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ABRSTRACT

This work is experimental verification of a method to
increase arial compressor distoertion toellerance. The method
uses a restagger of the inlet guide vanes toe achieve the
desired uniform inlet velocity prefile. In carder to achieve
this the vanes are opened in the low total pressure region,
increasing mass flow and pressure rise in this secticns and
closing the wvanes in the high total presswe. region  to
reduce  the mass flow and pressure rise in this section of
the compressor.,

The theoretical calculations showed that a ten degree
restagger of the guide vanes would achieve the desired
result for a one dynamic head total pressure distortion.
This setup was then tested on the MIT low-speed single stage
compressor. The test data showed the improved performance of
the restaggered compresscor. The non—-uniformity in the inlet
velocity is reduced by S50%, while presssure rise at stall is
5.3% higher than without the restagger and the stall flow
ceefficient is 2.7% higher.
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Chapter 1 Introduction

Inlet distortion tolerance is an  important factor
affecting the stall margin in modern axial compresscers. Up
toe one half of the design stall margin (Figure 1.1) may be
allocated to account for the effect of inlet disteorticon L1
This margin allows for the non—uniformities in the inlet
flow due to such phenomena as crosswind, high angle of
attack induced inlet seperation or shoeck-boundary layer
interaction in supersonic inlets. In addition to decreases
in pressure rise and efficiency of the compressor, possible
effects of inlet distortion are rotating stall, combusticon
flame ocut or engine cverheating.

For  these reasons the effect of inlet distortion on
axial compressors has received much attention in the past
years. Methods have been developed to predict performance
[2:3+s41 and stability [5,6]1 of a compressor operating with
an inlet distortion. The standard methods to reduce engine
succeptability to distortion are to increase the tolerance
te noen—uniformities by modifying the engine inletss or  to
lower  the coperating point te increase the stall margin.

With the capabilities of new electronic controls other
methods toe  increase distortion tolerance have become
available. The theoretical capability to control the stagger
setting of each individual inlet guide vane (IGY) or stator
blade [7] a&allows the compressor to be divided into twoe or
more "parallel compressors’, with an asymmetric restaggering

patern chosen to match the inlet distortion [81. By ocpening
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the vanes in the low total pressuwre vegion the flow
coefficient is increased and the operating point moves away
from stall. In the high total pressure region the vanes are
closed and the flow ceefficient i1s reduced, however, because
this region is operating far from stall the reducticon in
flow coefficient does not pose a problem.

The behaviowr of & compressor vestaggered in this
manner can be shown qualitatively in tﬁe response of  a
parallel compressocr to a inlet total pressure distortion.
The low total pressure zone and the hiéh total pressure zone
cperating peints are determined by the magnitude of the
inlet distortion and the slope of the compressar
characteristic (Figure 1.2). This leads to a different flow
ceefficient in the twoe regions, with the low pressure zone
cperating closer to stall. A non-axisymmetric vane stagger
reduces this velocity nan~unifnfmity by shifting the low
total pressure region speedline to the right and the high
tetal pressure region speedline to the left (Figure 1.3).
The result of the restaggering is a more uniferm flow
coefficient arcund the compressor circumference and an
increase in stall margin gained by moving the low total
pressure operating point further from stall.

A further benefit of using this method is that the mass
averaged pressure rise is not reduced as much as  when
clesing all vanes uniformly. A second benefit in terms of
overall engine performance is that the compressor can

deliver a unifcrm flow to the combustor thus reducing the
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likelvyhood of developing hot spots that can  damage the

turbine.

The ebject of this thesis 18 to experimental 1y
demonstrate this type of scheme for improving inlet

distortion tolerance of an existing compresscr. The test
vehiicle i1s  the single stage compresscr  at  the MIT Gas
Turbine Laboratory. The results of  the experiment ave

described in this thesis.
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Chapter 2 Theoretical Model and Calculations

2.1) Introduction

The theoretical calcuwlations performed as part of the
distortion control are the application to a specific single
stage compressor of the method described by Chen et al. for
axial compressors. The work in [81 consisted of calculating
the characteristics for & three stage compressor and
implementing the control sceme on this compressor. The
procedure used to calculate the off-design performance was
shown to lead to speedlines in agreement with experimental
data. The computations alsc indicated that the distortion
contrel  is capable of reducing the velocity defect due to a
distertion of greater than two dynamic heads by a factor of
twee (Figure 2.1).

This chapter deals with the prediction of the
compressor characteristic, a summary of the distortion
computations and the application of the computaticons toe  the

single stage compressor.

2.2) Compressor Characteristic Calculaticon

The program used to calculate the off-design behaviour
of the compressor was written by Chen [8] based on a& model
proposed by Raw and Weir [9]1. Losses are calculated for the
blade rows by using a loss parameter based on the diffusion

factor (Figure 2.8), with a multiplication factor dependent
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on blade Reynolds number (Figure 2.3) applied. Carter’s rule
for deviation is modified by an “adder® which is a function
of the diffusion factor of the blade rows (Figure 2.4).

The major assumptions of the analysis are:

- high hub to tip ratic, so mean line velocity
triangles are used

- low Mach number 5@ compressibility is neglected

- blades are represented by circular arcs

The last assumption leads to deviations in reasonable
agreement with experimental data, as the turning is
cverestimated by neglecting real fluid effect and by
neglecting thickness tuwrning is underestimated. These two
effects are of comparable magnitude L[101 for a sclidity of
crder ones the solidity of the fatnr and statocr rows in the
experimental compressor.

The required inputs to the program are the roter  and
stator camber and stagger angles and the IGY leaving angle.
The compressor characteristic and the flow angles are then
calculated for any desired range of flow coefficients.

Foer the three stage compressors used in previous
calculations the agreement between the calculated and
experimentally obtained speedlines is close enough for the
controel calculations that followed (Figure 2.5).

The resulte for the single stage compressors howevers
showed a characteristic that continues to rise as the flow
ceefficient deceases (Figure 2.6). From these calculations
it was 1ot possible to predict the compressor stall point

(or  the pressure rise at stall) with any precision. The
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model does not perform satisfactorally for the single stage
compressor possibly because the correlations used to predict
losses are optimized for multi-stage compressors. The
factorse are thus cptimized for multi-stage compressors.

Even though the program calculated speedlines that are
not comparable to the experimental speedlines, that were
later cbtained (Figure 2.7), the calculated curves were used
to determine the amount and location of restaggering
required to reduce the magnitude of the velocity distortion.
The restaggering calculations are possible with the
calculated speedlines as the method uses the rvelative
changes in pressure rise due to a change in stagger and the
slope of the characteristic as the relevant parameters. Foor
the actual amount of restaggering reguired the experimental
speedlines could then be used to repesat the calculations. To
find the eptimum restaggering method the calculated
speedlines were then used with the point of inflection,s the
point where the calculated speedline iz the “flattest®, as
the calculated “stall” point.

The program was then used to calculate VAarlious
speedlines. The final compressor geometry can be found in
table 2.1 and the calculated characteristic in figure 2.6.
The stacking of the speedlines reguired for this control
scheme is shown in figure 2.8 where the nominal speedline is
bracketed by the speedlines with a 10 degree opening and
closing of the I6Ys and stators. From this family of curves

the parameters necessary for the restaggering calculations,



d¥/op and d¥/dy » can be chtained.

2.3) Distortion Theory Summary

This section is a summary of the theory developed by
Chen for a compresscr operating with a steady inlet
distortion. The pressure rise across a blade row is given by
an axisymmetric part and an asymmetric component due te  the
fluid acceleration within the blade row. The fluid mechanics
for compressor response to total presswe inlet distortion
is described in [5].
With a linearized upstream and downstream flowfield the

compressor performance is given by

9¢
P Pt:n—\p(¢77)—A._ (2.1)

where

COS T‘

is the parameter asscciated with fluid acceleration
within the blade rows. Cy 1ry R are the chord, stagger and
mean radius, respectivelys of the rotor.

For a small disturbance the downstream pressure field
satisfies

V:P, =0 (2.2)

and the boundary conditicon at the compressor exit plane is

18P oC. acC. -
—_—— =C, -+ C a3
p oz | __, =9z @ ¢ dy

z=0
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The linearized results obtained from perturbing
Eq.{(2.2) and (2.3) are

o oy 369

D _fP . — - LN — \— (2.4)
5P¢ 5P“n aq,’ 5¢T’ 6’7 'T 80
and
= dbc
85_P° =q’>zseczo¢——--| (2.5)
aI z=0 ag |z=0
t
Expanding all variables in Fourier series
(2.5)
7 Tzc.i ind ,—i|n|z
0P, = ape e
n=-o0
+o0 ) (2.7)
5Ptin= Z €n em&
n=-co
+00 .
Sp= Y bae™ (2.8)
n=-o0
400 nd
mn
by= 3. dne (2.9

n=-cQ

and subsituting Eg. (2.6),(2.8) and (£.9) into Eg. (2.9 we

have
n ., . da da
Gy = —P°sec’ ¢ (— b, + —
n TL|¢ sec a(a(ﬁ bﬂ' a,_’ dﬂ) (2.10)
Combining (2.4),{(2.7),(2.23),(2.9) and (2.10)
d¥ , in +2 3, da )
(55 + So’sec® a $2) dn + €.,
by = ——21 1o 1 (2.11)

oY _ g Lop? 2, in da
FE inA + ¢° sec a5
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The stagger distribution that eliminates the velocity

distortion: i.e.

(2.12)
5¢=0, bn=0
is given by
dn _ ! (2.13)

a¥ , in 12 2 ~ Ga
€n 3_;-1-[;‘4‘) sec’ a 5%

2.4) Restaggering Scheme Calculations

The program that calculates the characteristics for the
COmMpressar also provides the two variables{éﬂﬁ@& and
0¥/ that determine the behaviour of the compressor with an
inlet distortion and the implemented restagger. These two
derivatives are needed tu/}ﬁ”&alculate the velocity profile
of  the compressor with an inlet total pressure distortion
and varicus stagger profiles. The goal is  to find a stagger
profile to minimize the velocity non—-uniformity at the face
of the compressor. For the calculations the inlet total
pressure distortion is a sine shaped defect over 180 degrees
of the annulus with a magnitude of one dynamic head (Figure
2.9).

Based on the work done by Chen twe schemes were used in
the first set of calculations. The first is a restagger of
both I6Vs and stators identical amounts in phase with the
total pressure distortion. The results can be seen in  the
resulting axial velocity distribution for the compressor

cperating near stall (Figure 2.10) and at design flow
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(Figure 2.11). For both of these the velocity defect due to
the distortion are of the same shape and magnitude, as in
both cases the slope of the characteristic and J¥/dy are
almost  identical. The capability to corvrect the velocity
defect at both flow coefficients is alsc of the same corder
resulting in almost identical behavior for both cases. The
magnitude of the velocity distortion is reduced by almost &
factor of two for both flows although there 1s still a
defect remaining. It is not possible to reduce the velocity
non—-uniformity any further with this scheme, as & larger
restaggering leads to an overcorrection in parts of the
circumference, which can be seen in the 15 degree restagger
of the blade rows.

This led o the attempt to reduce the velocity
gdistortion by restaggering the stators and IGYs differing
amounts, wstill  in phase with the pressure distertion. A
sampling of the resultant velocity profiles, of the case
where the stator restagger is 3/4th of the IG6Y restagger,
can be seen in figures 2.12 and 2.13. Here again it was
pessible to reduce the velocity distortion by a factoer of
twos but the velocity profile still shows the same behaviour
as the previous calculations.

The next step allowed for a phase shift between the
restaggered regions and the pressure distortion. The model
was extended in this case to allow for the phase shift
between the restaggering in the two blade rows. In this case

the repsonse to a stator restagger is calculated separately
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from the response to a IGV restagger. This extension of the
model assumes that the velocity perturbaticons introduced by
the restagger of the stators deoes not alter the velccity
perturbation introduced by the IGVs if both are calculated
separately and vice versa. This 1is possible as the
linearization in the model assumes that g¥/gy and Jg¥/dd
remain censtant even with the velocity perturbations
introduced by the total presswre distortion, or in this case
by the restagger of the cther blade row. The final result is
then obtained by summing the effect of the individual blade
row restaggerings. This method introduces the phase shift as
a new degree of freedem and should thus lead to an improved
velecity profile.

Az figures 2.14 and 2.15 show a reduction of the flow
nen—uniformity can be achived in this mammer. The magnitude
of the velocity distortion can be reduced by a factor of
%mur o move. The complexity of this scheme, however,
detracts from 1i1ts attractiveness so that further schemes
were tested.

The most efficient method to reduce the velocity
distortion was found to require & restaggering of the IGYs
only. This method (Figures 2.16 and 2.17) is capable of
completly removing the veleocity distortion, but it is
limited by the amount of restagger of the I6Vs possible
without separating the aivfoils.

It was decided to use only the restaggering of the I6Vs
as the scheme to be implemented. The magnitude of

restaggering is then dependent on the size of the pressure

20



distortions the change in pressure rise due to the change in
stagger. aqyay y and the maximum restaggering possible

without stalling the blades.
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Chapter 3 Experimental Setup

3.1) Introduction

The GTL single stage compressor was modified for the
experimental investigation. The major changes were the
restaggering of the blade rows, the reduction of stage
spacings the installation of a distortion screen and added
instrumentation and modification of the data aguisition
programs. The compresscor has a hub to tip ratic of 0.74 and
the design flow rate for the baseline blade setting is 0.59.
A detailed description of the gecmetry is given in table

E.i.

3.2) Rlading Modifications

The IG6Vs used previocusly were long chord sheet metal of
high sclidity. These were not suitable for the restaggering
required by the distortion experiment, as the long chord led
te  interference with the ocuter casing. They alsc have low
incidence tolerance. The replacement set of I6Vs had a
shorter chord thus allowing for the required movement, and.
although they are alsc sheet metal, somewhat better
incidence tolerance as they are thicker, with a rounded
leading edge.

The new blades were 1/16th inch shorter than the
previcus set leading to a clearance arcund the centerbody of
the compressor. As the centerbody was now supported only at

the front end by six struts three of the 46 IGVs were
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replaced by belts to  locate the the centerbody and

eliminate vibration.

3.3) Blade Row Spacing

The compressor had been set up with maximum spacing, a
5" gap between the rotor and stators for the previous
experiment. The effect of spacing was thus investigated
using an actuator disc analysis (see appendix for
derivationl)s with rotor and stator lumped into one disc and
IGVs as ancther. The spacing (H), non—-dimensicnalized by the
compressor vadius (R)y between the two was varied from the
exigsting setup down to zero. As the calculations show
(Figure 3.1) the velccity correction introduced with minimal
spacing (H/R = 0.05) is in phase with the IGBVY stagger
movement from —-920 to +90 degrees. For a larger spacing the
velocity correction shifts in the direction of the turning
introduced by the I6Vs. This, together with the change in
magnitude, will lead o an incorrect estimate in  the
restaggering calculations based on zero spacing. The spacing
between the IGY row and the rotor was therefore reduced to
the minimum possible with the existing COmpressor
corresponding to H/R = 0.25, although this still left a
significant gap.

The program that calculates the compressor response to
the inlet distortion was not medified to account  for  this
spacing between the blade rows due to time constraints on

the program.
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3.4) Distortion Screen Design and Flacement

The screen was designed o give a total pressure
distortion of one dynamic head. It consists of 7 sections
which lead to an approximaticon of the sine shaped defect
uséd in the calculations. The total pressure loss
coefficients for each section were determined by rvescaling
the screen used by Bruce [111 to obtain a sinuscidal
velocity profile. The circumferrential extensicon and the
pressure loss coefficient of each section can be found in
table 3.1.

The screen was attached te the forward struts
supporting the centerbody 23 inches ahead of the IG6Vs, where
it could easily be removed to cbtain uniform flow compressor
data. With this large spacing some mixing was expected. the
total pressure profile measured at the IGV plane is shown in
figure 3.2. The overall profile approximates the desired
sinuscidal total pressure defects except for the reading at
-390 degrees,the interface of the low and high total pressure

regions, which is lower than expected.

3.5) Instrumentation Layout

The instrumentation was set up to give a detailed
circumferential profile in front of the IGY plane and to
measure cverall compressor performance. Twenty kiel probes,
for total pressure measurement, and twenty static pressure
taps were installed upstream of the IGVs. Ten more sets were

installed downstream of the stator (Figure 3.3). The close
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spacing of the kiegl probes behind the static pressure taps
led to an increase in the static pressure measuwred and a
correction factor was calculated by representing the kiel
prebe and  1ts wake as a sowce. The resulting correction
factor of 1.08 for the axial velocity agrees with the ratio
of the axial velocity measured by a pitot tube compared to
that obtained from the kiel probes and static pressure taps
(Figure 3.4).

Four of the static pressure taps: twe at the inlet
plane and twc in the downstream set, were not used in  the
calculatione as they gave incorrect readings whose origion
could not be found.

The calibration curves for the two scammvalves used to
cbtain the pressure readings are shown in figures 3.5 and

3.6.

3.6) Experimental Frocedure and Data Aguisition

The basic plan of the experiment was as focllows., The
compresscor characteristics for IGV settings of +15, O, =135
relative to the design staggering were first cbtained. With
this data J¥Y@yY can be calculated. This determines the
amount of restaggering required to remove the wvelocity
distortion introduced by the screen. The final speedlines
wold  then show the difference between the uniformly and
nor-axisymmetricly staggered compressor  and show the
improvement in the circumferrential velocity profile.

The individual speedlines are taken starting with the

25



throttle campletély open. The throttle is slowly closed fto a
new operating point and the procedure repeated uwuntil the
stall point is reached. Each of the compresscr operating
points is calculated using an average of the inlet total and
exit static pressures to give the total to static pressure
rise. The axial wveleocity is calculated by averaging the
local velocities obtained from the total and static pressuwre
probes. This definition of the axial flow coefficient is
alse used for the distorted flow where it vepresents  an
average flow coefficient for the whole compressor.

In distorted flow the overall flow coefficient for the
compressecr cbtained from averaging the individual velocities
gave a value up to 3% higher than a method using the average
pressure readings (Figure 3.7). fAs defined heres, therefore,
all axial flow ceoefficients are those based on the

velocities at the inlet plane.
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Chapter 4 Experimental Results

4.1) Compressor characteristics

The first sets of data taken were the family of
speedlines needed to calculate the variables 9¥/dY and d¥/0¢ .
Several I6GVY stagger settings were used. The inital setup was
an IGV stagger angle of 7.3 degrees (Figure 4.1). As
expected from previocus results the agreement with the
calculated speedline was only acceptable near the design
flow coefficient of ¢ = 0.9, sc new calculations of the
optimum staggér were performed using the experimentally
gbtained speedlines.

Twoe speedlines were then taken for a change of stagger
of +/—- 185 degrees from nominal (Figures 4.1). The
increased stagger of 22.5 degrees led tco a decrease in
pressure rise and stall flow coefficient, as predicted by
theory. The speedline with the IGY stagger setting of 7.5
degrees showed an unacceptable drop in pressure rise near
stall, dropping below the pressure rise for the +7.5 degree
stagger. The reason for the lower pressure rise is  the
separaticn of the airflow on the IGVs at & bigh negative
angle of attack. As the linear model uses only a mean value
of aqﬂay a change in sign of aqqay|~a5 inappropriate for the
range of stagger angles to be used in the control Ecamé.

Figwe 4.2 shows a speedline for a IGVY stagger of O
degrees . Using linear interpoclation of the three speedlines

with stagger angles of +7.5, O and -7.9 degrees stagger the



critical stagger for which d¥/dy = 0 is at 3 degrees, which
was taken as the point where the IGVs sapgrated.

Ta avoid stagger angles for which the sign of
oV/0Y changes a speedline was taken with an IGY stagger of
27.5% degrees (Figure 4.2). This speedline along with the
speedlines for +7.5, 135 and 22.0 degress showed the desired
stacking and they were chosen for the experiment (Figure
4.3).

The nominal setting arcund which the non-axisymmetric
staggering was then designed was a stagger angle of 135
degrees which allowed for a maximum restagger of up to 10
degrees before separation cccoured.

The static pressure veadings for undistorted flow
(Figure 4.4) showed non—uniformiteis that could not be
accounted for. A correction factor for each probe was
therefore obtained frdm the raw data. The corrected velocity
profile was then satisfactory near stall (Figure 4.5), The
upstream struts supporting the centerbody, the eccentricity
of the centerbodys the variation of the blabe tip clearence
and other imperfections in the compressor are accounted for
in this correction. The correction in the static pressuwe
readings accounts for the permanent, i1.e. systematics non-
uniformities in the compresscor and the subseqguent will show
enly changes due to the inlet distortion and the IGV
restagger.

The same corrections. to account for blade to blade
variations and cther imperfections of the compressor, was

performed on the exit static pressure non-uniformities, but
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evernn then it was not possible to reduce the static pressure
nen—-uniformity at the exit plane to less than .03 dynamic

heads (Figure 4.6).

4.2) Restaggering Scheme Calculations

The parametersg¥/gyand g¥/0p were determined from the
experimental speedlines. All speedlines were fit with &
third ovrder polynomial (Figure 4.7) and the resulting curve
fits used for a calculation mfaqvayandaqqapat any operating
point of the nominal speedline. These values (Figure 4.8 and
4.9) are compared with those calculated wusing the computer
generated speedlines. The experimental values of J¥/@yand
aqqab were used to find the restaggering reguired to reduce
the veloccity non—uniformity created by the distortion
screen. For the 1.0 dynamic head total pressuré distortion a
restagger of 10 degrees was needed (Figuwres 4.10 and 4.11)
te obtain a sizable reduction in the velocity distortion.

The actual restagger of the IGVs was a sguare wave with
a +10 degree restagger in the low pressure zone and a —10
degree restagger in the high pressure region. The square
wave restagger was chosen as a simple sector restaggering
that would show a benefit similar to the more complicated
methoed of & sinuscidal restagger, where each blade would
have to be restaggered by a different amount. The results of
using a square wave restagger in the calculations can be
seern  in figure 4.128. The figure shows that with the 10

degree sguare wave restaggering it is possible to reduce the
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velocity non—uniformity by a factor of two.

4.3) Baseline Compressor Behaviour

The compressor was run with the distortion screen
installed and uniform IGY stagger angle to find the baseline
response. The characteristics with and without distortion
are shown in figure 4.13. The pressure rise at stall is 7.9%
lower and the stall flow cecefficient decreased from 0.38 to
0.37. The drop in pressure rise is to be expected as a
result of the totzl pressure inlet distortion.

The velocity profiles for the distorted flow operating
conditions show a movre proncunced effect (Figures 4.14  and
4.15). For all flow coefficients the shape of the profiles
are similar and follow that of the total pressure profile.

The large change in flow coefficient at the O degree
position can be explained by the presence of one of the
three supporting struts which replaces the 168V at  this
lecation. This large spike appears in the distorted flows as
the swirl introduced by the inlet distortion leads to a non-
uriform incidence angle on the IGVs around the
circumference. At this larger, non-uniform incidence angle
the strut will therefore have a stronger influence on  the
local flow coefficient.

The non-uniformity in the inlet velocity is measured
using three methods. The first method is the rms value, the
second  is the sum of the absclute values of the difference

between the average and local flow coefficient and the third
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is a Fourier analysis of the velocity profile showing the
magnitude of the first three coefficients. Using these
measures of non-uniformity the experimental data shows &
trend opposite to  that of the theoretical calculatioﬁg
(Figure 4.16 and 4.17). The velocity distortion increased
towards lower flow coefficients for the theoretical model,
while the distortion becomes more severe for higher flow
coefficients in the experiment.

This change in behavicur is thought to be due to  the
setup of the compresscr. Due to the separation between the
rotor  and the staticonary blade rows the behavicuwr of the
compressor has similarities toe that of an isclated blade
rator. Using an actuator disc model of an isclated rotor the
trend observed in the experiment can be predicted. 6#s  the
calculations show (Figure 4.18) the veloccity non—uniformity,
in this case the maximum amplitude of a sinuscidal wvelocity
distortion, will increase for higher flow coefficients. The
theory therefore confirme the trend cobserved in the
experiment. This change in behavicur will modify the
magnitude of the individual distortionss but it deoes not

effect the control scheme ctherwise.

4.4) Restaggered Compressor Behaviour

With the restagger inplemented the same sets of data
were then taken to determine the improvement in performance.
The average performance given by the speedline is shown in

Figure 4.19. The stall pressure rise is now 0.38 compared
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to  the baseline 0.36 and the stall flow ceocefficient moved
from 0.37 to 0.38. The loss in pressure rise is smaller than
in  the uncorvrected case. The restaggering of the IGVsE has
brought the flow coefficient at stall back to the
undistorted ¢ = 0.38.

The changes in the pressure and velocity profiles show
this improvement of the flow more clearly. The static
pressure 1= decreased in the region where the vanes are
cpened relative to the uniform stagger setup (Figures 4.20).
This leads to an increase of the wvelccity and thus a
reduction of the distortion for all flow cecefficients. The
non-uniformity of the velocity profiles in the restaggered
setup (Figures 4.281 and 4.28) shows & change from the
baseline cases but a direct compariscocn is difficult due to
the non—uniformities in the profiles.

A more detailed examinaticon of the restaggered profiles
shows & large increase in velecity in the region between 250
and 290 degrees, &5 the calculations for the sguare wave
restagger had predicted. This “spike’ is the result of two
gide effects of the restagger sguare wave restagger. The
restaggering provides toco much correction here. The static
pressure is reduced even though this section is not in a low
total pressure reglon, thus leading toe an  increases  in
velocity.

There is also an. effect due to the spacing betwesen the
blade rows. As the actuator disc calculations had shown the
gpacing would lead to a correction that would be larger than

the calculated correction for zere spacing. in the direction
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of the swirl induced by

in the e:periment due

this loacation from S5

therefore be removed

interactively, weing

the I6Vs. The spike is

to the abrupt change in

te 2% degrees. The
if the restagger were
a measuwrement of the

velocity to restagger the IBV= in that vregion.

The increases in the flow coefficient at 135,

360 degrees in figures 4.21

and 4.22

more extreme

stagger at
spike could
implemented
local flow

200  and

are again a result of

the supporting struts.
The comparison of the criteria for distortion magnitude
show a clearer decrease of a factor of twe in the velocity

non—-uniformities for

all flow coefficients

(Figure 4.283 and

4.24). For the higher flow coefficients the restagger is not

as effective as for

desigbned for a flow coefficient of

cf  the phase

of the first three harmonics

the lower flow coefficients,

0.435,

o =

(Figure

ag it was
A comparison

4.23)

shows only small changes in the phase of the harmonics.

4.5) Limitations

These results of the response of the compressor to

distortion

and the resulting restaggering show some of

limits of the basic scheme.

The exit

the uniform pressure assumption of the model

This non—uniformity existed with and without

and

static pressure profile does

the conclusion is that

it iz due teo the
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the distorticon,
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noet due te the restaggering of the IGVs.

The shift of the static pressuwre profile in direction
of rotor rotation relative to the original total pressure
distertion is ignored in the linear model, which assumes no
spacing between the blade rows. This together with the
sudden change in stagger angle at the interface of the two
regions leads +to an interaction of the twe sections not

included in the parallel compressor model.



Chapter 5 Conclusions

and Recomendations for Future Work

5.1) Conclusions

The results of the implementation of the non-
arxisymmetric stagger are encouraging even given the very
non—ideal test conditions. They show that it is possible to
reduce the velocity distortion at the compresscr face by &
factor of twoe with an IGY restagger of 10 degrees. A setup
with cleser more typical spacing between the blade rows and
aercdynamically improved 1I6Ve, typical of current axial
compressorsy  should increase the ability to reduce velocity
distertions and extend the method to even larger inlet total

pressure distorticons.

Non—-axisymmetric restaggering alsco reduced the loss  in

pressure rise due to the inlet total pressure distortion.

S.e)YRecomendations for Future Work

The restaggering required of the IGVs is in the range
possible in current engines. The possibility of
implementing this method opens further guestions on overall
engine performance that need to be investigated.

The ability of the scheme to adapt to different inlet
distortions plays a role in its usefulness. If gach blade
has to be controlled independently to achieve the reduction

in velocity non-uniformity the improvements will be much



smaller, due to the weight and complexity of the actuators,
than if sectors of 60 to 90 degrees can be restaggered by a
single actuator. A future investigation would therefore test
a compressor with  inlet total pressuwre distortion and a
restagger in a certain sactimn‘with varying phase between
the two, to determine how accurately the restaggering has to
be positioned to obtain a desired decrease in flow  non-
uniformity.

Similarly the number of senscors reqguired to determine
the location and magnitude of the distorticon will depend on
the level of accwracy needed to show an  improvement in
compressor behaviour. Here the work weoeuld concentrate on the
number of probes required to locate the inlet distortion.

The implementatiocn of this method in an engine would
then reguire & guick methoed, such as a lcokup tables  that
would specify the amount of restagger required for each
sector according to the extend and magnitude of the
distortion as well as the location of the current operating
point on the speedline. Futwe work in this area would deal
with the amount of time required between the sensing of an
inlet distortion and the repmsitiﬁhiﬁg of the IGVs.

Before this method can be applied to actual compressors
further work will have to be done to compare the relative
ggins of implementing this method instead of improvements
gained by an additional compressor stage and the amount of
sensing required to make the restaggering an efficient

method of improving distortion tollerance.
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Appendix Actuator Disc Modeling

Az the model used in the origiconal calculations assumed
a compressor with closely spaced blade rows the changes due
to  the large seperations in the experimental machine had to
be investigated seperately. Actuator disc theory allows &
quick and simple estimation of the trends introduced by the
spacing.

The first set of calculations are an estimate of the
change in ability to correct the flow due to the seperation
between the blade rows. The flow field is divided intoc three
regions, the flow upstream of the I6V plane, the flow in the
gap between IGVYs and rotory and the flow downstream of the
stator. The rotor and stator are lumped into one discs. as
all the restaggering occours in the IGV blade row.

The flow in the three regions is then governed by

Vz‘{’l =-w =L ein®
VAW, = -y = M e-in tan Bz (x/R) + ind : (A-1)

Vz‘{l3 = -(1)3 = N e'in tan B3 (X/R) + inB

respectively. The magnitude of L is determined by the
magnitude of the inlet distocrtion and M and N are determined
by the lcading on the blade rows.

The stream functions that satisfy these equations are
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W, = C eind +nx/R 4 D eind - nxR 4 E gin(® - ¥R tan a2) (A-2)

¥, =F eind + nx/R 4 G ¢ind - nx/R 4 J in(® - n/R 1an a3)

The magnitude of +the constants A through H are

determined by the boundary conditions at x = + oo and at the

two blade rows x = Qs h.
at u ==oo0 ¥ is bounded =% B = 0
at ¥ = oo ¥ is bounded =7 F =0

At each of the blade rows three boundary conditicons
have to be met. Contenuity has to be satisfied, the flow
leaving angle is specified by the blade setting and the
pressure rise is given by the compressor characteristic.

at &% = 0

A+W=C+D+E

-itanoy A=C-D-itan xE

{A-3)
192 91y - Lo (20,22 4 2v,DVge, 4 U2+ vi21 22
R3¢ a9 2 90 20 20
at » = h
CetR + D enhR 4 E e-inhR tan 0l = G e-nhvR 4 [ e-inhvR tan o3 (A~4)

tan o

in R (CenR £ D g-nhR 4 E - inhvR tan a2)=-.11%(}e-nhlk + H e-nhR tan o3

9p3 _9dpa, _ oU, V. )
¢ o D=3l QU222 42V Ly + [+ vg]s"ez}

the pressure depedency can be removed from the dynamic

equations by substituting the momentum eqguation
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oU  voV _ 19p

ox Rae.—'pRae (A-35)

The velocities are then expressed in the
streamfuncticns and the equations linearized by dropping &l11
second order terms. The resulting 6 » 6 system can then be
evaluated for any desired inlet distortion or IGV  blade
distribution.

The other application is the calculation of the effect
of an isclated rotor on a velocity distortion. In this case
the Fflowfield is divided intoc an upstream and downstream
region. _
V¥, = -0

(A-5)
V¥, = -,

In this case the pararmeter was the flow ceefficient of
the compressor. As a result of this the pressuwe rise of the
blade row had to be included as a functicon of the flow
coeefficient. The model uses a curve-fit of the nominal
experimental speedline for this, as the calculations are
enly  intended to show the trend in the magnitude of the
velocity distortion. The change in pressure rise arcund the
circumference due to the velocity non-uniformity is acounted
for by using the slope of the characteristic at the average
flew coefficient. The flow direction in the downstream
regiocn is now alsco dependent on the flow coefficient, as the
relative leaving angle is asumed to be constant.

Applying the boundary conditions at » = and at x = 0

and performing the same substitutions as before leads to a 3



» 3 system that can be solved to find the effect of the

rotor.
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Hub Diameter (nm)
Casing Diameter (mm)
Number of Blades
Chord (mm)

Solidity at Midspan
Aspect Ratio

Camber (deg)

Midspan Stagger (deg)

Blade Clearance (mm)

444
597
46
33
0.9
2.2
12
15
1.6

Compressor Geometry

Rotor

444
597
44
38
1.0
1.9
25.5
28.7
0.8

Table 2.1
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Stator

444
597
45
38
1.0
1.9
30.0
45.0
1.5



Sector Loss Coefficient

(deg) Pt/.5 Rho Cx"2
-90 to -70 1.02
-70 to -30 1.34
-30 to 30 1.72
30 to 70 1.34
70 to 90 1.02
90 to -90 . 0.32

Table 3.1

Distortion Screen Total Pressure
Loss Coefficient
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