characteristics of the individual stages.

The time constants implied by the above obtained proportionality con-
stants are one-fifth to one-half the time a blade resides in a 180° distorted-
flow sector, thus indicacing that the effective incidence aagle has very
nearly reached a value equal to the instantaneous incidence angle by the time
it has completely traversed the distorted-flow region. An inspection of the
proportionality counstant used in the planar wave studies of Reference 8 shows
that the constant obtained in this study is an order of magnitude greater
than the Reference 8 proportionality constant. It was recognized that the
planar wave proportionality coanstant, which was based on an incompressible,
inviscid analysis, was too small to permit proper representation of the blade
row response to planar waves. Further, the time constant developed for the
circumferential distortion analyses implicitly takes into accouat the phase
lag between the blade passages within a blade row operating in a distorted
flow region and the flow field edge effects associated with the low pressure
region of the distortion pattern.

3.6 DYNAMIC BLADE-ROW RESPONSE SUMMARY

Comparison of the experimental, parallel-compressor, and parallel-
compressor with dvnamic blade-row response surge points presented in Figures
21 through 23 show that there is considerable gain to be realized when the
blade-row dynamic response is takenm into account. Even with the preliminary
formulation given in this report, significant improvements over the parallel-
compressor analyses caa be made. 1t appears, however, tnat the same value of
proporticnality constant (Equation 9) is not applicable for all speeds. This
would tend to indicate that the proportionalitv constant is dependent on some
combination of the flow conditions chat change as a function of speed.
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4.0 VARIABLE STATOR LOSS

During the dyaamic blade-row stability analyses performed in the pre-
vious section and in Reference 1, the losses for an entire stage were as-
signed to the rotor. The stator had no losses assigned to it and possessed a
constant deviation angle. This distribution of losses within a stage was not
a constraint of the model, but rather was dictated by the test data which did
not lend itself to distributing the losses between the rotor and the stator.
It was the purpose of this study to evaluate the impact of variable stator
losses on the behavior of the dynamic model. Since it was desired to avoid
an extensive restacking of the compressor, each individual stage was held to
the same overall total-pressure and total-temperature characteristic with or
without the inclusion of stator losses. Thus, the overall stage character-
istics and the stator deviation angle were held invariant, while new rotor
loss coefficients and deviation angles were derived assuming a stator loss
distribution based upon cascade data and correlations. Evaluacion of the
effect of variable stator losses was performed through a series of clean-
inlet throttling simulations using the dynamic analysis computer model. The
results obtained from these simulations were compared with results obtained
during the Reference 1 study in which stator losses were not included.

4.1 DETERMINATION OF ROTOR AND STATOR LOSS DISTRIBUTIONS

Stator loss distributions were genmerated using a correlation technique
based on experimental cascade test data. The correlation included the in-
fluence of parameters such as solidity, turning angle, incidence angle, inlet
Mach number and diffusion factor. Once the stator loss distributions were
established, the resultant rotor loss and deviation angle distributioms were
determined using a derivative of the steady-state program (Reference 1) with
the coastraint that the overall total-pressure and total-temperature stage
characteristics remain unchanged. Figures 24 through 29 present the rotor
loss and deviation angle distributions and the stator loss distributions
developed for use in this analysis. The inclusion of stator losses required
that the drag force of the stator om the fluid be calculated. This drag
force was calculated in a manner amalogous to that for rotors (Reference 1)
with the difference that relative quantities such as total pressure were
replaced with absolute quantities. The loss coefficient was defined as the
loss in total pressure across the stator divided by the stator-inlet dynamic
head.

4.2 CLEAN-INLET THROTTLING SIMULATIONS

The effect of including variable stator losses on the dvnamic model was
evaluated by performing a series of clean-inlet throttling siwmulations to
determine if any significant differences in dynamic response or locatiom of
instability initiation occurred. Throttling simulations were performed for
the "Moss" J85-13 engine at 80% and 100% corrected speeds. Figures 30 and 31
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fllustrate the different responses for the 80% speed line with and without
stator losses, respectively. A similar comparison is showm in Figures 32
and 33 for the 100X corrected speed line. It was apparent from these
throttling simulations that the indicated stabilicy limit did not change
appreciably with the inclugsion of variable stator losses. However, during
these simulations it was discovered that the computational time required to
perform these throttling simulations was significantly reduced with the
inclusion of ststor loss. On the average, the inclusion of the stator losses
resulted in a ?3Z reduction in the computational time required to throctle to
the surge line.

Further, an investigation of the stability criterion, the ratio of the
volume-averaged flow time derivative to the exit volume-averaged flow time
derivative (amplification function), showed that when the value of this
amplification function exceeded 1.5 in all volumes and the throttling process
was terminated, the model would not settle into a steady-state coandition.
During the Reference 1 study when the stator losses were assumed to be zero,
it was foynd that the amplification function would have to equal or exceed a
value of 2.0 in all volumes before the model would mot settle into a steady-
state condition when the throttling rocess was terminated. Thus, the re-
duced throttling time and lower value of the amplification functioa for
defining the surge line are evidence that the inclusiom of stator losses
results in increased sensitivity of the model.

Examination of the throttling simulation data below the experimental
surge line indicated that the inclusion of stator losses produced no siganifi-
cant changes in the individual blade-row performances and no change in the
locations of the stalling stage. Certain differences in flow behavior in the
post-surge region were observed for the cases with and without stator losses,
but it is not known whether to attribute these differences to the effect of
stator losses or to the extrapclation of blade-row characteristics iato the
post-surge region.
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5.0 STAGE CHARACTERISTIC SENSITIVITY STUDY

A study was made to identify the impact of measurement error on the
derivation of stage characteristics and the resulting effect on the predic-
tion of the stability limits of the compression component. This analysis was
conducted using the "Moss" J85-13 engine characteristics at 802 and 100X
corrected speeds. At each speed the total pressure at the exit oi one stage
was varied :1Y while holding the total temperature constant. The modified
non-dimensional characteristics were derived with the constraint that the
clean-inlet-flow overall compressor characteristics were maintained. The
stage selected for the parametric variation of exit total pressure was the
most aft stage in the compressor with a positive slope pressure coefficient
characteristic. These stages were chosen because it was thought they might
produce the largest effect on stability. At 80 corrected speed, stage 4 was
selected and at 1002 corrected speed, stage 3 was selected.

Figures 34 and 35 illustrate the non-dimensional characteristics for the
80Z corrected speed line with and without the deviation in total pressure.
Only stages 4 and 5 are shown as these are the only stages affected by a
change in stage 4 exit total pressure. Similar results are shown in Figures
36 and 37 for the variation at 1J00% corrected speed in the stage 3 exit total
pressure. Since the dynamic analysis program uses blade-row characteristics
in the form of loss coefficient and deviation angle, the modified non-
dimensional stage characteristics were used to generate the blade-row charac-
teristics. Figures 38 through 41 illustrate the change in loss coefficient
and deviation angle a2s a function of change in total pressure for the 30% and
100% corrected speed lines.

The impact of che change in characteristics on the stability limit was
evaluated through a series of clean-inlet-flow throttling simulations which
were performed on both the 80 and 100X corrected speed lines. Figures 42
and 43 illustrate the 80% corrected speed throttling simulations for plus and
minus one percent variation of the stage & total pressure, respectiveiv. The
stability limit of the original simulation and the experimental surge line
are shown on the figures. It can be seen that there is no significant diifer-
ence between the original simulation and t)ie total-pressure variation simula-
tions. Similarly, Figures 44 and 45 show the 1007 corrected speed throttling
simulations for plus and minus one percent stage 3 exit total-pressure varia-
tion, respectively. Again the same conclusicans can be drawn as for the case
of the BOZ corrected speed throttling simulations. Based on these analyses,
it appears that the stability limit of the compressor is primarily dependent
upon the shape of the overall speed line rather than the level of some of the
individual stage characteristics. No change in the locaticn of the stalliag
stage was observed as a result of perturbing the stage characteristics.
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6.0 CONCLUSIONS AND RECOMMENDATIONS

The dynamic parallel-compressor sodeling activities dis ussed in Ref-
erence 1 led to recommendacions which seemed to offer potemtial for the
development of greater insight into compressor modeling in general and sta-
bility wmodeling in particular. The activicties reported upon berein include
an evalustion of these recommended techniques.

The ability to calculate circusferemtial redistribution effects in
blade-free volumes was developed and demonstrated within the computational
logic of the original Dyvamic PMigital Blade Bow Compression Compouent Sta-
bilicy Model. It is significant that gross redisctribution effects for the
purposes of stability calculations can be predicted wvithout resorting to a
fine wesh, differential form of the equations of change. Although the redis-
tribution model has not materially improved the prediction capability for the
J85-13, it is now recogunized thet the full potential of the model could not
be evaluated when simulating a compressor with an IGV. A wodel of a fan
wviinsout an IGV would be a more sensitive wehicle for evaluating the capabil-
ity of the circumferential redistridbucion portion of the model. This effort
is being accomplished as part of a yet to be published study. Further, it is
recommended that other algorithms for defining sector interface values in the
circumferential direction be investigated. While such schemes are comncep-
tually sisple to formulate, it fs noted that they are fundamental to main-
taining oumerical stability, an actribute which few algorthims can maintain.

Preliminary investigations revealed that significant gains in the daca-
match capability of the model may be realized by approiximaciag the response
of a rotor-blade flow field to distortion. Considerably more work needs to
be accomplished to establish the dependence of the rotor flow-field respouse
to rotor geometry, speed, and possibly other unknowm factors.

Inclusion of variable stator losses in the dynamic model resulted in the
model becoming more responsive to the throttling doundary condition. This
increased responsiveness has potential payoff in improved computational
economics and more valid representations of transieat events. Further, no
significant difference in the predicted stability limit of the compression
component with or without the inclusion of variable stator losses occurred.

An evaluation of the stage characteristic semsitivity to measurement
ervor was perforwed for two speeds on the J85-13 engine and provided insight
into the impact of such variations on the overall stability limit. It was
shown that the stability of the compressor was established by the overall
characteristics of the compressor rather than by changes in level to an
individual stage. However, it is recognized that only one stage measurement
was varied and it cannot be assumed that this conclusion is valid for level
changes in any stage. Furthermore, the impact of isolated measurement errors
or test data extrapolations which might result i{n a variation in stage char-
acteristic slope were not evaluated.
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