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ABSTRACT

2~ The useful operating range of the multistage, axial-flow compressor component

of a gas turbine engine limits the extent of operation of that engine. Generally, the
comptessor stalls or surges at/(llow flow ra.te;V'and chokes atﬁligh flow rates” Thus,
any improvement in the range between.these compressor aerodynamic limits is nor-
mally of benefit to the engine also. An idea for delaying the onset of rotating stall
in a multistage, axial-flow corﬁpressor which involved circumferentially varying the
blade setting angles of stationary blades upstream of the compressor rotors was in-
vestigated. Tests involving two low-speed, multistage, axial-flow compressors and an
intermediate-speed, three-stage, axizl-flow compressor were completed. Comparisons
between baseline compressor (circumferentially uniform setting angles) and modified
compressor (circumferentially varying setting angles) performance data were made.
A variety of blade setting angle circumferential variation patterns were tested.\'l::st
results suggest that rotating stall onset in the low-speed compressors could he delayed
slightly but consistently with circumferentially varying setting angles. The low-speed
compressor results indicated that a small improvement in stall recovery was also pos-
sible. The intermediate-speed co-mpressor data indicated that there was a slight stall

margin improvement at low compressor rotational speeds ounly. At higher rotational

speeds no improvement was noticed.




1. INTRODUCTION

The compressor is one of three primary components of a gas turbine engine,
along with the combustor and turbine. Of these components. the compressor has
certain aerodynamic limits which usually set the range of operation of the engine.
The compressor is limited by choking at higher flowrates and by stall or surge at
lower flowrates. [n Figure 1.1 from Copenhaver [1] is illustrated the stall-limit line
which is defined as a line that connects the compressor operating points, for different
speeds, at which stall or surge is likely to occur with any further decrease in flowrate.
Because stall and surge are aerodynamic instabilities, the stall-limit line generally
represents the boundary between stable and unstable operation of the compressor.
To avoid compressor stall or surge, a sufficient stall margin is desired. Stall margin
is a weasure of how much the compressor back pressure can be increased from the
design value at a con.stant flow and variable speed or how much the flowrate can be
teduced from the design value at a constant speed before the compressor stalls.

The reseatrch described in this report involved an effort to improve compressor
stzil margin by scheduling the blade setting angles of stationary blades upstream of
a rotor in a circumferentially periodic pattern to delay the onset of rotating stall.
Shifting the throttle line away from the stall-limit line is not generally acceptable

because of the performance penalties involved. Achieving more operating margin by
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shifting the stall-limit line further away from the throttle line is attrz;.ctive if it can
be done without compromising other operating characteristics of the compressor.

It is important to understand some of the physical mechanisms of stall and surge.
Stall and surge are two distinct aerodynamic flow instabilities which can occur during
the operation of a multistage compressor. Stall is generally described as the unsteady
separation of flow from blade surfaces and/or end walls resulting in rotating low-flow
or localized reversed flow regions. Rotating stall typically occurs at lower compressor
rotational speeds. Surge, in contrast, is characterized by global fluctuations in mass
flow throughout the entire compressor. Surge is generally eucountered at higher
compressor rotational speeds and is easier to recover from than stall. Although these
flow instabilities are distinct, they are related. It is known that surge is generally a
result of the more localized instability of stall.

It is of great importance to compressor users to be able to understand, detect
and avoid the instabilities of stall and surge. Not only do these instakilities limnit
compressor and engine performance. They can also cause damage to the compressor -
blading. The unsteady nature of these instabilities leads to large pzriodic forces being
placed on the blades. The flow reversals associated with surge can introduce hot com-
bustion gas into the compressor. Another important reason to avoid stall and surze
is that these instabilities result in significant compressor and engine performance de-
terioration. The engine performance may actually fall below the level necessary to
sustain flight. In the following two sections some of the physical mechanisins of stall

and surge are described in further detail.




1.1 Stall

The first and most common flow instability encountered in multistage compressor
operation is stall. For the present study, particular attention was focused on the flow
mechanisms of rotating stall which are well known and documented. As mentioned
earlier, low-flow and locally reversed flow regions occur as a result of separation
from blade surfaces and/or end walls. The propagation rate of stall and extent of
compressor annulus area stalled, however, are subject to the particular compressor
design and operating conditions. A physical description of the process of rotating
stall is outlined in reference (2] and summarized here. In Figure 1.2 is shown a
cascade of rotor blades with the direction of rotation noted. If all of the blades ate
operating near stall and one of them, blade 2, does stall, a retarded flow region (or
low-flow region) will occur upstream of blade 2. This local regicn of retarded flow
will tend to direct flow towards rotor blades 1 and 3. The resulting latger incidence
angle perceived by rotor blade 3 tends to stali it because it was near stall to begin
with. The lowered incidence flow for rotor blade 1 unloads this blade. Once rotor
blade 3} stalls, the retarded flow produced upstream of this blade will unstall rotor
blade 2. This process continues as described propagating in the direction shown. The
stall cell typically covers a portion of the annulus area and rotates circumferentially
at a fraction of the compressor speed in the direction of rotatior. (perceived from an
absolute frame of reference). Figure 1.3 from Greitzer [3] shows a fully developed
rotating stall cell as seen from the front of the compressor.

Rotating stall may be classified as either “progressive” or “abrupt” rotating

stall depending on the stage performance characteristic involved. A *progressive”

rotating stall stage performance characteristic is smooth and continuous in the stall
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reg,on indicating t:l. gradual increase in blocked annulus area due to stall. In contrast.
an “abrupt™ rotating stall characteristic is discontinuous in the stall region due to
the stall cell zone covering a larger portion of the annulus area.

Whether “progressive” or “abrupt”, there is a significant loss in performance
when a compressor is operating in rotating stall, A decrease in pressure rise and
flowrate occur as a result of flow separation and annulus area blockage. Once the
compressor operates in the fully stalled condition, the process of relieving this sit-
uation involves a hysteresis effect. The process of recovering from rotating stall at
constant speed involves increasing the flowrate by opening the compressor throttle,
The flowrate is increased until the compressor operating point is again on the un-
stalled characteristic line. The flowrate required to unstall the compressor is typically
larger than the in-stall flowrate, In the case of a multistage device, significant un-
threttling may be necessary to totally unstall the compressor. For reasons mentioned
earlier, the in-stall operation of a compressor is undesirable and should be avoided;

if enconntered. it should be recovered from as yunickly as possible,

1.2 Surge

A second type of instahility common in multistage compressor operation is surge.
Compressor surge is characterized by large amplitude oscillations of annulus average
mass flow and system pressure risc. As mentioned earlier. the global instability of
surge is generally a result of the localized instability of stall. During compressor surge.
the compressor operating point may pass in and out of a rotating stall as well as a

totally reversed flow regime and a steady-state operating condition. There are two

main types of surge. namely, surge due to progressive stall and surge due to abrupt
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stull: Surge due to progres-ive stall, is generally mild and inaudible w.en encountered
in muitistage compressor operation. Experimental in;festigations indicate that this
type of surge occurs when there are no abrupt changes in the pressure ratio due to
stall. Tests indicate that the total-pressure fluctuations measured may be only 15 to
20 percent of that encountered when the compressor surges abruptly. Whereas surge
due to progressive stall is mild and inaudible. surge due to abrupt stall is violent
and very audible, In fact, certain surge cycles observed in jet engine operation can
cause flames from the combustion chamber to exit from the front of the compressor.
This situation is very undesirable. Examination of actual data indicates that large
pressure fluctuations can exist at the compressor discharge which may be up to 75
percent of the compressor pressure rise at the surge point.

The importance of detecting and avoiding stall and surge was mentic 'd car-
lier. When the compressor is subjected to periodic forces as a result o ot.rting
stall or surge, a significant loss in performance is realized and blade failure may oc-
cur. In general, avoiding these instabiiities, or if encounteted, recovering quickly, are
worthwhile objectives. In the following section, some of the current methods being
investigated to avoid stall or surge, including extending the useful operating range of

the compressor are considered.

1.3 Avoiding Stali

Current wethods for avoiding stall or surge can be broken down into two major
categories, static control and active control. Some static control methods for avoiding
stall include designing blades with a higher tolerance to stall (higher diffusion limits),

using boundary layer control methods such as vortex generators, suction, and hlowing,




and using casing treatments, and using existing control variables such as compressor
rotational speed and mass flow, Active coutrol of rotating stall involves utilizing a
feedback control loop coupled to a variable geometry feature of the compressor to
avoid or recover from stall.

Static control methods for avoiding stall are somewhat limited as compared to
active control methods for improving the useful operating range of the compressor.
Although blades are being designed with a higher tolerance to stall, improvements in
design cannot satisfy increased demands associated with improved compressor stall
resistance. The static methods using boundary layer control have also enjoyed limited
success only because the boundary layer cannot be altered enough. The final method
of static control, varying compressor rotational speed and ﬂowraté, is also very limited
in its scope ac a potential for avoiding stall. During compressor operation, the rota-
tional speed and flowrate are often set parameters which cannot be altered quickly
enough to reach a more stable operating point. The active methods of avoiding stall
and surge have been significantly more successful in controlling these instabilities and
extending the useful operating ranges of compressors. A. H. Epstein, a professor of
Aeronautics and Astronautics at MIT, envisions a multistage compressor in which
there is a niicroprocessor in every blade [4]. C'ommonly known as “smart” engine

technology, the idea is that the microprocessor senses local flow conditions (veloc-

ity, pressure, etc.) and sends a feedback control signal to a computer processor. If

the local flow conditions indicate that an instability is about to occur, the computer
processor will send a signal to actuate some variable geometry feature of the com-
pressor to avoid the instability. Some possible variable geometry features that have

been considered are bleed doors. adjustable inlet guide vanes and stators, flaps on
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inlet guide vanes. and even recamberable blades. Although these variable geometry
features. can add weight to the compressor, the trade-oft in improved performance
and stability make them attractive.

The proposed method for improving the stall margin of a multistage, axial-flow
compressor considered in this report is classified as a static method which could
become a component of an active system. The method utilizes a circumferential
variation of stationary blade setting angles to create a specific flowfield variation for
the downstream rotor. The method is based on airfoil dynamic stall results which
suggest that an airfoil oscillating about an axis perpendicular to the blade section can
achieve angles of attack (average and instantaneous) that are higher than its static
stall angle of attack. When the blade is oscillated at certain angle amplitudes and
frequencies, its dynamic stall angle of attack may be as much as 20 percent higher
than its static stall angle of attack. The intent of the circumferential variation in
stationary blade setting angles is to produce a flowfield for the downstream rotor
blades that is similar to the flowfield of an oscillating airfoil. By making the rotor
flowfield similar to that of an oscillating airfoil, the rotor is expected to achieve higher
instantaneous and average angles of attack before stalling. The higher angles of attack
achieved allow the rotor to be loaded more without stalling and thus previously
unattainable low flowrates can be realized before stall occurs. This reduction in
the compressor flowrate before stall occurs corresponds to an increase in the useful
operating range of the compressor and thus stall margin which is the intent of the
method. In the following chapter airfoil dynamic stall research and how it can be

extended to multistage, axial-flow compressor operation is discussed. Some possible
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limitations associated with extending dynamic stal research concepts to compressor

operation are also outlined.




2. RELATED ISOLATED AIRFOIL DYNAMIC STALL RESEARCH

The idea for modifying the stall margin of axial-flow compressors by circum-
ferentially varying the setting angles of stationary blades upstream of a rotor stems
from airfoil dynatic stall research, Dynamic stall research involves studies performed
on airfoils pitching harmonically about an axis perpendicular to the blade section.
Helicopter rotor blade development has led to several airfoil dynamic stall studies
that suggest that a pitching blade, whose setting angle is varied periodically over a
range of values, is able to sustain without stalling, angles of attack (instautaneously
and on an average basis) that are larger than the static (stationary blade) stall angle.
The increased stalling angle (average) of the airfoil can be credited to the oscillatory
nature of the airfoil. The basic idea is that although the blade becomes highly loaded
as it periodically cycles to an angle greater than the static stall angle, it is subse-
quently relieved as it moves to angles less than the static stall angle. Results show
that this increased stalling angle (average), also called the dynamic stall angle, may
be as high as 20 percent greater than the static stall angle of attack.

For an axial-flow compressor to benefit from the dynamic stall effect, the flowfield
for the rotor blade must be made similar to that of a harmonically oscillating airfoil.
An attempt at accomplishing this is done by repositioning upstream stationary blade

setting angles in a periodic pattern around the circumference. As the rotor blade
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rotates around the circumference, it sees a varying .relat.ive angle of attack which is
similar to the varying angle of attack that a pitching airfoil sees. The angle amplitude
and frequency of the setting angle variation upstream results in a predetermined
change in relative angle of attack and frequency of variation perceived by the rotor.

The concept described for improving the stall margin of axial-flow compressors
using the dynamic stall effect is simplistic in that it does not account for possible
differences existing between the two flowfields. Dynamic stall studies are largely
two-dimensional flow studies performed on simple airfoil geometries with negligible
three-dimensional flow effects. These three-dimensional effects are very much present
in the complex flowfield of a compressor and they determine the performance of
the compressor, Additional compressor effects not fully addressed by dynamic stall
studies are the effects of increasing Mach number and lowering blade aspect ratio.
Regardless of the differences which may exist in the two flowfields, dynamic stall
studies lead to some important ideas that are worth examining.

From a two-dimensional standpoint, some of the important factors affecting the

dynamic stall angle are:

1. Rate of airfoil oscillation
2. Amplitude of airfoil oscillation
3. Airfoil geometry

4. Airfoil Mach number

Perhaps the most important factor listed is the rate at which the airfoil pitches.

The rate at which the airfoil pitches is usually non-dimensionalized and called the

reduced frequency, K. The reduced frequency represents the ratio of the time required
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for the fluid to pass over one-half blade chord to the time perind of pitching motion

of the airfoil. The reduced frequency is defined as follows:

. «nfc
I\—T,—

where
f = frequency of pitching motion of dynamic stall airfoils
¢ = airfoil chord length

V' = representative {reestream speed of fluid past the airfoil

[t is noteworthy that as A — C, the airfoil oscillation rate approaches the static
limit (stationary airfoil) and the effect of oscillation is negligible.

The selection of the proper reduced frequency to use in the low-speed compressor
tests was guided by data presented in some of the isolated airfoil dynamic stall studies.
In Figure 2.1 is depicted a typical airfoil pitching about a midchord axis with some
of the important parameters associated with airfoil dynamic stall studies noted.

The two-dimensional pitching airfoil data presented by Mc(C'roskey [3] indicate

that the extent by which the static stall angle can be exceeded by an airfoil pitching
| angle amplitude without dynaniic stall occurring increases with increased reduced
frequency, reaching a maximuni in the range of A from 0.30 to 0.35. In that study,

an NACA 0012 airfoil was oscillated in pitching motion as indicated by the equation:
a = @, + ajsinwt (2.2)

where

a = instantaneous angle of attack

a, = angle about which the airfoil pitches




Figure 2.1: Typical airfoil pitching about a midchord axis
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a; = amplitude of angle variation
« = rate of airfoil pitching, w = 2= f

t = time

The three parameters: «,. angle about which the airfoil pitches: a,, amplitude
of angle variation; and w, rate of airfoil pitching, were varied over a range of values
in an attempt to construct the experimental stall boundary for the NACA 0012
airfoil. In Figure 2.2 is a sketch of the airivil geometry and some of the important
angular positions associated with these tests. The data of Figure 2.3, including the
experimental stall boundary, illustrate the extent by which the static stall angle can
be exceeded without dynamic stall occurring anywhere in the C)_'cle. The angle «,
represents the angle of attack for which static stall was observed. Thus, i is the
amount by which the airfoil is oscillated past the vtatic stall position, as illustrated in
Figures 2.2 and 2.3. The open symbols denote absence of stall throughout the cycle,
half-solid symbols denote test points for which stal! was observed (uring some cycles
and not during others, and the solid symbols denot» complete stall during some part
of every cycle. The resulting experimental stall boundary snggests that the delay of
stall increases with reduced frequency, reaching a maximum in the range of reduced
frequency, K, from 0.30 to 0.35. With further increases in the rednced frequency, no
additional delay of stall was noticed.

"he pitching airfoil data presented by Halfinan, Johnson, and Haley [6] seem
to verify and extend the results presented by McCroskey [5]. In their study, three
difterent airtoil geometries (blunt, sharp, and intermediate wings) were oscillated in

pitching motion as indicated by Equation (2.2). In their study, Halfinan et al. per-

formed tests at a coustant amplitude of oscillation, ay, of 6.08°. and varied the




N

Figure 2,2; Airfoil geometry and important angular quantities. McCroskey '3
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NACA 0012 AIRFOIL
a=a°+cx1 sin wt

L5 wom sTALL BOUNDARY
O ABSENCE OF STALL THROUGHOUT OSCILLATION CYCLE
1.4} o STALL OBSERVED DURING SOME CYCLES ONLY
@ COMPLETE STALL DURING SOME PART OF EVERY CYCLE
& 1.3k o0

Figure 2.3: Experimental stall boundary according to McCrennecy '3
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parameters o, and A to determine the extent by which the static stall angle could
be exceeded at various reduced frequencies. In addition, they also performed tests at
different A« values, where

Aa = @, — ay, (2.3)

In their report, Halfman et al. described t' » increase in the dynamic stall angle by
the quantity:

S = Quegi — ' (2.4)
where

Oyeen = lnstantaneous stall angle of attack

a,, = static stall angle of attack

The data in Figure 2.4 show the results of tests performed on the intermediate
wing airfoil geometry and is a plot of 4 versus the reduced frequency, i, for three
different values of Aa (=2°, 0°, and 4°). The solid symbols denote the instantaneous
angle of attack for which the intermediate wing stalled. The instantaneous stalling
angle was determined from traces of the variation of moment in pitch throughout
a cycle of oscillation and corresponds to the angle of attack at which the wmoment
drops sharply. The open symbols indicate “no stall” occurring throughout the cycle
of oscillation. The solid lines are curves that are faired through the data points for A
values of ~2°, 0°, and 4°. Additional plots showing similar trends were constructed
by Halfman et al. for the remaining two wing airfoil geometries, blunt and sharp
wings, but are not included here. It is evident from the information of Figure 2.4

that the quantity S incereases with larger reduced frequency and reaches a maximum

in the range of A from 0.30 to 0.35. depending on the particular value of Aa. In
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fact, the data point corresponding to da = 10° and A = 0.3) for Aa = 4° involved
I 1 )

no evidence of stall anywhere in the cycle. Thus, in tests where the interimediate

wing airfoil oscillated about a nominal angle of attack (a,) 4” above its static stall
angle of attack (a,,) with a pitching angle amplitude (ay) of €.08°, the airfoil showed
no signs of stalling anywhere in the cycle at a reduced frequency, K = 0.35. This
observation leads to the conclusion that a pitching airfoil can sustain average as well
as instantancous angles of attack that are larger than the static stall angle of attack
at certain amplitudes of oscillation and reduced frequencies.

The studies perforned on simple two-ditensional airfoil geometries by Me-
Croskey (5] and Halfman et. al, {6] suggest that the maximum delay of stall occurs
at a reduced frequency, K, in the range from 0.30 to 0.35. This range of reduced
frequency was considered when initial attemipts were made for improving the stall
margin of two low-speed compressors.

Another parameter affecting the extent to which-airfoils experience the dynamic
stall phenomena is the amplitude of pitching motion, oy of Equation (2.2). Accord-
ing to McCroskey, Cazr, and McAlister (7], the amplitude of pitching motion., «y,
generally determines the " aracteristics of the time dependent acrodynami~ forces
and moments for a pitching airfoil. McCro: <ey further states that these aerodynamic
quantities may be considerably larger and different in nature from their steady-state
counterparts. Because the dynamic stall angle is usually determined from time de-
pendent aeredynamic force and moment traces, the amplitude of pitching motion is
very important. Past pitching airfoil experiments were performed over a wide range

of pitch angle amplitudes. McCroskey [5] performed tests on an oscillating NACA

0012 airfoil section with a 4° to 19° range of pitching motion angle amplitude. Later,
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McCroskey et al. ;7 used an angle amplitude range of 67 to 14°. Experiments per-
formed on different airtoil sections by Halfman et al. 6 were pitched at a constant
angle amplitude of 6.08°. Other tests by McCroskey and Pucci (8] invulved a 5°
angle amplitude, while Liiva [9] performed tests with angle amplivudes in the range
[rom 2.5” to 7.5". The wide range of amplitudes of pitching tnotion mentioned in the
studies cited above can be attributed to attempts by the authors involved to identify
some of the :talling characteristics of pitching airtoils for different airfoil geometries.
These values of pitching motion amplitude were cousidered in selecling the proper
amplitude of blade setting angle variations for the low-speed compressor tests,
Another important {eature aftecting the increased stall angle of harmonically
pitching airfoils is the airfoil geometry. Halfman et al. [6] concluded that the airfoil
shape primarily affects the suddenness and type of flow separation under dynamic
stalling conditions. Similarly, McCroskey et al. [7] and McCroskey and Pucci (8]
stated that airfoil leading edge geowmetry has a strong affect on the type of boundary-
layer separation that occurs. Liiva (9] contended that a cambered airfoil has better
aerodynamic characteristics under dynatnic stalling conditions because the adverse
pressure gradient is decreased by nose camber. It is expected that the airfoil geometry
as well as the compressor geometry will be important in determining the success of
the method outlined for improving the stall margin of compressors. Simple two-
dimensional airfoils sustaining increased angles of attack does not necessarily mean
that a compressor rotor may achieve this as well. Further, as the rotational speed
(and thus Mach number) increases, so does the effect of geometry on the cverall

performance of the compressor. For the low-speed compressor tests, the rotor of the

two-stage axiul-flow fan had minimal nose camber, while the British ("1 section rotor
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blades of the three-stage axial-flow compressor involved substantial nose camber.
The remaining parameter affecting dynamic stall is airfoil Mach number. The

major effect of Mach number on the stalling characteristics of a harmonically pitching

airfoil are leading edge effects and the corresponding separation type as mentioned

by McCroskey and Pucci (8] and Liiva [9]. As with airfoil and compressor geometry.
the Mach number is expected to be an important factor in the success of the method
outlined in.this dissertation. It may be that the effect of increasing Mach number in
a compressor degrades the increased stalling angle found in the dynamic stall phe-
nomena. Typical Mach numbers evaluated at the design point operating conditions
for the two-stage fan and three-stage compressor were near 0.10. The Mach numbers
associated with the stalling condition of the Pratt & Whitney compressor varied with

rotational specd and were in the range frem 0.08 to 0.21,




3. PROOF OF CONCEPT IN LOW-SPEED COMPRESSORS

The following chapter describes experimental tests perforined at lowa State Uni-
versity on two low-speed compressors, namely a two-stage, axial-flow fan and a three-
stage, axial-How compressor. These tests were used as a preliminary step in evaluat-
ing the potential for using circumferentially varying stationary blade setting angles
to improve compressor stall margin. Descriptions of the two compressors, related
equipment, experimental pr v-dures and results are presented. This chapter also
presents some detailed measurements taken with the three-stage compressor. The
detailed measurements (low angle and magnitude) were performed behind the inlet
guide vanes of the baseline compressor configuration as well as some modified com-
pressor configurations. These measurements provided additional information about
the flowfield being produced by the blade setting angle variation upstream. Using
the detaiicd flow information, comparisons were made between the estimated and
actual reduced frequencies and rotor inlet flow angle variations for the low-speed

compressor. The analysis of this preliminary work guided further attempts with an

intermediate-speed, three-stage, axial-ow compressor.
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3.1 Stationary Blade Setting Angle Variations

The main research objective was to determine the influence on stall point of
circumferential variations of stationary blade setting angles involving different re-
duced frequencies and amplitudes of rotor inlet flow angle variation. Blade setting
angle patterns could be changed easily in the two-stage fan and three.stage compres-
sor. These pattern changes were not as easily accomplished in the Pratt & Whitney
compressor because of its complexity, Three different blade setting angle variation
patterns were evaluated in tests. These patterns consisted of sinusoidal, rectified
sine-wave, and asymmetric variations of angles and are illustrated in Figure 3.1. The y
equations describing these angle schedules are given below:

Sinusoidal Variation:

[2nm

¢,~=¢‘,+A¢sin[1——(i—l) (3.1)

where

#; = individual blade setting angle

¢, = baseline blade setting angle

A¢ = amplitude of blade setting angle circumferential variation

n = number of setting angle variation cycles per rotor revolution -
Y = number of blades in stationary row

i = individual blade number

Rectified Sine-wave Variation:

b =, Ao

sin [le(i-— l)” {(3.2)

where the parametcrs are explained above,
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Asymumetric Variation:

[ 0o + Agysin [BE (1 = 1)] for i=1-10.20-28

bi = (3.3)

1 4, + Adysin (85 (i = 1)] for i=11-19,29-37
where A¢; and Aoy are different amplitudes of blade setting angle circumferential
variation and the number of setting angle variation cycles per rotor revolution. n,
was set at 2, fo1 37 blades in a stationary row.

The two-stage fan tests involved only sinusoidal variations in blade setting angle
while during the three-stage compressor tests, all three kinds of variations in blade
setting angle were used. The Pratt & Whitney compressor tests were accomplished
with only one asymmetric variation in blade setting angle,

The intent of the circumferential variations in stationary blade setting angle was
to create a variation it inlet flow angle amplitnde and frequency for a downstream
rotor blade row. The amplitude of setting angle variation, Ag¢, resulted in a specific
rotor inlet flow angle variation and thz number of setting angle variation cycles per
rotor revolution, n, gave the frequency of the variation. The frequency of the peri-
odic variation imposed on each downstream rotor blade was given by the following
equation

_n(RPM) :
f =t (3.4)

where
f = frequency of circumferentially periodic setting angle variation
n = number of setting angle variation cycles per rotor revolution

RPM = rotor rotational speed

Substituting Equation (2.1) into Equatioun {3.1) and rearranging gives an estunate for
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the number of setting angle variation cycles, n, to be used in the compressor tests.

n = ﬂ—ﬁ%%[—) (3.5)
where
K = reduced frequency
Vo= repre'sentative midspan fluid re'ative velocity at rotor inlet

¢ = rotor blade chord length

Values of reduced frequency, I, reported in the literature on dynamic stall for which
the maximum delay of dynamic stall seemed to occur were used in calculating n.
For a given compressor geometry and set of test conditions, Equation (3.5) gives
an appropriate value of the frequency of setting angle variation cycles per rotor
revolution. The value of n used must be an integer value in order to preserve the

periodic nature of the blade setting angle variation and thus, the value calculated

with Equation (3.5) was rounded to the nearest integer value.
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3.2 Two-Stage Axial-Flow Fan

Presented in Figure 3.2 is a sketch of the General Electric, two-stage, low-speed.
axial-flow fan research apparatus. The configuration of the fan consisted of two
identical stator-rotor stages which could be tested as either a one-stage or two-stage
unit. The blade rows were within an annulus having constant hub (12.36 in. (0.314
m)) and tip (18.00 in. (0.457 m)) diameters, resulting in a hub/tip radius ratio of
0.687. All stationary blade rows had the same number of blades (37) and were
cantilever mounted on the outer casing flange. Individual blade setting angles could
be easily changed. The rotor blade rows each included the same number of blades (24)
that were secuzely mounted on the hub flange. The stator blades were constructed
of sheet steel using a circular-arc profile while the rotor blades were cast out of an
aluminum alloy and involved RAF-#6 propeller blade sections. A blade-to-blade
view of the two-stage, axial-flow fan blade rows is shown in Figure 3.3, Important

blade characteristics are summarized below:

Number of blades per row stator rows - 37,
rotor rows - 24

Stationary blade details:

Blade span (constant) 2.80 in. (7.11 cm.)
Blade chord (constant), ¢ L.75 in. (4.44 cm.)
Blade section thickness/chord 6 %

ratio, t/c
Blade setting angle 26.0° @ r = 7.59 in.

Rotor blade details:

Blade span (constant) 2.30 in. (7.1 cm.)

Blade chord (constant), ¢ 1.70 in. (4.32 cm.)
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Blade section maxitmum thickness/ 12 %
chord ravio, t,./c

Rlade setting angle 65.0° @ r = 7.59 in.

The two-stuge. axial-flow fan was driven by a 7-1 HP cradled D.C. dynamome-
ter. Variable velto re control for the dynamometer was provided by a General Elec-
tric speed variate: which permitted testing within a range of shaft speed {rom 300
rpm minimum to 5648 rpm maximum, Rotor speed was measured with a frequency
counter mounted on the dynrmowmeter shaft, A General Electric voltage variac was
added to the control circuitry of the GE speed variator to enable the rotor speed to
be adjusted and held constant to within £ 2 rpm. Rotational speed was measured
with a frequency counter mounted on the dynamowmeter shaft. Further details about

the two-stage, low-speed, axiar-flow fan may be found in reference [10].

3.2.1 Two-stage fan performance tests

With the two-stage fan. one-stage and two-stage overall performance tests involv-
ing different circumferential variations of stator blade setting angles were performed
at shaft speeds of 2000 rpm and 1600 rpm. respectively. Circumferential variations in
stationary blade setting angle set in the two-stage fan builds involved resetting both
stationary rows of the fan with identical blade setting angle variations. The stator
rows were aligned axiaily so that the identical variations were in phase geometrically.

The overall performance characteristics of the fan, namely, fan head-rise and
flowrate, were weasured and non-dimensionalized into the total-head rise cocflicient
and flow coellicient shown in Equatious (3.6) and (3.7). The fan head-rise was mea-

sured with a wall static pressure ring located one fan diameter downstream of the
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Figure 3.3: Blade-to-blade view of two-stage, axial-flow fan blade rows
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fan exit, The fan flowrate was measured with a pitot-tube traverse of five equal areas

located in the downstream ductwork.

AP+ pbiy2

n = 3.6
Jan = (RPM)'D? (3.6)
¥,
‘b_{nn = z‘/—.’ (3.7)
tp

The stall point for the two-stage fan was determined by listening for the un-
mistakable sound produced by the stalling fan. The fan flowrate was slowly reduced
using fractional turns of the fan cone shaped throttle. With cach tum, overall per-
formance duta were collected, The data taken before the audible detection of stall
were considered to be for the stall point operating condition. Because stall point
data were consistent throughout a data run and did not vary significantly from run
to run or from day to day, it was felt that the error band for these measurements was

within the symbol used.

3.2.2 Axial-flow fan results

The General Electric, two-stage axial-flow fan was tested in a variety of configu-
rations and the results are presented in this subsection, Values of reduced frequency,
I{, at the stall limit for several of the GE fan oue-stage and two-stage configurations
tested are summarized in Table 3.1, Also included in Table 3.1 are brief comments
about the stall limit observed,

Single-stage results presented in Table 3.1 suggest that as the amplitude of blade
setting angle, &é, was increased from 1° to 52, (with the reduced frequency at stall

remaining constant) the stall margin was also increased. Comparison of single-stage

builds where A¢ = 57 and Q¢ = 7 showed no additional increase in the stall margin




Table 3.1: Summary of two-stage fan builds and results

Estimated Blade setting angle
Number of  reduced frequency amplitude
stages at stalle Ky Ag, ° Tests results

1 0.3 1 no discernible change
frot baseline

1 0.3 3 slight increase in stall
margin with a decrease in
head rise coeflicient

| 0.3 5} modest increase in stall
margin with a decrease in
head rise coeflicient

R Figure 3.4

| 0.3 T modest increase in stall
margin with a decrease in
head rise coeflicient

2 0.3 ;) modest increase in stall
margin with no change in
head rise coeflicient
Figure 3.5

2 0.6 5 no discernible change
from baseline

2 0.3 7 slight increase in stall
margin with a slight decrease
in head rise coeflicient

2 0.2 T no discernible change

from basecline
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suggesting tha' an optimum blade setting angle amplitude was reached. Shown in
Figure 3.4 is a comparison of one-stage baseline performance and modified compressor
performance in which a sinusoidal variation in blade setting angle was used. The
modified performance shows a slight drop in head rise but also an increase in stall
margin. This increase in stall margin was modest at best but was very repeatable.

Two-stage fan tests proceeded with the amplitude of setting angle variation set
in the range of optimum results seen with the one-stage variations, A\ comparison
of data for two-stage builds involving a reduced frequency at stall held constant
at a value of 0.3 and the blade setting angle amplitudes varying from 5° to 7.
suggests a decrease in stall margin with an increase in angle amplitude, Results
of Table 3.1 also suggest that when the reduced frequency was doubled to 0.60 or
reduced to 0.20 no additional increase in stall margin was noticed. This indicated
that the optimum reduced frequency was near a value of 0.30. Shown in Figure
3.5 is a comparison between two-stage baseline compressor and modified compressor
performance in which a sinusoidal variation in blade setting angle was used. The
figure illustrates the improvement in stall margin with no degradation in overall
compressor head-rise, Again, the improvement in stall margin was modest but very
repeatable.

The results obtained by simple tests performed on the one-stage and two-stage
configurations of the GE axial-flow fan led to some important observations. The
relative magnitude of stall margin increase seemed to be most noticeable when the
reduced frequency value at stall, Ky, was near 0.3 and the stator blade setting angle

amplitude, Ao, was in the range from 5% to 7°. Further, because of the small difter-

cuces in performance involved it was important to confirm all results by repeating
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tests several times. Finally, the benefit of multistage operation is shown by compar-
ing one-stage and two-stage fan tests. Test results suggest that the loss in head-rise
is more pronounced for the one-stage fan tests th  “he two-stage fan tests. The stall

margin increases for the two-stage configurations seemed to be slightly higher than

those for the one-stage configurations.
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3.3 Three-Stage Axial-Flow Compressor

[n Figure 3.0 is a sketch of the three-stage, low-speed, axial-low compressor
apparatus used in the experimental investigation. A smooth gradually contracting
inlet to the compressor guided the flow entering the inlet guide vane (IGV) row and
three ‘downstreain sets of rotor-stator stages. A blade-to-blade view of the three-
stage. axial-flow compressor blade rows is shown in Figure 3.7. The IGV row and
the three identical rotor-stator stages were within an annulus having constant hub
(11.22 in. (0.285 m)) and tip (16.06 in. (0.406 m.)) diameters, resulting in a hub/tip
radius ratio of 0.702. All stationary blade rows had the same number of blades
(37). These blades were cantilever mounted from the outer annulus wall on separate
ring assemblies which could be moved circumferentially either independently or in
groups., The rotor blade rows each included the same number of blades (38) that
were attached on rings on a common druwn with corresponding blade stacking axes
aligned axially. All of the blades were constructed of a plastic material (Monsanto
ABS) with British (4 sections stacked to form a free vortex design.

Overall blade characteristics for the three-stage, low-speed, axial-flow research

compressor arce sumarized below:

Number cf blades per row IGV and stator rows - 37,
rotor rows - 38

IGV blade details:
Blade span (constant) 2.40 in. (6.10 ¢m)

Blade chord (constant), ¢ 1.20 in. (3.05 ¢m.)

Blade section maximum thickness; 10 %
chord ratio, Upes/c
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FLOW

Y |

/ / / INLET GUIDE VANE ROW

\ \ \ FIRST STAGE ROTOR ROW ‘
/ / / FIRST STAGE STATOR ROW .
\ \ \ SECOND STAGE leoroa ROW

/ / / SECOND STAGE STATOR ROW

\ \ \ THIRD $TAGE ROTOR ROW

/ / / THIRD STAGE STATOR ROW

Figure 3.7:  Blade-to-blade view of three-stage. axial-flow compressor blade rows




42

Blade setting angle

Stator blade details:

Blade span (constant)
Blade chord (constant), ¢

Blade section maximum thickness/
chord ratio, tyee/c

Blade setting angle

Rotor blade details:

Blade span (constant)
Blade chord (constant), ¢

Blade section maximum thickness/
chord ratio, t,ne/c

Blade setting angle

13.9° @ r = 7.40 in.

2,40 in. (6.10 ¢m)
1.20 in. (3.05 ¢m.)

10 %

35.8° @ r = 7.0 in.

2.40 in. {6.10 cm)
1.20 in. (3.05 cm.)

10 %

-33.9° @ r = 6.21 in.

The compressor discharged into a downstream duct (see Figure 3.6) which in-

cluded an air straightening section, a venturi flow rate meter, a diffuser section, and

an adjustable outlet-throttle plate. The compressor was driven by an 11 kW thyris.

tor controlled variable speed (300 to 3000 rpm) D.C. motor mounted on air bearings.

Shaft speed was measured with a frequency counter and a magnetic pickup oft a

G0-toothed gear on the rotor shaft. The motor speed was controlled by a multiturn

helical potentiometer balanced against a feedback voltage from a de¢ tachogenerator

which rotated with the motor shaft. It was possible to maintain a constant rotor

speed to within # 1 rpm. Further details about the three-stage, low-speed, axial-flow

compressor way be tound in reference [11].
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3.3.1 Three-stage compressor performance tests

The three-stage, low-speed, axial-flow compressor performance tests were per-
formed to valida-te and extend results observed with the two-stage axial-flow fan. In
addition to determining the overall unstalled performance characteristic of the com-
pressor, the stall hysteresis loop was also measured. The majority of tests performed
on the three-stage axial-flow compressor involved varying the inlet guide vane (IGV)
row setting angles only. The different blade setting angle patterns were achieved by
setting individual IGV row vane setting angles according to Equations (3.1), (3.2).
or (3.3). Another compressor test involved setting the inlet guide vanes and the first
and second stage stator blades with identical .circum!'crentially varying setting angle
patterns after Equation (3.1) and lining up the patterns axially. One final set of tests
involved setting all the inlet guide vanes either 6° more or 6° less than the baseline
setting angle.

Overell compressor performance data were measured and non-dimensionalized
to obtain values of total-head rise coefficient aud flow coefficient calculated with
Equations (3.8) and (3.9). respectively. Compressor tlowrate was measured with a
calibrated venturi flow meter located in the exit ductwork while compressor pressure

rise was measured with a static wall pressure tap located at the compressor discharge.

BoLvi
p -

‘ycomp = —_UTIP_ (38)
. Qu .,
(Pcunlp - lliitlp ('3'\))

Data for two different rotor speeds (1400 and 2000 rpm) were obtained in order

to examine the eftfect of different rotational speeds on compressor stall performance




44

and hy-steresis.

The stall point for the three-stage compressor was detected by listening for an
unmistakable and distinct audible change in sound produced by the stalling compres-
sor. This audible detect (n of stall was accompanied by ;x sudden drop in flowrate
and head rise. Clonsiderable care was taken in measuring the siall point. Experiments
near the stall point involved slowly moving the throttle to a more closed position to
reduce the overall flowrate while keeping the rotational speed constant. Fractional
adjustments in the throttle position made possible an approach to the stall point
in very small increments. Measurements were taken with each change in throttle
position. The measurements of overall performance taken just before the audible de-
tection of stall occurred were considered to be for tie stall point ﬁl)cratixlg condition.
During any test, the stall point was approached and detected a minimuin of 5 or 6
times. These tests were repeated on subsequent days to verify the repeatability of
the results. Becau.se stall point data were consistent throughout a data run and did
not vary significantly from run to run or from day to day, it was felt that the error
band for these measurements was within the symbol used.

For the three-stage compressor, the stall recovery point was detected by opening
the throttle and thus increasing the flowrate. Again, fractional adjustments of the
throttle to more open positions were used to approach the stall recovery point in small

increments. The measurements taken just before the compressor recovered from stall

were considered to be for the stall recovery point operating condition.




3.3.2 Three-stage compressor results

The three-stage axial-flow compressor was tested with a variety of circumferential
variations of stationary row blade setting angles and the results are presented in this
section, One set of tests involving circumferential variations of stationary blades in
all stages was conducted. A final set of performance tests involved setting all the
inlet guide vanes either 6° more or 6° less than the baseline setting angle. Stationary
row blade setting angles were varied according to Equations (3.1), (3.2) and (3.3).
which represent the sinusoidal, rectified sine wave, and asymmetric blade setting
angle variations, respectively, The selection of appropriate setting angle patterns was :
guided by results from tests performed with the two-stage axial-flow fan as well as
by observations made as tests involving the different modifications to the three-stage
compressor were completed, Stall hysteresis loops were ascertained and compared to
baseline data, The four important stall hysteresis loop operating points correspond
to the operating points of the compressor just before stall, just after stall, just hefore
coming out of stall, and just after coming out of stall.

The first set of results discussed corresponds to tests performed with the setting
angles of inlet guide vane row blades varying circumferentially in a pattern estab-
lished by Equation (3.1). For these tests, the amplitude of setting angle variation,
Ad, remained essentially constant and the veduced frequency at stall, K,,, was
systematically altered by changing the number of setting angle variation cycles per
rotor revolution, n. Two different rotor speeds, 1400 and 2000 rpm, were used.

The number of setting angle variation cycles per rotor revolution, n, took on

values of 1 cycle/rev, 2 cycles/rev, 3 cycles/rev, and 4 cycles/rev, which resulted in

values of reduced frequency at stall, I, of 0.09, 0,19, 0.28, and 0.37, respectively, B
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Of these four schedules, the best results were seen with the 2 cycles/rev pattern.
Waau = 0,19, In Figure 3.8 is shown a comparison between baseline and modified
compressor performance data for the 2 cycles/rev pattern, For K,y = 0.09, the stall
performance was wotse than for the baseline configuration. For K, = 0.28, only
a slight improvement, not as much as for K,un = 0.19, was observed. For R,y =
0.37, less improvement that for K, = 0.28 was noted. Results of tests perfomu.‘(i
at a higher rotational speed (2000 rpm) show nearly identical results as for the lower
rotational speed {1400 rpm). Again, the stall point and recovery improvements were
most noticeable in the 2 ¢ycles/rev scheduling of inlet guide vane row blade setting
angles.

The next set of experiments performed with the three-stage, axial-flow compres-
sor involved rectified sine wave variations of inlet guide vane setting angles established
by Equation (3.2). The blade setting angle variations were periodic half-sine waves
set in either a positive (larger than baseline setting angles) or negative (smaller than
bascline angles) mode which resulted respectively in either an overall decreased or
increased loading of the downstream rotor blades. Different frequencies of increased
or decreased loading were obtained by selecting an appropriate number of periodic
half-sine wave variations per rotor revolution. The amplitude of the periodic half-sine
wave variations was held constant at 6°.

When (he inlet guide vanes were set with positive half-sine wave variations, a
significant unloading of the compressor from baseline re ulted tor two different halt-
sine wave {requencies, namely, 2 cycles per rotor revolution and 4 ¢ycies per rotor
revolution. The stall hysteresis loop involved an unusual “kink” in recovery from

stall as shown in Figure 3.9, When the inlet guide vanes were set with negative half-
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sine wave variations, slightly more head rise but no significant change in stall point
from baseline performance were noted. Also, the negative half-sine wave variations
resulted in more hysteresis compare” to baseline, see Figure 3.10.

A third set of tests performed with the three-stage axial-flow compressor in-
volved the inlet guide vanes set in asymunetric blade setting angle variation patterns
according to Equation (3.3). The purpose of these variations was to achieve a higher
overall loading of the downstream rotor blades and some delay of stall onset.

Using asymmetric variations, two different tests were performed in which the
number of setting nngle variation cycles per rotor revolution, n, remained constant
at 2, and the amplitudes of setting angle varintion, Ad; and Apy, were altered.
In Figure 3.11 are shown results of a compatison between baseline and modified
compressor performance for which A¢y; = 16° smaller than baseline (rotor loading)
and A, = 8" larger than baseline (rotor unloading). These data suggest that this
asymtuetric variation resulted in an improvement in the stall point and also a higher

head rise compared to baseline. Results from the second asymmetric variation in

inlet guide vane setting angle with n = 2, Ag; = 20° smaller than baseline, and Ao,

= [U0° larger than baseline indicated a higher head rise but degradation rather than

improvement in the stall point. For both asymmetric variations of IGV blade setting

angle, any improvement in stall recovery was uncertain,

Additional performance tests were conducted with the inlet guide vanes, and the

first and sceond stage stator blades set in sinusoidal setting angle variation patterns

according to Equation (3.1). For these tests, n = 3 (K, = 0.28) and Agp = 6°. This
mo'ified compressor (see Figure 3.12) produced less head rise and stalled earlier than

the baseline compressor. In contrast, the compressor build involving only inlet guide
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vanes set in a sinusoidal pattern with n = 3 and Ao = 67 suffered less head rise loss
in comparison with this compressor and the baseline compressor. Also, periodically
setting the inlet guide vanes only resulted in a slight delay in stall onset compared
to baseline.

The final set of performance tests on the three-stage compressor involved setting
all the inlet guide vanes either 6” more or 6” less than the baseline setting angle, A 6°
change from the baseline setting aungle was chosen because much of the previous data
involved variations that used an amplitude of setting angle variatian. Aa. of 6, In
particular, all the sinusoidal variations (with the exception of one, Ao, of 8°) in inlet
guide vane setting angle used a A of 6°. In addition. all rectified variations (loaded
and unloaded) in blade setting angle used an amplitude of setting angle variation
equal to 6. Some interesting observations were made from these performance tests,

The two modifications to the baseline compressor involved setting all the inlet
guide vanes either 6° more than the baseline blade setting angle or 67 less that
the baseline blade setting angle. The overall result of these two inlet guide vane
modifications was an unloading and loading the compressor. respectively, compared
to baseline performance. In Figures 3.13 and 3.14 are shown the overall pertormance
data where the baseline configuration of the compressor is compared to the modified
compressor configurations in which all inlet guide /anes were set 6° more than or 6°
less than the baseline blade setting angle, respectively.

Figure 3.13 suggests that when the inlet guide vanes are set 6° more than the
baseline blade setting angle, a significant unloading of the compressor occurs at all

Howrates. The drop in total-head rise coetlicient is such that no conclusion can be

drawn as to the stall margin improvement of this modification. Also noted is the
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strange stall hysteresis behavior. The modified compressor performance suggests
“that two stall recovery points exist for this configuration. When unthrottled, the
compressor recovers quickly but not entirely. Further unthrottling is necessary to
completely recover the c‘ompressor‘ from the stalled condition. This unusual behavior
suggests that one part of the modified compressor may be operating in a stalled
condition while ancther part operates unstalled. The similarity of Figure 3.9 and
Figure 3.13 is unmistakable. Figure 3.9 involved a rectified variation of inlet guide
vane setting angle with a +6° amplitude of setting angle in a 2/vev manner. The
unloading ol the compressor from baseline behavior is evident but is slightly less than
the compressor configuration which reset all blades 6° more than baseline. Again,
the unusual hysteresis behavior is noted for this configuration as well.

Figure 3.14 reflects those results in which all inlet guide vanes were set 6° less
than the baseline blade setting angle. This figure suggests that a slight loading of
the compressor is accomplished at higher flowrates, but diminishes at lower flowrates.
The stall point for this modification occurs at a higher flowrate indicating a signifi-
cant stall margin degradation from baseline. The stall hysteresis behavior no longer
exhibits the unusual two part recovery, but is simply shifted to the higher owrates.
If these performance data are compared with those of Figure 3.10, which involved a
rectified variation of inlet guide vane setting angle with a —6° amplitude of setting
angle in a 2/rev manner, some interesting observations can be made. Figure 3.10
indicates that no penalty in stall margin occurs with the rectificd variation, whereas
Figure 3.14 indicates that a significant stall margin penalty occurs when all blades

are set 6° less than baseline. This observation suggests that there is a benefit in the

unsteady loading of the compressor compared to what happens with a static loading
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of the compressor.

3.4 Detailed Flow Measurements for Three-Stage Compressor

For the purpose of identifying some of the detailed flow characteristics caused by
the blade setting angle variations, the acquisition of detailed flow measurements (ve-
locity angle and magnitude) behind the inlet guide vanes was accomplished with the
low-speed, three-stage compressor. These measurements, however, were not possible
ot the Pratt & Whitney intermediate-speed, three-stage compressor. The low-speed
compressor measurements confirmed that the absolute flow angle changed as a result
of the blade setting angle variation in the inlet guide vane row. In this case, detailed
measurements were performed for the most productive inlet guide vane setting angle
patterns (in terms of stall margin improvement) and were acquired over a portion of
the flow path cross-section area at various flow rates.

The detailed measurements were taken with a United Sensor total-pressure co-
bra probe. The cobra probe was positioned in an L. C. Smith probe actuator and
was mounted on the compressor outer casing. The ¢nbra probe head was located
downstream of the inlet guide vane exit in the measurement plane shown in Figure
3.15. Absolute flow angle measurements were accomplished by positioning the angle
of the cobra probe such that the two side pressures were identical as indicated by a U-
tube manometer, These absolute flow angle measurements were limited to freestream

flow regions because erroneous results occur when measuring in total-pressure (ve-

locity) gradient regions. Different circumferential measurements were accomplished

by movement of the inlet guide vanes in a independent ring assembly relative to

the cobra probe position. Ten different circumferential measurement locations were
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used for each blade passage (see Figure 3.13) and two complc;t.c blade passages were
surveyed per test. These circumferential detailed measurements were performed at
five different immersion depths from the outer casing, namely, 10, 30, 50, 70 and 90
percents of span. Detailed measurements were examined at a flowrate condition near
stall where ¢ equaled 0.353 and at the compressor design point where ¢ equaled
0.-420.

Detailed measurements were performed on the baseline configuration of the
three-stage compressor as well as two candidate modified compressor coufigurations
(with circumferentially varying stationary blade setting angle patterns). The two
modified compressor configurations were those that resulted in the most noticeable
increase in stall margin improvement compared to baseline pt‘ff()tﬂle\llcc. The first
modified compressor was one that employe.(.l a sinusoidal variation of inlet guide vane
setting angle with the amplitude of setting angle variation, A¢ = 6°, and the number
of setting angle variations per rotor ravulution, n = 2 (K = 0.19), The second modi-
fied compressor modification used an asymmetric variation of inlet guide vane setting
angle with Ao, = 16” and Ay = 8 and n = 2 (A = 0.19). For these two candidate
setting angle variations, detailed measurements (velocity angle and magnitude) were
acquired behind the inlet guide vanes set the maximum and minimum setting angle
amplitudes from the baseline setting angle. It was determined that these surveyed
regions would be suflicient to adequately describe the exit flow around the entire cir-
cumference of the compressor. In Figure 3.16 is shown the regions in which detailed
measurements were acquired for the sinusoidal variation (Ao = 62, n = 2/rev) and

the asymmetric variation (Ao, = 16°, Ad; = 8%, n = 2/rev). For the asviametric
1 2 ’ b

variation, the mwaximum setting angle variation region (Ao = +8°) was not surveyed
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due to the proximity of the results with the sinusoidal variation where Mg = +067 was
_surveyed.

In Figure 3.17 is shown a typical total-pressure measurement survey for the
baseline compressor configuration at the design point and near stall operating point
covering two complete blade passages. The dashed lines separate the freestream flow
regions and wake regions where absolute Hu\‘v angle measurements were possible and
not possible, respectively. The total-pressure (velocity) gradient flow regiuns are due
to wukes being shed from the inlet guide vanes upstreamn. The cobra probe side
pressure ports could not be equalized in these regions and therefore, absolute flow
- angle measurements were not possible.

In Tables 3.2 and 3.3 are shown the absolute flow angle measurements for the
baseline compressor configuration at the near stall point (¢ = 0.353) and the design
operating point (¢ = 0.420) for immersion depths of 10, 30, 350, 70 and 90 percent
of span. The data presented are the average absolute flow angles for the two blade
passages surveyed. The data of Tables 3.2 and 3.3 suggest that the absolute flow angle
ranges from about 16° to 30° for both near stall point data and design operating point
data and not only varies from hub to tip but circumferentially as well. The tabular
data also suggest that ihe inlet guide vane performance (absolute ow angle values)
at the design point is nearly identical to the performance near stall. This notion is
consistent with the idea that inlet guide vane behavior, especially turning angle, is
independent of flowrate variations at low inlet Mach numbers (less than 0.3).

In Tables 3.1 through 3.7 some of the actual anple differznces from the bascline

flow angles measured are presented for two blade setting angle variations. Additional

detailed flow measurement data are tabulated in Appendix A. Those regions surveyed
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Table 3.2:  Absolute flow argle ( °), baseline, & = 0.353

“Circumferential % Imm.

Position 10 30 50 70 90
1 3 . ) .
2 - - 20.6 19.1 16.0
K] 22.1 22.5 20.8 19.8 16.5
4 25.4 23.7 21.8 20.1 174 .
5 26.3 24.6 22.8 20.7 18.1
6 26.7 25.1 23.7 21.6 18.7
T 27.7 25.8 25.3 22.7 19.6
3 29.9 27.1 26.0 23.8 20.5 .
9 : 28.5 - 270 -
10 . - - - -

Ave, 263 25.3 23.0 218 18.1

Table 3.3:  Absolute Hlow angle ( ?), baseline, ® = 0.420

Circumferential % Imm.

Position .10 30 50 70 90
1 i ; R ; ;
2 . 19.6 19.5 17.8
3 24.0 22.1 20.8 18.6 17.3 )
4 254 23.2 21.2 19.4 17.9
5 26.6 23.4 22.2 20.3 7.9
] 206.6 24 .4 22.5 20.5 18.1
7 27.8 25.4 24,8 22.1 19.2
8 28.8 27.1 27.3 23.2 20.7
9 24.8 22.2

Ave. 20.5 23.6 22.6 20.8 19.0
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are shown in Figure 3.16 and were taken at flow coeflicient values of 0.353 and 0,420,
The data are repetitive in that the angles for flow near stall and at the design point
are nearly identical as expected. The data, however, indicate some important results,
In tables 3.4 and 3.5 are tabulated the {low angle differences from the baseline flow
angle from a survey taken behind three blades set to the most positive increments
(+6”) of a sinusoidal blade setting angle variation, These data suggest that there is
little difference existing between the measurements taken at two different flowrates.
These tables also show the actual turning accomplished by the +6° blade setting
angle variation varies from approximately +4° to +8° and has an average of about
~5.5". Therefore, the actual turning behind three inlet guide vanes set approximately
+6” from the baseline setting angle is about +5.5", |

In Table 3.6 is tabulated the detailed flow data at o flow condition near stall from
a surveyed region where three blades were set approximately —6” (rom the baseline
setting angle. This table again illustrates that the desired turning of the flow behind
the inlet guide vanes was being accomplished. The angles of the surveyed region vary
from —2° to —7° and the actual turning angle averages are slightly below —¢2 with
an average of ~5.6". This actual turning is very close to the anticipated How angle
change of -6".

In Table 3.7 are tabulated angular data from a surveyed region w.ere three
blades were set approximately —16” from the baseline setting a..le. These turning
angle values suggest that slightly more turning was being accomplished than ex-
pected. The turning angle ve lation from the baseline value ranged from —11° to

-21” and averaged about —16.8°. This actual turning is slightly more than expected

but nevertheless close to the anticipated turning of 167,




Table 3.4:  Absolute flow angle ( ) variation {rom baseline, —=6° 2/rev, ¢ = 0.353

.ccumferential % I[mm.
Position 10 30 30 T 90
1 : - —
2 - - +5.7 5.4 +5.2
3 +7.8 +6.2 +6.3 +5.1 +3,2
4 +6.7 +5.4 +6.3 +35.3 +4.9
5 +6.4 +5.3 +6.0 +5.2 +5.0
6 +6.5 +5.4 +5.9 +4.6 +4.6
T +6.2 +5.2 +5.3 +4.4 +4.7
8 +5.2 +4.2 +6.1 +5.4 +4.4
g . . .
10 . . . .
Ave +€.0 +3.3 +5.9 +5.1 +4.9
Table 3.5:  Absolute flow angle ( °) variation from baseline, +6° % 'rev, ¢ = 0.420
Circumferential % Imm.
Fosition 10 30 50 70 90
B _
N - - - +6.7 -
B ~$.8 ~5.4 +0.0 +6.3 —~4.3 )
4 5.8 +6.9 +6.0 +6.0 -4.2
£ ~5.4 +6.8 +5.9 +5.3 -4,
I -5.9 +6.1 +5.8 +5.2
T +5.) +3.8 +eel +5.5 ~4.7
8 «5.7 +4.6 +2.8 +5.6 9
Y - +5.4
_w - - -
Ave. ~5.3 B +5.2 5.3 L5
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- Table 3.6: Absolute flow angle ( °) variation from baseline, —6° 2/rev, ¢ = 0.353
Circumferential % Imm.
Position 10 30 50 70 90
1 . R -
2 - - " —5.6 -6.3 -55
3 -2.3 -5.1 -4.8 -6.2 -6.0
4 -3.2 -5.7 -5.6 -39 -3.8
) -5.4 -6.1 -5.9 ~6.0 -5.8
] -5.3 ~5.9 -5.6 -6.2 -5.9
T -~5.4 -5.8 -6.2 —-6.7 ~5.6
8 -5.7 -6.2 -5.7 -6.3 ~3.3
9 .
10 - - - . -
Ave, - 4.9 -5.8 -5.6 -6.2 -5.7

Table 3.7:

Absolute flow angle ( °) variation irom baseline, —16° 2,/rev, & = 0.353

Circumf{erent al

% Imm.

Position 10 30 50 70 90
1 . - .
2 - . —21.0 -17.1
3 -16.4 =185 —17.8 —18.7 ~—154
4 -17.8 ~182 -17.8 —17.0 -149
5 -185 —180 -176 —-16.0 -—14.1
6 -17.¢ —-174 -168  —16.0 —-13.7
i -180 -173 -17.3 —158  --12.6
8 -17.5  ~17.1 =150  —15.7 114
)
10 . . - -
Ave -17.7 -17.8 0 -17.2 —17T.2 —14.2
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3.4.1 Velocity diagram calculations using detailed measurements

In Chapter 5 of this dissertation. estimates for the reduced frequency and rotor
inlet flow angle variation are made using a simplified approach outlined in reference
(12]. These estimates were made for midspan geometry only at the stall condition.
The radial survey of detailed measurements discussed in the previous section can be
used to produce a more precise calculation of the actual reduced frequency at stall.
K yu1, and the maximum and minimum rotor inlet flow angle variations. The analysis
involves using hub to tip detailed measurements for the baseline flow angle to solve for
the baseline velocity triangles at the stall point and/or design point. These baseline
velocity triangles.are then compared to those in which detailed measurements were
taken behind those few inlet guide vanes reset to the minimum and maximum setting
angle amplitudes from baseline.

in order to construct blade velocity diagrams {rom detailed measurements, the
radial static pressure distribution at the exit to the iulet guide vanes must be calcu-
lated. This is accomplished by solving the hydrodynamic equation of equilibrium for
the flow exiting the inlet guide vanes. Assuming radial velocities are equal to zero.

the hydrodynamic equation of equilibriutn can be written,

1P V?

;Or - : (3.10)
Qor

ap 7%

5= ”_,"_ (3.11)

From blade velocity triangie relations,

Vo = Vsind {(3.12)
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Substitution of Equation (3.12) irto Equation (3.11) results in,

(i‘)P _ /)VQ :Sitl2 3

5= - (3.13)
And using Bernoulli's equation for incompressible flow,
7’;_ . ‘_; _ f/_j: (3.14)
or —
Vo= \/2—(P—‘p’—ﬂ (3.15)

Substituting this result into Equation (3.13) gives the final form of the hydrodynamic

equation of equilibriutn which is written as

gP 2sin’ 8(P, — P)

or r

(3.16)

Equation (3.16) indicates that a knowledge of the total-pressure, P, and the
absolute flow angle. J. at different radial lucations, r, may be used to solve the static
pressure di-tribution. The average values of the absolute flow angle and total-pressure
circumnferential survey at Jdifferent radial locations given in the previous section and
in Appendix A were nsed in the analyst. Foguation (3.16) was solved on a computer
using a curve-huonyg algorithm along with au initial estimate for the static pressure
distribution.  Becanse detailed measurements were acquired at five different radii,
namely "0, 30, 90, 70 and YU percent iimersion depths. a five point curve-fitting
algorithin was wsed, The initial esuimate for the static pressuce distribution involved
usiig Hhe mcasured value of static wall pressure and a straight line variation of static

pressure from hub to tip. The algorithm then adjusted the individual static pressure

vitlti al the five different radii in suceossive tterations until ihe left hand side of
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Equation (3.16) equaled the right hand side for the different radial locations. With
the static distribution solution, the blade velocity diagrams were constructed witi the
use of Equation (3.15) for the absolute velocity, V'. Equation (3.12) and Equations
(5.4) through (5.9) of Chapter i.

The process of solving for the static pressure distribution and blade velocity tri-
angles was repeated for an operating condition near stall and at the design operating
point. In Table 3.8 are summarized the results of the baseline velocity diagram cal-
culations. These data are the static pressure, P,,, absolute flow angle, d;, absolute
flow velocity, V1, absolute tangential velocity, Vg, , blade velocity, [/}, relative tangen-
tial velocity, wq,, axial velocity, V5, relative velocity, wy, relative flow angle, 3] and
the reduced frequency at stall, K,y for each radial location. The value of Kau is
calculated from the following equation,

_ 1460
=

K (3.17)

Equation (3.17) is derived by rearranging Equation (3.5), V' = w;, and substituting
values for n, ¢ and RPM. where

n = 2 cycles per rotor revolution

¢ = 1.20 in.

RPM = 1400 cpm

Further caleulation of the minimum and maximum rotor inlet flow angle variation
{rem the baselize value mmay be made by using absolute flow angle measurements for
cirenmfere.vial blade setting angle variations. For this calculation, it is assumed

that the axial velocity remains constant from Lub to tip regardless of the imposed

variation in inlet guide vane setting angle. Therelore, the axial velocities calculated
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from the baseline detailed measurement data become the axial velocities for the

modified velocity diagram calculations. By using the following equation,

V= Yay (3.18)

cos J

and Equations (5.4) through (5.9) this is accomplished.

In Tables 3.9 through 3.11 are tabulated some of the velocity triangle calculations
for those modified compressor detailed measurements whose regions are shown in
Figure 3.16. Additional velocity triangle calculations for the design point conditions
are tabulated in Appendix B, Of particular importance in these tables is the rotor
inlet flow angle variation from baseline, A}, This quantity is a measure of rotor
loading or unloading from hub to tip. A A} value of +1.0° would indicate a increase
in rotor relative flow angle of 1.0° when the rotor passes through the particular setting
angle variation. Similarly, a AgJ] value of ~1.0° would indicate a decrease in rotor
relative flow angle of 1.0°.

A comparison is made between the detailed measurement calculations and the
estimated values for the reduced frequency and rotor inlet low angle variation for the
three-stage compressor. Becausc estimated values of reduced frequency and extent of
rotor inlet flow angle variation exist only for midspan geometry, these values are com-
pared. Table 3.8 indicates that the midspan reduced frequency at stall from detailed
measurements is 0.19. This value is identical to the estimated value for midspan
reduced frequency at stall (K, = 0.19). Also, midspan values tor the extent of
rotor inlet How angle variation calculated with detailed data are neatly identical to

estimated values (Table 5.4). This comparison suggests that the original estitates

for reduced frequency and extent of rotor inlet flow angle variaticn are accurate. This




il

conclusion is important in determining the blade setting angle variation for the Pratt

& Whitney cotnpressor.
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Table 3.8: Detailed flow measurement data, baseline, ¢ = 0.333

% P, S Vi Ve [h we V.. w3, Kar i

Imm. {bfin®  (°) ft/s ft]s ft/s  ftis ft]s ftis ()

10 ~0.0103 18.1 36.60 1137 94.81 38344 3479 90.40 674 0.16

30 -0.0105 21.8 36.92 13.7L N894 7523 3428 8267 655 0.18

50 -0.0107 23.0 37.30 1457 83.08 68.51 34.33 76.63 63.4 0.19

70 -0.0110 253 3774 16.13 77.21 61.08 34.12 6996 60.8 0.21

90 -0.0113 26.3 38.3% 1699 7135 5436 34.38 64.32

o
-1
-1
[
[ 3N
L]

Table 3.9: Detailed flow measurement data, +6° 2/rev. ¢ = 0.353

% Tmm. 1) Uy, [, we, V. w, J A
() (ft/s) (ft/s) (ft/s) (ftis) (ft/s) ‘ftls) (°) (°)

10 230 37.79 1477 9481 80.04 3479 87.2T 665 ~0.9
30 26,2 38.21 16,87 88.94 72,07 3428  TY.81 646 ~0.9

50 28.9  39.21 18.05  83.08  64.13 3443 2.7 618 1.6




Table 3.10: Detailed flow mecasuretment data. —6” ‘Z/rev; ¢ = 0.353

% Imm. 3,V 0 we, Vi w, 3, AF
(°) (ft/s) (ftfs) (ft/s) (fels) (ftis) (ft/s) (°) (%)

10 12.8 3568 790 9431  86.91 34.7;) 93.61 68.2 +0.8
30 LLY 3547 902 8894  79.82  34.28 86.87 66.8 +1.3 .
20 174 3598 10.76 83,08 7232 3433 80.05 64.6 1.2
70 13.6 36.00 Llld8 77.21  65.73 34.12  T406 626 L. -

90 214 3692 1347 TL35  57.88 3438 6732 593 +1.6

Table 3.11: Detailed flow measurement data, —16° 2/rev, & = 0.353

% lmm. 3, 1 Vy, U, ws Vi, wy Ji AL
(%) (ftfs) (Ft[s) (ft/s) (ft/s) (ftfs) (ft/s) (°) {°)

10 3.9 34.87 237 9481 9244 3479 9877 694 +2.0
30 3.9 3436 234 88.94 86.60 34.28 93.14 684 +2.9
50 6.2 3453 373 83.08 79.35 3433 86.46 66.6 +3.2
70 6.2 3432 371 .2l 7350 34012 8103 651 +4.3

90 3.9 3480  5.38 L3S 06597 3438 743D 62.5 4.8
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3.5 Low-Speed Compressor Conclusions

A review of literature related to dynamie stall wéxs accomplished to get an idea of
what reduced frequency at stall and what amplitude of blade setting angle variation
should be used for tests involving a two-stage axial-flow fan and a three-stage axial-
flow compressor. Preliminary tests were performed on a two-stage axial-flow fan
to investigate whether or not the stall margin of an axial-low fan or compressor
could be improved by appropriately scheduling the setting angles of the sta.t.ion.nry
blades upstream of a rotor, A three-stage axial-flow research compressor was tested
with a variet;” of inlet guide vane circumferentially varying setting angle patterns
to confirm results obtained with the two-stage fan and to reach further conclusions
about stall margin improvement capability. Additional three-stage compressor tests
were performed with inlet guide vanes and first and second stage stator blades set in
identical circumferentially varying setting angle patterns. A final set of performance
tests were performed with all the inlet guide vanes set either 6° more or 6° less than
the baseline setting angle. Some detailed measurements of the flow exiting the inlet
guide vane row of the three-stage compressor were also acquired for the baseline
compressor configuration as well as some modified compressor configurations.

The review of relevant literature suggested that the use of a reduced frequency
value in the range from 0.30 to 0.35 would give the most benefit in terms of improving
the stall margin of a compressor rotor row. The amplitude of airfoil ascillation, which
varied from 5° to 20° in the literature reviewed, gave guidance about the magnitude
of blade setting angle, Ad, used in the tests.

Tests of the two-stage axial-flow fan indicated that for several different circum-

ferential variation pavterns of siator blade setting angle, the fan stall limit could
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be movec.l to lower dow coefficients. [t was also noted that the magnitude of the
stall margin increase was a function of the reduced freqdency at stall, A, and
the amplitude of blade setting angle, A¢. The optimum increase in stall margin was
observgd to occur when the reduced frequency at stall was near a value of 0.3 and
the amplitude of blade setting angle was in the range of A from 5° to 7°.

Tests of the three-stage axial-flow research compressor involving a variety of cir-
cumferentially varying IGV row blade setting angle patterns set according to Equa-
tion (3.1) suggest that stall margin, head-rise production, and stall hysteresis could
be improved by the appropriate setting of the 1GV row blade setting angles in a
circumferentially varying pattern. For these tests, the optimum reduced frequency at
stall for increasing the stall margin was near 0.19. In addition, a slight shift in the
“out of stall” point with compressor modification indicates that the modified com-
pressor was actually telieved from stall sooner than the baseline compresscr. The
amplirude of blade setting angle, Ad, for the above inodified compressor was held
constant wl 6°,

Tesis of the three-stage axial-flow compressor with the inlet guide vanes set
according to Equation (3.2, i.e., rectified sine wave ungle variaticus, suggest that
on=-sided variations are not useful, When the rotor blades were periodically unloaded
enjv, the drop in head-rise production from baseline was appreciable, toco much to
justify anv pain in stall margin achieved, When the rotor blades were periodically
leaded only, ihe increase in head-rise production was minimal and ne gain in stall

)

margin was observed. A significant degradation in stall point recovery occurred.

Tests of the threc-stagn axial-flow cowmpressor with the inlet guide vanes set ac-

cording to Equation (3.3), i.e., assrinmetri - angle variations, suggest that asymmetric
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angle variations can lead to increased head-rise production and improved stall margin.
_However, stall recovery improvement was not bbser»'ed. Also, larger angle variation
amplitudes result in significant stall margin degradation.

A test of the three-stage axial-flow compressor with the inlet guide vanes, and
first and second stage stator blades all set in the same circumferentially varying
periodic and symmetrical pattern suggest that while setting an accelerating row of
blades, e.g., inlet guide vanes, in such a pattern may improve modified compressor
performance in terms of stall margin, stall hysteresis and head-rise production, sim-

ilar setting of diffusing blades, e.g., stator blades, may lead to worsened modified

compressor performance.

A set of tests was performed on the three-stage compressor in which all inlet
guide vanes were set either 6° more or less than the baseline setting angle. Results
suggested that a significant unloading of the compressor occurred when the blades
were set 6° more than baseline. Only a slightly higher loading was achieved when

the blades were set 6° less than baseline. These tests also indicated the benefit of

periodically varying the blade setting angles around the circumference as compared
to simply setting all the blades 6° more or less than the baseline setting angle.
Detailed measurements taken on the low-speed, three-stage compressor suggested
that the actual turning of the flow behind the inlet guide vanes was approximately
equal to the amplitude of setting angle variation in the inlet guide vane row. The
data also confirmed the idea that inlet guide vane turning is independent of varying
Howrates at Mach numbers less than 0.3. A comparison between detailed measure-
ment calculated and estimated values of reduced frequency at stall and extent of

rotor 1ulet flow argle variation suggest that the estimated values are valid.
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Results from the low-speed compressors suggested that slight improvements in
stall margin and recovery were péssible with compressor modifications using an ap-
propriate scheduling of the setting angles of the inlet guide vanes upstream of a rotor.
The varying success of these low-speed tests was primarily a {unction of the setting
angle pattern used, the reduced frequency at stall. and the estimated rotor inlet flow
angle variation. These preliminary extensions of dynamic stall notions to turboma-
chine flows suggests that further studies were warranted. For this reason. the idea for

improving the stall margin through the use of circumferentially varying stationary

blade setting angles was tested on a higher-speed, three-stage, axial-flow compressor.
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4. PRATT & WHITNEY COMPRESSOR

A Pratt & Whitney, intermediate-speed, three-stage, axial-flow research com-
pressor was used to test the effects of compressibility on the proposed method for
improving the stall margin of axial-flow compressors. The research compressor and
related equipment, located in the Turbomachinery Components Rescarch Labora-
tory of [owa State University, are described in the following sections. The design and
installation of the data acquisition system used on the Pratt & Whitney research

compressor is also described.

4.1 Pratt & Whitney Axial-Flow Compressor

The Pratt & Whitney, intermediate-speed, three-stage, axial-flow compressor is
described in this section. Shown in Figure 1.1 is the compressor test stand including
(from right to left) the drive motor, gearbox, inlet flow ductwork, compressor, flowrate
measurenient section, throttle housing and exit flow ductwork. This compressor was
used for testing the effects of compressibility on the propused method of improving
the stall margin of axial-flow compressors,

The configuration of the compressor consisted of a set of inlet guide vanes fol-
lowed by three stages of rotor and stator blade rows (see VFigure 4.2). The blade

rows were within an annulus having a constant tip (240,000 in. (0.610 m)) diameter,
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Figure 4.1: Pratt & Whitney research compressor test stand
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Table 4.1: Pratt & Whitney compressor design specifications

Number of stages 3
Design corrected rotor speed, rpm. 5700
Design corrected tass flow, 1b/sec 15.40
Design overall pressure ratio 1.350
Tip Diameter, in. 24.0
Average hub-tip ratio 0.843
Average aspect ratio 1.0
Average gap to chord ratio 0.78
Average diffusion factor 0.468

The annulus hub diameter variad from 19.876 in. (0.505 m) at the inlet to 20.390
in. (0.523 m) at the exit resulting in an average hub/tip ratio of 0.843. Overall com-
pressor design conditions and blade specifications are summarized in Tables 4.1 and
4.2, The inlet guide vanes were shirouded while the rotor and stator blades were can-
tilevered from the hub wheel and outer casing, respectivély. The compressor blades
were precision cast from high strength aluminum alloy. The blades had cylindrical
trunions for rigid aitachment to the stator blade row rings and rotor wheel carriers.

These blades could be restaggered as needed.

The compressor utilized outside ambient air ducted to a large plenum surround-
ing the compressor inlet bellmouth. Air flowed through a cylindrical honeycomb flow
straightener to provide compressor inlet flow with minimum swirl. A conical throt-
tie was located downstream of the compressor exit. The throttle was used to vary
the flowrate and could be immediately relieved in the event of compressor surge or
stal). Further details about the compressor drive system, throttle and surge detection

and relief sysiem are discussed in the following subsections. Additional design .nd

installation information was reported by Thomp on [13].




Table 4.2:  Pratt & Whitney compressor blading specifications

Setting Angle Setting

; No. of Chord Span Aspect Radius Angle
[tem Blades (in.) (in.)  Ratio {in.) ()"
Inlet guide vane 100 0.700  2.100  3.000 10.963 102.2

p Rotor Blades :
' Stage 1 44 2013 2.005  0.996 10.998 129.99
Stage 2 47 1.895  1.885 0,995 11.058 130.17
Stage 3 50 1.790  1.778  0.993 11.119 129.86

Stator Vanes

) . Stage 1 46 1.932  1.943 1.M06 L1, 29 120.09
Stage 2 49 1.823  1.828 1.003 11.086 122,02

Stage 3 52 1725 1705 0.988 11222 12349
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4,1.1 D.C. drive motor and gearbox

The motor drive for the compressor test rig was a Westinghouse 500 HP cradled
D.C'. dynamometer which had a speed range of 800 rpm to 3000 rpm. The drive
motor was powered by a Reliance Electric Maxplus electronic drive. Additional
specifications for the _D.C. drive metor are listed in Table 4.3,

A gearbox was used to increase the compressor shaft speed by a ratio of 2.51
to 1 above the compressor drive motor speed. The gearbox had a maximum output
rotational speed of 6026, at a thermal rating of 450 HP. The gearbox oil was cooled
by pumping DTE-26 il through the tube side of a closed loop shell and tube heat
exchanger. A chilled water supply was used for cooling the cil on the shell side of the
exchanger. The gearbox was also instrumenied with a thermocounle and a pressurs
switch to monitor maximum oil temperature and pressure. If either a set pressure
or temperature was exceeded, a shutdown of the compressor drive was electronically
initiated, The shutdown consisted of interrupting the power applied to the D.C. drive

motor with the compressor subsequently coasting to a complete stop.:

4.1.2 Throttle

A sketch of tiie throttle asscmbly for the research compressor is shown in Figure
4.3. Compressoi exit air entered the flowrate measurenent section and left through
a cylindrical duct before reaching the throttle cone. The cylindrical duct ¢xtending
upstream out of the throttle housing was mounted on rollers enabling the cylindrizal
duct and throttle cone to move relative to the compressor exit allowing access to the

Hlowrate measurement section. The rate of airflow was varied by axial movement of

the throttle cone. A threaded rod attached to a low speed A.C'. drive motor and the
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Table 4.3:  D.C. drive motor specifications

“Marufacturer: Westinghouse
Serial Number: 2520P219
Instruction Book Number: 5107
Horsepower: 500
Armature Volts: 50V
Armature Amps: 330
Field Volts: 250
Field Amps (max.): 5
Field Resistance (D.C.): 28 ohms
RPM: 300/3000

throttle cone provided the throttle movement. Tle throttle cone was aiso equipped
with an air cylinder for rapid Hlow acen inicrease in the event of compressor surge or

stall, The surge detection system is discussed in the following subsection.

4.1.3 Surge detection and relief system

The compressor throttle was provided with a built in mechanism for detect-
ing and relieving compressor surge or stall. In Figure 4.4 is shown the compressor
surge/stall detection and relief system, The comupressor throttle cone used an air
cylinder with high pressure air applied to allow steady as well as rapid movement
of the throttle cone. The throttle was opened rapidly by venting the high pressure
air applied to the air cylinder through a three-way solenoid valve (see Figure 4.{).
The solenoid was activated at the operator station moanallv or automatically by the
surge/stall detection system, Activating the solenoid resnlted in the cylinder air be-

ing vented and the supply aic being cut-oft. The foree of the flowing compressor exit

air on the throttle cone moved it backward allowing the compressor o recover.
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The automatic surge/stall detection sysiem used a high frequency differential
pressure transducer to detect static pressure transients downstream of the final stator
blade row. The pressure transducsr monitored the pressure difference between a static
tap in the compressor outer casing and a small capillary ube that tees into the static
tap tube. This setup resulted in a fast response pressure signal at the positive port
and a very slow response pressure signal at the negative pressure port. The output
signal from the differential pressure transducer was wonitored by 2 digital, peak and
hold, differential pressure signal conditioner and readout. The readout meter had a
“set point” function that determined the maximum allowable differential pressure. In
the event of compressor surge or stall, the pressure signal conditioner was “tiipped”
and the air cylinder solenoid was activated with subsequent relief of the corapressor

from the related cotnpressor instability. Both the manual and automatic methods for

relieving the compressor from surge or stall were used in the present investigation.
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4,2 Pratt & Whitney Compressor Data Acquisition System

The Pratt & Whitney compresscr data acquisition system was designea and
implemented during the course of this investigation and is described in detail in the
following subsections. The two major areas of data acquizition, namely. pressure and
temperature scanning are discussed. The selection of appropriate data acquisition

equipment for the testing environment is described.

4.2.1 Pressure system

Most of the pressure measurements in the intermediate-speed, three-stage. axial-
flow compressor were made v»;ith the system shown in Figure 4.5, The system involved
a Scanivalve ZOC('14 electronic pressure scanm.ing modnle specifically designed for tur-
bine cngine testing applications. This state-of-the-art pressure scanner was chosen
for its compact size, high scanning rate, accuracy and flexibility when used for aero-
dynamic testing. In addition, the Scanivalve ZOC14 along with support equipment
from Scanivalve could be easily incorporated into existing data acquisition equip-
ment alreadyr available in the research laboratory. The methods of iustellation and
operation of the Scanivalve pressure system are discussed in further detail.

The Scanivalve ZO(C14 is ap elacironic pressure scanner which accepts 32 pneu-
matic pressure inputs end converts them to computer compatible electrical signals.
The ZOC'14 moduie (see Figure 4.€) contained 32 individual silicon pressure sensors.
each witn a nominal diflerential pressure tange of 10 psi. The 10 psi differential
range was selected because it enveloped the maximum anticipated pressure levels in

the compressor and s*ill allowed good full scale accuracy. The maximum scanning

race of the scanner is 100kHz when used with a photo-optical Darlington switch, Ac-
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Figure 4.6: Scanivalve ZOC14 pressure scanning module
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tual test scanning rates. however, were significantly lower because of the limitations

_imposed by the Hewlett-Packard 34957 scaaner that was used.

The Z0OC14 is capable of four modes of operation: operate, calibrate, purge and
isolate. Each of these modes can be activated by applying an appropriate pneumatic
control pressure (= 90 psi) to the ZOC14 m_odule. The normal operating mode of the
Z0OC'14 is the “operate” mode. The 32 individual pneumatic pressures are sensed and
cenverted to voltage signals in this mode. The “calibrate” mode allows for the cali-

bration ¢f each individual sensor with some known calibration pressure. This mode

- allows the ZOC'14 sensors to be automatically calibrated on line without interrupting

the test run. The last two modes of operation of the ZOC14 are the “purge” and
“isolate” modes. These modes purge impurities which may be introduced t'n.rough
the pneumatic pressure lines and isolate the ZOC from any pneumatic pressures,

For the ZOC'14 woduie to operate consistently and accurately, the entire unit was
wstaled in a Scanivalve Thermal Control Unit (TC'U, see Figure 4.7). The TCU was
desigued to provide a constani temperature envitonment for the Z0C1l4 scanning
meodule. The ZOC TCU minimizes the need to frequently recalibrate the silicon
pressure sensors because of exposure to varying winbiert temperatures. By use of a
thermostatically controiled heater housed in a well insulated enclosure, teniperature
changes within the ‘Thermal Clontrol Unit were less than 0.1°C from a nominal factory
setpoini temperature of 40°C, ‘

The final piece of support equipment for the Scanivalve ZOC14 pressure scanning
moduie was a Scanivalve Mux Address Control Unit {MACU, see Figure 4.8). The
200 MACU i< a compact address control unit that is capable of generating an address

streatn based on eammands from the data acquisition system. The MACU displays




3
Figure 4.7:  Scanivalve Thermal Control Unit (TCU)
.
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Figure 4.8:  Scanivalve Mux Address Control Unit (MACTU)
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the curreat pressure channel being monitored and sends back a binary string code to

the data acquisition system for channel verification.

4.2.1.1 Pressure system setup and electrical diagram The system setup
and electrical diegram for the entire pressure scanning system ate described in this
subseciion., The three Scanivalve ZOC components, namely, pressure sensor mod-
ule, thermal control unit and mux address control unit, were supplisd with required
voltage sources and wired into e..isting laboratory data acquisition equipnient. .

The identification of required power supplies was the firs. step in the design of the
[ ssure system control logic, Each component of the Scanivalve pressure scanning
system required a different power supply as listed in Table 4.4.  The power supplies
were mounted ca a steel plate attached to a 19 in. rack mounted panal for use in
a portable rack enclosure. In addition to the power supplies, the control panel also
contained the electronics and hardware for operating in the four different pressure
scanring modes (operate, calibrate, purge and isolate). To operate in each of these

four modes, a 90 psi pneumatic control pressure was applied to two different control

pressure connections os indicated in Table 4.5,

The control panel housed two Asco 120 voit A. C., 2-way red-hat solenoid valves
for applying the control pressure as needed. Control logic for the four different modes
of operation was designed so that a red light was illuminated indicating which mode
of operation was in effect. A series of +24 VDC rclays and indicator lights were used
to accomplish this result. The schematic for the control pressu?e solenoid aciivation

and corresponding indicator lights is shown in Figure 4.9. The four different modes

of operation could be activated by the appropriate switching (on-off) of two 24 voit



Table 4.4: Scanivalve pressure system power supplics

Scanivalve

Clomponent
ZOC14 pressure
scanner

Therinal control
unit

Mux address
control unit

Power Supply
Specification
15 volts dc
at 1.2 amp

+24 volts d¢
120 Watts

+24 volts de and
120 volts ac

Table 4.5:  C'ontrol pressure iogic
Control Pressure
Mode JTL ] CTL 2
operate none none
calibrete 90 psi none
purge none : 90 psi
isolate 90 psi 90 psi
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relays.

Designing the data acquisition system also involved developing a complete elec-
trical circuit wiring diagram and specifying hook-up instructions for the electronics
to a digital voltmeter and a scauner for ultimate control of the pressure scanning sys-
tem. In Figure 4,10 is shown the electrical wiring diagram for the pressure scanming
system. The diagram contains =lectrical wiring infortnation for the ZOC' connector,
the MACU (J102, J103 and J101) counectors and the power supply connections. The
Z20C14 module contains the pressure scanning sensors.as well as the thermal control
unit (TCU) circuitry, The MACU J102 connector accepts “step” and “home® cum-
mands from the scanner and actuates the switching of pressure channels on the mux
address control unit (MACU). The J103 connector sends a signal from the MACU
to the ZOC module to switch the channel being scanned or to return the pressure
scanner to the home position. The J104 connector outputs a binary code indicating
the channel being scanned that has to be deciphered by the data acquisition system.
Further description of the implementation of this system into the existing laboratory

data system is presented in the following subsection.

4.2.1.2 Pressure system implementation into exi:sﬂng data systern
The implementation of the pressure systew electrical design into the existing data
system is discussed in this subsection. The available data system consisted of a
Hewlett-Packard 3135A digital voitmeter, o Hewlett-Packard 3495 scanuer and a
Zenith data systems computer. The Zenith computer controll »d the operations of the

digital voltmeter and scanner through a National [nstruments [EF E-15% computer in-

terface utilizing GPIB-PC function conimands. Zenith computer programs to control
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the function of the data acyuisition system were written in Quick Basice langnuge.

Two major operations were used to implement the Seanivalve pressure systom
into the available data system, namely, reading and logging de voltages from the
digital voltmeter and controlling relay switches on the scanner. By using these oper.
ations, the ZOC 14 pressure scanner could be stepped and homed, the Z0C output
voltage could Le tead, nnd the binary code produced by the MACU ¢ould be dedi.
phered, These important pressuce system operntions will be discussed briefly,

First of all, the "step™ and “home™ commands were crented by the sequentinl
opening amd closing of two seanner reluys, The “step™ operation caused the 20C
channel being seanned to he inceemented by vne channel (or pnevwmatic pressuare in-
put). The “home” operation caused the Z0C scanner to veturn to its initial seanning
position {Channel 0), The scanning rate of the system wos limited by the speed at
which the scanner relays could be opened and closed, The maximum scanning speed
used for data acquisition purposes was about eight chonnels per second (- 8 Hz) A
simple sketch of the scanuer electrivel hook-up for the step and home operntions is
shown in Figure L LA step is necomplshed by opening and closing switeli 1 (SW
1) tollowed by closing switeh 2 (SW 2). A home command is accomplished by elosing
switch 3 (SW 3), The scanner automatically reonens a switeh when a new commuand
is given to open or close an alternate switeh,

The second important operation for the data system was the reading of the
ZOULE output voltage, The de voltage was vead by the digital voltmeter (wires 1,
and M oin Figure 1.10), This de voltage was directly proportional to the pressure

being applied to the individual silicon sensor, Eaclt sensor, however, hnd a different

proportionality constant associated with "t. The inethod of calibration of these silicon
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pressure sensors is discussed in the pressure system calibration subsection.

The deciphering of the biuary code produced by the ZOC MACU was the final
pressure system overation. The deciphering of this code enabled the data system
to verify the channel being scanned. The binary code string flowed from connector
J104 on the MACU, The connector contained six open collector NPN transistors
with a maxitmum saturation voltage of 0.5 volts when “on", An external 24 volt de¢
powet supply was required for the deciphering operation, In Figure 4,12 is shown the
six NPN transistor counectors labeled A through F. Each connector has o different
binary number associnted with it and they are indicated in the dingram.

The diwgram shows a parallel arrongement of pull-up resistors and a voltmeter
which must be examined for deciphering purposes, Fach cireuit voltnge (A threngh
F) must be rend and recorded. The resulting voltage values reflect sither an “on™ or
“off” condition for the NPN transistors, The channel being scanned is caleuluted by

adding the binary numbers of the NPN transistors which indicate en “oft™ condition,

4.2,1.83  Pressare system calibration  The calibration procedure for the
Scenivalve ZOC L4 pressure sennner is disenssed in this subsection, The ZOC1A pres-
sure module contained 52 individual silicon sensors each having a different calibration
constant. PFach sensor had a nominal differentinl pressure range of 10 pei, and was
therelure calibrated in this range. A seven point calibration for each of the 32 indi-
vidual scensors was performed,

The cnlibration involved a sualdl air compressor and n 30 inch mercury manonie-

cer, Uhe alr compressor provided a variable pressure source in the 0 to 10 psi range.
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Figure 1,121 NPN transistor connectors for binary code deciphering
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The mercury manoteter was used to measure i)recisely the pressure of the variable
suurce.

The calibration procedure began by switching on the pressuce system electronics.
A two hour warm-up time was requized for the thermal control unit (TCU) to reach
thermal equilibrium, Because the silicon sensors were sensitive to thermal gradients,
a calibration performed before the system was stable yielded erroneous results. When
the pressurs measuring system was in equilibriun, a scan of the 32 individual sensors -
indicated a non-zero initial voltage for each. This initial voltage was most likely
due to stresses applied to each silicon seusor during manufacturing and it remained
constant throughout the calibration and during subsequent testing.

Seven nominal pressure source values were chosen for calibration, nawmely. 0.0,
2.0, 4.0, 5.0, 6.0, 8.0 and 10.0 psi. The calibration pressure was applied to each
of the silicon pressure seusors and voliage readings were taken. This process was
repeated with the remaining calibration pressures vo arrive at culibration curves for
each of the 32 sensors. This culibration procedure was then repeated immediately
to verify that the calibration curves remained constant. In Figure 4.13 is shown the
calibration curve for channel number 24 of the ZOC'14. Qther calibration curves for
the remaining ZOC channels were similar with different slopes, however. The slope of

the calibration curve of voltage versus pressure gives the caiibration constant. Table

4.6 lists the calibration constunts calculated for the 32 individual silicon pressure
sensors. During the Pratt & Whitney compressor tests, calibration constants were

checked periodically aud did not vary.
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Table 4.6: Calibiation constants for the ZOC14 pressure sensor
Channel # Calib. Cou. Channel % Calib. Con.
1 5226 17 3.797 ‘
2 4.986 15 4.011
3 4.857 19 3.678
4 4.125 20 4,116
5 4.089 21 4,147
' 6 4.067 22 4,208
f 4.056 23 4.25%
s 8 4.161 24 4.734
9 4,140 25 4.622
10 4.732 26 1.782
i il 3.835 27 4.915
& 12 4.045 28 5.059
; 13 2.861 29 4,769
14 3.756 30 5.053
15 4102 31 5,045 .
15 4.200 32 5.269
Ty
b




4.2.2 Temperature system

The temperature data acquisition. system used with the intermediate-speed.
three-stage, axial-flow compressor is described in this subsection. The tempera-
ture measurement system consisted of chromel-zlumel thermocouples attached to
total-temperature prob=s. [udividual thermocouples were hooked-up to the Hewlett-
Packard 3495A scanner in a parallel arrangement. The scanning of up to 40 different

. thermocouples was performed by the Zenith computer. An Omega-CJ cold junction
compensator was used tc provide a reference point from which to base the thermocou-
ple emf. The emi voltage was read by the Hewlett-Packard 3455A digital voltmeter.
Using the following equation provided by Omega, the thermocouple temperature was

calculated.

T =ag+ a8 +a3r’ + azge® + .o + apt™ (4.1)

where
T = thermocouple absolute temperature
r = thermocouple emf voltage
a = polynomial coctlicient for chromel-alumel therinocouple

m = maximum order of the polynomial

In this c1se, an 8" order polynomial was used to calculate the thermocouple tem-
perature. The polvnomial coeflicients for a Type K, chromel-alumel thermocouple are
tabulated below. T'his ¢** order polynowial resulted in a thermocouple temperature

accuracy of = 0.7°. The values of polynomial coefhicie ts used are:
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X a0 = 0.226584602 )
a, = 24152.10900 .
; 4y = 67233.4248
a3 = 2210340.682 .
4y = —860963914.9
as = 4.83506 x 10'° .
ag = —1.18452 x 102 ' .
! ar = 1.38690 x 101
| as = —6.33708 x 102 .
; ;
EY . et
’
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4.3 [ratt & Whitney Three-Stage Compressor Performance Tests

The Prat‘t & Whitney, intermediate-speed, three-stage comnressor was used for
the purpose of identifying the effects of compressibility on the proposed method
for improving the stal' margin of multistage, axial-flow compressors. The results
previously obtained with the two-stage far and the three-stage compressor were used
to guide the Pratt & Whituey compressor tests, Because the Pratt & Whitney
compressor was a significantly more complex turbomachine than the tWo-stage fan
and three-stage compressor, the test procedures are explained in detail.

The overall performance characteristics for the Pratt & Whitney, intermediate-
speed, three-stage, axial-flow compressor were determined by the measurement of
inlet correcied wass flow, comprassor total-pressure rise and inlet corrected rotational
speed. These performance perameters were carefully measured throughout the test
program to asrure accurate and consistent results, The imethods used to determine

these performance parameters are dis~ussed in the following sections.

4.3.1 Inlet corrected mass flow

The flowrate for the Pratt & Whitney compressor was measured in an instru-
mented annulus section located downstream of the compressor exit (see Figure 4.3).
The meazurement section could be easily separated from the compressor assembly
without dismantling the entire comgpressor. The flowrate measurement section had
an inside diameter of 20,59 inches and an outside diameter of 24.00 inches, resulting
ina 1.70 inch passage height. Four specially designed probe holders were manufac.

tured and installed at Your locations around the measurement section circumfeience.

The probe holders were designed to hold total pressure aad total-temperature probes
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directed radially inward fromn the outer wall of the annulus. In addition, surface
static pressure taps‘ were installed in the measurement section outer casing. The
total-pressure and total temperature probes measured values at 5, 15, 30. 50, 70, 85
and 95 percent immersion depths. A sketch of a typical total-pressure rake probe
is shown in Figure 4,14, Before the flowrate measurement section was instrumented
and installed, both inner and outer annulus walls were sanded and smoothed with
emory cloth,

Because flowrate was such an important parameter in the present study, great
care was taken to arrive at a consistent and accurate low measurement. Appropriate
averaging of the total-pressure, static pressure and total-temperatuce daia was nec-
essary due to the high response equipment being used. The collection of pressure and
temperature data was accomplished with the data acquisition equipment described in
the previous chapter. Through the use of simple compressible flow relations and raw
data, the flowrate through the flow measurement section was determined as described
belew.

The flowpath cross-section of the flow measurement section was divided !.to
seven areas. For each of these areas, the total to static pressure ratio, £, was

P"

calculated from data. Using the following compressible flow equation,

k.
B (1) w
where
£, = total pressure
P, = static pressure
k = 1deal gas specific heat ratio

M = Mach number

.-
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We can obtain the following relationship for the Mach number, M,

. (R>%l-1 (4.3)

M = \/-/»——1_ ﬁ;

With the total to static pressure ratio known, the Mach number can be calculated

with Equation (4.3). From the following compressible flow equation,

k-1
—1+~—?~mﬂ (4.4)

T,
=

wilere
T, = total-temperature

T = static temperature

the static temperature, T, can be evaluated with
T,
(4.5)

1+ Bl

The velocity, V', of the air can be calculated using the definition of Mach number,

Vo= MVERT (4.6) _
where
1" = absolute fluid velocity .
£ = molecular weight
The flowrate, in, can be calenlated using the following equation
m o= pAV (4.7)
and the ideal gas relation
P o pRT (4.8) ]

e v A w1 BB o T N OOy bl ¢ P b




Then the flowrate is given by
. PUA
M= =
Rl

(4.9)

Using the ubove stated equations, the flowrates for each of the seven arens and
for data from cach of the four cirevmiferential locations were evaluated., The final
overall flowrate was calculated by averaging the four different cireumferential position
flowrates fur cach of the seven different tiow pastage nreas,

The data acquisition program was written to sean total-pressures, static pres
sures and total temperatures five times and average them hefore ealenlating the in.
dividual passage flowrates, The program c¢alewlated the total rompressor flowrate
every minute. o errive at a final measarement for the flowrate, the results of five
individual mass flowrate runs were averaged,

Having obtoained the mauss flowrnie, the equation for inlet corrected manss flow ix

given hy
. A
El:/ tl.mllt 4.10)
tanlet

where

m - nass owreate

fH, = ‘ool temperature at compressor injet
¢ sea level standard temperature

§ = total pressure nt compressur inlet
¢ e WoLtuinpresaor et

sen level stunderd pressure

The quantities 8, and &, were calenlated by using mensured values of total tem-
perature and pressure at the compressor inlet,  This was aecomplished by using
a widspan total-temperature and total-pressure probe positioned upstrenmm of Uhe

compressor inlet,
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\ 4.3.2

Compressor pressupe vise ratin

The second overal]l performance parameter mensured on the Pratt & Whitney

cotpressor test rig was compressoc total pressure tise ratio, The compressor total-
pressure rise rutjo is given by

1), uuliel
= less=pia 'lll l )
“.mlu (
where

Dy aunier = compressor outlet total-pressure

Dywer =2 compressor fnlet totalpressure

In addition to this total pressure parameter, the compressor static pressure rise
tatio was aleu evaluuted,

The method fur collecting the data for these ratios is
explained briefly in this subsection,

The total-pressure rise across the compressor was wensurad using two toutal-
pressure probes located wt the inlet and exit of the compressor, The probes were
tutul prossure cukes which measured the total-pressure frotn 15 percent to 85 percent
innnewsion depthis, Five total-pressure measarements at 1h, 30, 50, 70 and 85 pereent
inersion were averaged to arvive at the inlet or exit total.pressure wmeasuretnent,
A Meriam 30 inch eolumn of mercury was used to ineasure the total-pressure read-
barometer,

ings, The barometrie pressure was measured with a Fisher Scicatific Model #0284

Compressor static pressure rise was measured with statie pressure tup holes

located al the anlet and exit of the compressor. The mercury manometer was used
to measure the static pressure veadings.
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4.3.8  Inlet coerected rotational speed
The final overall compressor petformanes purneter measured on the Peatt &
Whitney compressor was inlet corrected rotational speed,  The equation for intet

corrected rotativnal spred i

('LL;))

where
REM - rotoe totationul speed
ratal- temporniure at compressor nled

Baninr & T een level wandard temperatie

This equation indientes that a chunging cotmpressor inlet condition will afleet the
inlet coveected rotationsl spesd, Becanse ambient air from Che outslde Howed through
the compressor, 1t was fmportant o cloaely monitor the indet torsltemperoture and
make any necersary adjustments in the rotor rotatinaal speed to keep the nlet cor.

rected rotations] speed constant, Over the course of o data run, 1heoe adjusiments

had to be made fujely frequently, The total-tempeeature probe | A4 at the
compressor inlet was wsed to monitor the compressor inlet total- oy Tl
compressor votor totabional speed was measuced with ntachometes don the

compressor drive motor,

4,300 Detection of stall in the Pratt & Whitney comproessor

The method for detection of stall in the Pratt & Whitney compressor is diseussed
i this subsection, A careful and systematic approacd was used to establish a cousis-

teut and accutate vepreseptution for operating points on the compressor surge/stall

Lt hine,
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Stall tests were peddorned by slowly redueiny the indet corrected mass flow along
a vonstant fnlet corrected rotational speed line, The mass flow reduction was ae-
complished by moving the cone shaped compressor throttle axially, Fach movement
of the throttle wns indicated by w digital rendout located on the compressor con.
trol panel, When the compressor upcrlntcd newr stall, mensurements were caken for
detertaining the overall compressor petformance paraweters, These mewsurements
were tecotded atd the throttle was moved to further reduce the mass flowrate, This
process continued wntil the sounct ol operation of the compressor chinnged dixtinetly
because of stall, The mencurements of flowrate and total-pressure vise taken just
before the comprestor becatne unstable were considered to be for the stall point op-
evating conditions, This proces. for detectiog stall along, o constant inlet corrected
rotativnal speed lne was repeated four to five thines fnoa data vun, The stall tests
were wlao vepeated on subsequent duyx to verlly the congisteney and vepeatability of
the results, Data for several constant speed lines were obtained, Because stall point
dota werpe conststent throughont a data run sud did nut vary significantly from ran

to run or from day to day, it was felt that the eyror band for these measurenents was

within the symbol used.
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6, ESTIMATION OF REDUCED FREQUENCY AND ROTOR
INLET FLOW ANGLE VARIATION FOR PRATT & WHITNEY
COMPRESSOR

L the absence of detailed flow measurements (velucity magnitude and fow angle)
for the fluw entering o rotor row, an estimate of the reduced frequency ol stall,

Kyarry andd e estimnte of the rotor inlet flow angle varintion must be aade, For o

given wimber upstrenn stationnry blade of setting angle variation eycles per rotar
revolution, n, and u given amplitude of setting angle varintion, Ao, those estinntes
are reyuired to choose baseline compeensor modifications which may show benelit in
termus of stall margin improvement, A thorough analysis of this estimation process {or
the two-stuge axinl-flow fan and the theeestuge axial-low compressor wag presented
in refercace (120 The estimation process {or the Pratt & Wlitney, intermediate.
speed, threestage, axial flow compressor for ench of the six inlet corrected rutational

speeds teted is outlined in detail helow,

Flow conditions at the exit of the inlet guide vane (1GV) row give the magnitude
of the absolute veloeity appronching the rotor, This velocity is necessary to caleulate
v the fluid relutive velocity at the cotor inlet used in estimating the reduced freguency
at stall, Ay The technigue for calealatiug the redoced frequency involves using

global tlow parameters, simple blade row geometry, and a well acceped corcelation
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of blade deviation angle to arrive at a reasonable estimate of the reduced frequency
at stall. The steps used in calculating the reduced frequency at stall for the Pratt &

Whitney compressor are summarized below:

1, Determine the midspan average axial velocity at stall using the mass flowrate
at stall.

2, Estimate the midspan flow deviation angle behind the inlet guide vane (1GV)
row,

3. Draw velocity triangles at midspan using simple blade row geometries,
4. Caleulate the magnitude of the midspan fluid relative velocity at rotor inlet.

5. Use Lquation (3.5) to ealenlate Kyn.

The material in ceferences {12] and 14) suggests that the magnitude of the rotor
inlet How angle varintion may be significantly different from the magnitude of the
Llade setting angle variation prescribed for the stationary row upstream of the rotor,
An estimate of this difference is necessary to completely deseribe the effect of the inlet
guide vane setling angle variation. A detailed analysis of the first stage rotor inlet
flow wngle variwion for the Peatt & Whitney comypressor is deseribed in the following
sections. A portion of the analysis for the three types of inlet guide vane row blade
setting angle patterns used in the low-speed, three-stage, axial-flow compressor taken
frow reference 112§ is also summarized. Those three inlet guide vave row setting
angle patterus were sinusoidal (Equation 3.1), rectified sine-wave (Equation 3.2) and
asynetric (Equation 3.3) variations.

The following two sections outline the procednre for caleulating the reduced

frequency at stally 0, and the extent of rotor inlet flow angle variation for the

Pratt & Whitney compressor.
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Calculation of Reduced Frequency at Stall, Ay, for the Pratt 8

5.1

Whitney Contpresser

The estimation of the reduced {requency at stall, &, for the Pratt & Whitney

cowpressot involved an evaluation of the stalling niass flowrate. Performance tests
were conducted at each of the six inlet corrected rotational speeds. namely, 50. 60,
70, 80, 90 and 100 percent of design speed. Repetition of tests at the stall condition
for each of these speeds resulted in the stall point overall mass flowrate conditious.
These performance points are the actual stall/surge point hmits shown in Figure 6.1,

Using the following equation, the axial velocity at the stall condition for each speed

(5.1)

was calculuted.
m = Pinlet-'linlrt "'inlct

where
compressor stalling mass flowrate

m =
pinter == fluid density at compressor inlet
Aintee = annulus area at compressor inlet

Vinee = axial velocity at compressor inlet

In Table 5.1 are sumarized values of the stalling niass flowratc and the axial

velocity at stall for each of the six inlet corrected rotational speeds.

Before the blade velocity diagrams can be constructed, a reasonable estimate of
the inlet flow angle involved must be made. This estimate is made by using simple

blade row geometry and a correlation for blade deviation angle given by Carter [15].

Summarized below are some important inlet guide vane midspan blade row angles
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Tuble 500 Stalling muss lowrates sud axinl velodity at stall for the baselive con-
pressop conlignrstion

"I Desinn gl "r.uull
5!““‘&! (”A,'.d) ('f‘( Ja)
TR0 T e T T T s
0 1445 M6
Y 12,75 182 0
) 10,50 150,0
(Y 8,70 1240 .
2l u.6U O

whichh were used 1o estimate the uid turning angle and the blade devintion angle for

the Pratt & Whitney research compressor.

Ky = blade inlet metal angle = 0.0>
Ky = blade outiet metal angle = 21.0°

0 = blade camber angle = 21.0°

i = Dblade incidence angle = 0.0°

“or the accelerating row of inlet guide vanes of the Pratt & Whitney compressor, .
Carier’s correlation is
§=mb(S5/c)r (5.2) s
where
& = deviation angle, ( °) |
m = factor lor accelerating blade rows = 0.2

¢ = blade camber angle = 21.0°

S =blade spacing = 5—?\—,1“ = (.68 in.

i1

¢ = blade chord length = 0.70 in. .
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With BEquation (5.2) and these quantities, the midspan, inlet guide vane devintion
angle was estimated to be

N 24 ‘ (5ha)

Uaing this blade devintion sagle and the following equations, the totor inlet flow
velocity dingrnns ot stall for the Peate & Whitney eompresar et each of the six inle

corrected rotntional speeds were copsteneted,

ag e g = (1)

Vay = Vitanay (5.6)
wy = ean Va9 (5.7)
wy = \/wy, + "'}‘2’ (5.8)
Js = arctan (E‘LN) (5.9)

These calculations are all based on the mean radius of the rescarch compressor, which
is calculated as
1 .
Pm =3 (I‘t,'p + ) (5.10)
el

In Table 5.2 are summarized some of the results of the velocity diagram calcula-
tions for the Pratt & Whitney haseline compressor configuration at stall. Summarized
are the absolute tangential velocity, Vi, the mean blade velocity, [negn, the relative
tangential velocity, wyg, the elative velocity, wy and the relaiive flow angle, J,.

In Figures 5.1 through 5.6 are illustrated the first stage rotor inlet flow velocity

triangles for the Pratt & Whitney compressor at the stall point for each of the iulet
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Tuble 520 Velocity disgram caleulations for the baseline stalling condition :
DT Vi Ueean wa  wy 3y
Chpeed  (JEs)  E (S el 0
100 Bk 5 DI 11 U K ¥ T B T R a1y
Hl) NN 4438 Jud. 4.1 42 '
sU B 04T 3 AU a )
60 % U 11 W1 1T/ R K PO S R )
SN 1B U i A2 1Y ST '
corvected rotational !pmulu. unuwly, A0, 40, 70, 090 and 100 peresut cln\nigu upmul;. °
Figures 2.1 through 5.6 are denwn tu seale with unit of veJueitios ghiven In Jt 4, '
From Table 5.2 values of the rotor relative veloelty, wy, the extbmnted pednead
frequency at stall, 'I\'..u;,‘ wav calenlated from Fauation ¢20), with V' - ey - pepre.
sentative widspan fudd relative velucity at rotur fulet, or
rf “' 

N = 't (511)

whers
N = reduced freguency

0\(}”’-‘0’) 1 /““‘

J = Trequencey of periodic disturbanee, f = "0 .

¢ = rotor blade chord length, in.

Vo= wy = fluid relative velocity at rotor inlet, ft/s

In Table 5.3 is shown the reduced [requency estimates nt the stall condition,
K,y tor the six ditferent iulet corrected rotutional speeds ns a funetion of n, the

number of setting angle variation cycles per rotor revolution. An appropriate range

of values for n was determined in a carlier study (references 112 and {141, Values
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Vlgure 510 Pratt & Whitney blade velocity disgram at stall for 50 pervent speed

Figure 5,20 Pratt & Whitney blade velocity diagraw at stall for 60 percent speed
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Rotor Inlet Flow Angle Analysis for Pratt & Whitney Three-3tage

x

+

Compressor

The procedure for estimating the rotor inlet flow angle variation caused by the
ciccumferential varistion in inlet guide vane setting angies for the Pratt & Whitney
compressor is very simnilar 1o the oae used for the low-speed, three-stage cotmp, =swor
as outlined in reference {12 “This asalysis is impoetant because it gives the rotor
blade loading and unloading schedule for a given setting angle varintion in the jnlet
guide vane row of the compressor. In the absence of detuiled low meusurements, this
analysis is an estimate of the wetual rotor flow angle varintion which occurs, The
extent of rotor inlet flow angle varintion is direetly related 1o dynamic stall studies
in that the flowfield for the rotor is wade purposely similar to that of an oscillating
wrfoil,

The complete analysis of rotor inlet flow angle varintion for the Pratt & Whitney
compressor is presented in this section, Son-e oi the results from the rotor inlet flow
angle nnalysis for the low.speed, three-stage, sxial-flow compressor are also sunma-
rized. The reason for this is that the rotor inlet flow angle analysis for the low-speed
compressor was used to help identify a candidate modified inlet guide vane setting
angle variation for the higher-spead compressor, The most productive results ob-
served with the low-speed compressor inlet guide vane setting angle modifications
were evaluated to justify a pacticular wmlet guide vane setting angle variation for the
intermediate-speed compressor which woulil show benefits in tenn of stall margin
improvemeont.

In Figure 5.7 i3 shown a typical firet stage rotor inlet flow velocity diagram

[or tue low-speed, three-stage compressor at the stall point. The fmportant angles
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Vigure 8.70 Typical first stage sowor fnlst low veluciiy dingram at the stall point of
the three..tags compressor
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ilustented in the gure ace age the low angle at the fudet guide vane row exit, and
Syt relative imdet How angle pc‘t‘u‘i\'l‘ll ]l.\‘ the totop blade, [ evident that as the
inlet guide vane tow exit flow angle, gy, changes, due o chaages in TGV row sitting
anmle, the relative fulet flow angle pereeived by the rotor, Ay, alsa cinnges, With the
shape of the veloclty tednngle tnvolved, the change by dy 1 peneradly analler than the
change in ag,

To eatitmate the change du eelative low angle, Ay, it i asswmed that the change in
fulet guide vane row exit flow angle i identieal 1 the blade setting angle inerement
from bmeline, do,, Lariier conclustous trom low-speed compreszor detailed mea.
surement data suggest that this is 0 valld aswnption. The correaponding change in
relative rotor falet How angle, Jy, may then be extimated by constructing a new veloe-
ity trinngle where the axlal velocity remalons consvant and {s the baseline value, The
rotor fndet flow velocelty dingranms of the basellne compressor (Figures 5.1 throngh 5,6
and Tuble 5.2) at the stall point defines the baseline values of, ag, the 1GV row exit
How wngle and dg, the relative rotor {nlet flow angle, The quantity, D33, represents
the difference hetween the baseline rotor inlet velutive fow wagle nud the wmodifled

totor infet relative flow angle and is given by the following relation,

A,‘il = .d?.buuluu : i'.‘ medi frad (3.12)

whete
Ay pasetine  rotor infet relative flow angle for the baseline stalling condition

It mads fred 7 totor inlet relative flow angle for the modified stalling condition

Ln Figares 5.8 and 5.9 are illusteated some of the vesults of the rotor inlet flow

. angle analysis from the low-speed, three-stage compressor, Shown in Figure 5.8 is an
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Table 50k Mnplitude of blade setting angle variation, Ay and cotvesponding rotor
inlet flow angle varintion for the low-speed, taree-stage compressor

e 6. SisSes—sem

" hiolute Aow wide A
(

difference frow buseline ")
- T ~TA
: N =19
+10° -2.5
-6’ w12
—- 16" w20 .
= 207 w3l
e e e i

arynunetric blade setting angle pattery established hy Beuation (43), where A -
167, Ae¢y = 8 and 0 = 2 cyeles per rotor revolutien. This setting angle varintion
was tested on the low-speed compressor and the resnlting estimation for rotor inlet
flow angle varintion is shown in Figure 5.9,

It is evident thut the change in rotor inlet flow angle is significantly less than
the change in the inlet guide vane exit flow angle (or setting angle). This i due
to the shape of the velocity trinngle at the stalling condition. More specifically,
a negative change of 16" in the inlet guide vane exit flow angle results in o rotor '
loading of only 29" and a positive change of 8” in 1GV tow exit flow angle results
in u rotor unloading of ouly 1.9, In Table 5.4 are summarized additional low-speed
rotor inler flow augle variation results. The table values indicate the absolute flew
angle difference from baseline and the estimated change in rotor inlet low angle, Ad,,
from veloaity dingram caleulations. These tabulated values suggest again that the
change in rotor flow angle is less thao the change in IGV exit fliow angle and also that

a symmetric varintion in [GV setting angle may result in a4 non-symmetric variation

in rotor inlet flow angle.
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Figure 3.8: IGV row blade setting angle paitern - Equation (3.3). do; = —16".
Aoy = —8%, n = 2 cycles/rev




131

DEGREES

;
INE,

NLET FL.OwW ANGLE FROM BASEL
o

I
T

o
RaTOR

a Figure 5.9:

-] 11 18 a1 28 an
IGv BLADE NUMBER

Estimated rotor inlet flow angle for Equation (3.3), Ao =
—38° n = 2 cycles/rev

38

“160, Alﬁg =

\]
5



132

The results from the rot;)r inlet flow angle analysis for the low-spead, three-stage
compressor guided the selection of the loading schedule for the Pratt & Whitney.
intermediate-speed, three-stage compressor, The tests performed with the low-speed.
three-stage, axial-low compressor suggested that the most productive (in terms of
stall margin improvement) inlet guide vanc setting angle variations were a sinusoidal
and an asymmetric variation. More specifically, the sinusoidal variation was one in
which the number of setting angle variation cycles per rotor revolution, n. was 2,
and the amplitude of setting angle variation, Ao, was 6°. The estimated reduced
frequency at stall was 0.19 and the estimated rotor inlet flow angle loading and
unloading from baseline was +1.2° and ~1.4°, respectively (see Table 5.4), The other
productive variation was an asymmetric variation in which the number of setting
angle variations, n was 2, and the amplitudes of setting angle variation, Ao, = 16°
anu Ay = 8° (see Figuic 5 8). The estimated reduced frequency for this variation was
0.19 and the estimated rotor inlet ow angle loading was -+2.9° and - 1.9°, respectively
(see Figure 5.9 and Table 5.4). Because both of these variations resulted in stall
meargin improvements compared to baseline behavior, the candidate modification to
the inlet guide vanes of the Pratt & Whitney, intermediate-speed compressor was
chosen to lie somewhere between the two productive variations in terms of rotor inlet
flow angle variation. In particular, the rotor inlet flow angle variation for the Pratt
& Whitney compressor was +2.4° of rotor l2ading and —1.5° of rotor unloading. To
achieve this desired schedule of rotor loading and unloading, an analysis of rotor inlet
flow angle vari.i.on for the Pratt & Whitney compressor was performed. Using the

analysis outlined in this section, the rotor loading schedule was estimated for any

amplitude of setting angle variation. In Table 5.5 are summarized some iulet guide




Table 5.53:  Awmplitude of blade setting angle variation. Lo, and corresponding rotor
inlet flow angle variation the Pratt & Whitney, three-stage compressor

% Design +10° +8° +6° —16° -—12° —10°
Speed (%) () (v (") () (9

100 =29 =23 Z17 +3.3 +2.6 2.2
90 =28 =21 =15 +3.2 +25 21
80 ~2.8 =21 —-1.6 =+31 +24 +2.1
70 —24 18 —13 =29 423 +1Y
60 ~23 18 =13 428 400 1.7
50 -1.9 -15 ~1.0 =23 +1.8 =15
Ave. 25 Z19 —1d4 29 <23 +19

vane row setting angle amplitudes and the resulting rotor loadings or unloadings
which they produced.

Table 5.5 suggests that the reior inlet flow angle magnitude varies with inlet cor-
rected rotational speed. Because of this, an average loading and unloading schedule
must be selected so that the desired loading schedule is et Table 5.5 indicates six
different iulet guide vane setting angle wmplitudes, namely, 107, =8 67, - 167,

P2 and - 107 The aveenge values of the reaulting votor loadings are also indicated,
Frow this table, a - [27 amplitede of TGV sevting angle would result in an average
foading of 28" and w67 amplitude of 1OV setting angle would resuit in an average
wnloading of L This asvaunetric setting angle vaeintion (12 and 467) results
i Che ipproximide desiped rotog londing seliedule of =300 and L7, pespectively,

To swnnanize the tesults of the two previons aections, the condidate inlet uide
vee et angle pattene chosen wicc one invoiving i csymmetie viniation where

the nuwbey of setting angle variotions per rotor tevolution was 2 and the amplivudes

of setting nagle variation, Ny 0 and Xy - 1270 The estiated roduced Lroguaeacy
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for this variation was 0.19 and the estimated rotor inlet flow angle loading was +2.3°

end —1.4°




6. PRATT & WHITNEY RESULTS AND DISCUSSIONS

6.1 Pratt and Whitney Baseline and Modified Compressor Performance

The effect of compressibility on the proposed method for improving the stall
margin of multistage axial-flow compressors was tested with a Pratt & Whitney,
three-stage, intermediate-speed, axial-flow compressor. Overall performance tesis
were performed on the baseline compressor configuration as well as one woditied
compressor configuration in which an asymmetric variation izt stationary blade setting
angle where A¢; = 12°, Agy = 6° and n = 2 cy'cles per rotor revolution was the
setting angle schedule. Recall that the modified Pratt & Whitney compressor inlet
guide vene setting angle variation was selected from results of beneficial blade setting
angle variations in the low-speed, three-stage compressor. Particular attention was
focused on the reduced frequency at stall, A, and the resulting rovor inlet flow
angle variation. In this case, the estimated reduced frequency at stall, K, . was 0.19
and the rotor inlet flow angle variation maximum and minimum values were +2.3"
and —1.4°,

The overall performmance parameters {or the Pratt & Whitney compressor were
corrected mass flow, total-pressure ratio and iulet corrected rotational speed and

are given by Eguations (4.10), (4.11) and (4.12). The performance tests involved

identifying the overall performance characteristics of the compressor at six differeut




(W[H

inlet corrected cotational gpesds, nmels 50, 60,70, 80,490 and 100 percont of desighn

speed, Particular attention was forvsed on wmeasuting the opecating condition near
stall, Repetinony of tests were perforined to aceurately and consistently aredve at a
good repeeseatation of vompressor stali puint,

In Figuee 6.1 {8 shown the overall pertormance characterhation for the basclin- and
modified (= 12" and 0, 2/vev) comprecsor configurations, The wate of Flgure 6,1
suggest tha the aaymunetric let guide vane setting angle seheduie, while wodealy
beneficinl at lower epeads, did nov chiange the compressor stall pointa st highor spenda,
The Jurgest henetiv in stall margin ocewrs for the lowest fulev corrected rutational
speed, nenely 50 pereent design spred This luprovement disappeses with lncrensing
rotational speed and v the highest cotational speeds (80, 90 and 100), uu difference
cun be seen between the baseline and wodified compressor stall pointe, Pertorninanee
daia while aperating in rotmdieyg suall wan aot collected beeause of the poasililivy
of damage to the compressor blading,  Possible rewons why tie guprovements in
stall margin were less that expected for the Pentt & Whitaey compressor will e
discugsed ig the conelusions vhiapter. Also, recommendations for Caether vesearel;

asing citemnterentinl blade setting angle vapations on high-speed -onpressors are

presented,
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6.1.1 Pratt & Whitney detailcd flow measurements

lu addition to overall performance data collected on the Pratt & Whitney,
intermediate-speed, three-stage, uxial-flow compressor, some .detailed measurements
of the flow at the inlet and exit of the cotpresser were performed. Detailed mea-

©surements were performed for both the buseline cowpressor as well as the modified

compressor in which the inlet guide vunes were set in an asymmetric variation with
Aoy = 127 and Avy = 6° and N,y = 0.19. Each compressor configuration was in- .
steutented with total-pressure probe rakes at four cirewuferential locations around
the compressor annulus upstream of the inlet guide vanes and downstream of the
compresso: exit at the low measurement section.

These total-pressure and total-temperature measurements were collected at the
MX dill‘ereu} percent inlet corrected rotational speeds of 50, 60, 70, 30, 90 and 100, For
vach of the different speeds, duta were collected at an operating condition ver; near
the uctual stail point and at an operating condition closer to design conditions on the
campressor characteristic. In Figures 6.2 and 6.3 are shown the detailed measurement
opernting conditions for the baseline cotupressor and modified compressor configura-
Hons, respectively The velocity distributions were detenmnined with Equations (4.2)
through (4.6) disenssed in Chapter 4,

fn Figures 6.4 through 6.9 are shown the veiucity profiles for the baseline com-
vressor inlet flow for the six different inlet corrected rotational speeds, namely. 50,
60, 70, 80, 90 and 109, respectively. The figures show the velocity profiles near stail
and at an operating point further along the operating line. The four different eircum-
ferential locations surveyed are shown in the figures by different dashed lines and are

indicated in the legend. These data suggest that the inlet flow for the baseline com-
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pressor confimuration iwvolves w Hat veloeity profile sad s reasonably synunetrieal
_around the cirannferenee, The dutn also suggest that ax the inlet corrected totas
tional speed i inereased, the rnd wall eeglons (expecialle uear the tp) display highee
velovity geadients and the flow in these regions i not ax drewmferentially symuetric
as the core How s,

In Figures 610 through 600 are shown the velocity profiles for the modilied com-
proasor configurntion iulet low for the gy different fnlet corvected totational speeds,
Thew duta wgain sugaest that the inlet velovity profile is mostly flat apd syganetvie
around the comprewsor cirewmference, Again, with inceensing inlet corrected rota
tonal speed, the end wall reglons exhibit more geadienta in velocity especially near
the tip. Also notewarthy in Figure G145 i the slight hump in the velocity profiles for
the 10U percent inlet corrected rotational speed near stadl and at the aperating point
further along the compressor chnpacteriastic,

The haseline compressor Ilnwn\;» section veloeity profiles are shown in Flgures
606 through 6,21 for the six ditferent inlet corvected rotational speeds, Tt s evident
that this flow v not as symmeteie cround the compressor annulus as the inlet flow is,
The reason tor thia s chat the downsteeanm velocity profiles are affeeted by the position
of staticnary blades, strats and probes upstream of the messurement section, Blade
wikes and wakes from the positioning sirats affeet the total:pressure distribution
downsitesm causing the variation in veloeity profiles, Despite these jeasons for the
nonssyuunetry of the veloeity profiles, flows carvesponding to the operating point
near stall and the operatiag point facther along the compressor curve are clearly

distinguishable, The dava suggest that there may he wiore sytnmety at the operating

point further aloay the compressor characteristic than the operating point near stall,
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Alsod as the inlet corrected rotational speed inercased, the velocity profiles exhibit
tmuch mote variation,

In Figures 6,22 through 6.27 are showi the velocity profiles in the flowrute wea-
surement section {fur the modified cotmpressor configuration at six different rotational
speeds, These figures are wauch like those fur the baseline compressor lowrate wmea-
sureinent section. The datu suggest that the velocity profiles exhibit more variation
at higher rotational speed. In fact, the modifled compressor velocity profiles in the
flowrnte wmensurement section show slightly more variation thun did those for the
baseline comprossor, Perhaps the reason for this is that the effect of repositioning
the inlet guide vines in such an sggressive manner has an effect on the downstream
How conditiuns ae well, Because the varintion in setiing angle wus pericdic in n two
per rotor revolution, the downstream total-pressure probes each had an upstream
lluwlield that was different from the others. Due to this non-uniformity in the in-
lev guide vanes, the compressor was nou-uniformly loaded wround the compressor

annulus and the result is shown in the downstream veloeity profiles in the flowrate

measurement section.,
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7. CONCLUSIONS

The tesults of the Pratt & Whitney compressor tests suggested that the stall
margin, while only modestly increased at lower rotational speeds, did not improve
at higher speeds. This resnit leads to the conclusion that although the propused
method for improving the stall margin worked modestly but consistently in a low.
speed compressor, it did not significantly alter the stalling performunce of the Pratt
& Whitney compressor for all speeds tested, Onel important consolation, however, 1s
that the aggressive approach used to increase the rotor loading (or diffusion) did not
result in any significant stall margin degradation, Because only one inlet guide vane
setting angle variation was evaluated for the interniediate-speed compressor in the
course of this dissertation, a legical reccmmendation would be to evaluate additional
setting angle variations, Having data for different amplitudes and frequencies of blade
setting angle variations would further explore the possibility of the proposed method
for improving the stall margin of compressors. Some other recommendations include
acquiring detailed data for flow behind the inlet guide vanes as well as behind other
stages. Some in-stall performance data may indicate some interesting observations
as well.

Possible reasons why the stall margin of the higher-speed multistage compressor

was not significantly improved at higher speeds may be linked to the influence of
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three-dimensional flow and wake interaction eilects. Also, because the aspect ratios
_involved presently are low, end-wall boundary layer, blade wake and tip and hub
clearance oflects are considerable. The dynamic stall results used to develop the
present tests were largely for two-dimensional flows and were not encumbered by
muany complexities, It may well be that benefits associated with the present method
are limited in low aspect ratic compressors by three-dimensional flow effects.
') The approach of using stationary blade setting angle variations to increase the ‘
R avernge lorading of o downstream rotor and to increase the operating range of a com-
- pressor was both aggressive and risky. The vbject of the compressor designer, how- ‘|
ever, is to take thic kiud of risk heping that it will iinprove compressor performance,
N Recently, much attention has bee. focused on inethods for maximizing work per stage »"l '
X to r-‘:ducclthe overall weight of the cownpressor. To accomplish this end, methods for
2 achieving higher loading levels in multistage compressors were investigated and re- .
. ported on by Wennerstrom [16]. These methods include vortex generalors, suction
RS and blowiag, and cacing trectment. All of these methods are derived from successful
attempts to control the houndary layer on external two-dimensional surfuces such as i

aircraft wings, These methods, however, have met with only limited success and the

reasons for this may help explain why the presently proposed method for increasing

o’

NS the stall margin of a compressor was ouly partly successful.

First of all, it is important to point out the trends associated with reducing

aspect ratio in axial-flow comnipressor blading as described by Wennerstrom {17]. By -
R reducing the aspect ritio, which is defined as the ratio of blade height to chord, the

three-dimensionality of the flow increases because of secendary flows and end-wall

houndary-layers being more influential in the flow passage. Wennerstrom [17] defined Y




a low-aspect ratio to be about 2.0 and a high-aspect ratio to be greater than 4.0. The
axial-flow compressors used i.n the present study have rotor aspect ratios which would
be considered low. This would lead us to conclude that the two-dimensional dy1. mic
stall results may indeed be diminished in the highly three-dimensional flowfields of the
low aspevt ratio compressors tested. Wennerstrom also suggests that low aspect ratio
cotupressors have high tolerance levels to inlet distortions. This may indicate why
there were not any significant degradations in stall margin noted for the compressors
using circumferential variations in blade setting angle.

In tests performed on a high-throughflow transonic axial-low compressor { Wen.-
nerstrtom [18]), the use of casing vortex generators was evaluated in terms of com-
pressor performance. The casing vortex generators resulted in virtually no benefit
in terms of stall margin improvement despite their aggressive attempt to control the
boundary-layer behavior near the tip. In contrast, tests performed with a supersonic
axial compressor stage (Wenunerstrom {19]) to evaluate the effects of boundary-layer
control on flow induced separation, secined to indicate otherwise. In this case, the
use of casing vortex generators suggested that stall margin was improved slightly. In
fact. a radial survey indicated that improvements occurred over full span aud not just
at the tip. This would suggest that the hehavior near the end wall may determine
the performance of the entire blade span.

The use of suction and blowing te control boundary layer behavior was sum-
marized by Wennerstrom [19]. Tapered holes with specific geometry and orientation
were drilled on the conipressor outer casing near the rotor blade row. Results from
these test suggest that suction and blowing have uo effect on stall margin imiprove-

ment unless stall is initiated near the outer casing, in which case there is some henefit
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in terms of stall wargin, In fact, when the suction or hlowing wax turned ofl, larger
stall margins were noticed with distorted inlet flow, These results led 1o the use of
casing treatents for mproving the stall margine of sxial-flow cotmpressors,

All of these boundury layer control methods seetn to indicate some fmportan
points. First, the end wall boundary layers seam to control the performnnce of the
entire blade row to a certain Jegree. Wennerstrom {16] suggested that separation,
and subseguent stall in a comnpresror is almost always initinted in o corner hetween
an airfoil and endwall, Second, because only Timited suecesses in improving the wall
wmargins of compressor were accompiished uging boundary layer control methods, it
little beneficial effect as well,

[nastnuch as the proposed method for improving the stall mavgin of the com:
pressor was only partly successful, itx future may be s a component of nn active
control method. & number of investigntors have ruccesstully completed research pro-
graws which show significant improvements in compressor performance with the use
of active control methods, In one experiment performed by Ludwig and Nenni {201,
the active control of rotating stall could be accomplished on n low-spued resenrel
compressor as well as o J-85 engine, The active control waa an electrical feed-back
control system which used unsteady pressure signals from sensors mounted strate-
gicully throughout the machines, For the low-speed compressor tests, the variahle
geometry feature was the stagger angle of the stator rows. For the J.85 engine, bleed
doors and flaps ou the IGVs were the variable geotetry feature, When the pressure

seusor indicated stadling was imminent, the variable geometry feature was adjusted

to avold stall. In the case of the low-speed compressor tests, the stagger angle was
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changed to peduce the rotor inlet low aagle of attack, thus avoiding stall, Fog the
B8 eugine tosteg the bleed doots and TGV flaps woald apen te elieve the compies.
sut ol the stalling comdition, Oue aportant factor to be gealized 1o that the contiol
feature wust wdjust iteeliin a few milliseconds atter the sensor indi-ates o posaibile
stalling vondition, Test vesults fndicated that stall could be eflectively elininated in

the .85 engine, Tn the lowapend peavaieh tests, stall wie aearly elhintnated, amd o

were ohsepved,

Further Hteenture on setive controls tieludes the paper an wetive supproasion
o eomprensor fnstubilivies by Epstelns Willlama, and Geeltaey 200 Epatodn, o
aly preweat an analytieal method of aveiding stall by asiag o swndl disturbanee ope.
ated by some variable geometry feature, They sugygeat that active flowtleld control
thraugh the wse of wiggly inlet guide vanes, downstreain pressute perturbations, awd
loudipeakens can increase the apernting range of a comprousor by ae much as 207,
I addivion to these cesalts, Epstein, et all propose i shnilar aetive controls ean
b wsed in a compreasor to quickly recover frons n-aall operation, Finally, they add
that the epergy needied to cetunie theae variahle geotnetey features would he orders

ol wagnitude below the leve] of power produced by the machine,
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10. APPENDIX A: DETAILED FLOW MEASUREMENTS FOR
THREE-STAGE COMPRESSOR |
A

|




Table 10.1:

Absolute {low

164

angie ( °). baseline. ¢ = 0.3533

Circumferential

% Imm.

Position 10 30 50 70 90
1 . . . .
2 . . 20.6 19.1 16.0
3 22.1 22.5 20.8 19.8 16.5
4 25.4 23.7 21.8 20.1 174
b 26.3 24.6 22.8 20.7 18.1

6 26.7 25.1 23.7 21.6 18.7
T 27T 253 25.3 22.7 19.6
¥ 29.5 27.1 26.0 23.8 20.9
9 28.5 270 -
10 - -

Ave,

3]
—
VAR

Table 10.2:

Circttaferennal
Position

Absolute ilow angle { °), baseline, ¢ = 0.420

10

214

20
26.6

e

A

iR

o T T
w50
AT 19,5
ol 20.4
212 210
w3 AR
241 22,5
25, 20
271 27.3
G U

7l

1T
14,6

e 1S 15 10 0L =
[P S i e
—_— L Ll e

— .
3

Y 0

b ettt e




Table 10.3:

Absolute flow angle ( °), +6° 2/rev, ¢ = 0.353

Circumferential " Tmm,
Fosition 10 30 30 70 30

| . R
2 . - 26.3 24.5 21.2
3 20.9 28.7 27.1 24.9 21.3
4 32.1 29.1 28.1 25.4 22.3
5 32.7 29.9 28.8 25.9 3.1
b 33.2 30.5 29.6 26.2 23.3
T 34.0 31.0 30.0 27.1 24,3
¥ 34.7 31.3 32.1 29.2 2:1.9
9 38.0 - -
10 . - - - .

- Ave, 33.5 30.0 289 26.2 23.0

Table 10.

4

Absolute flow angle (

°) variation from baseline, +6° 2/rev, ¢ = 0.353

Y% hinm,

Position 10 30 50 70 30
o | e — —.-
2 - +5.7 L0l +5.2
3 +4-7.8 0.2 0.3 5.1 £9.2
4 FGLT =5l F0.3 +=3. IR
5 il i3 SN +3,2 +3.0
G i 6.5 -9 IR LG w0
T 16,2 +0.2 7.3 gl 1.7
b +5.2 R ) 0,1 0. ol




166

Table 10.5:  Absolute How angle ( °), +6° 2/rev, & = 0.420

Circumferential % Imm,

Position 10 30 50 70 90
— oo _ -
2 - - - 24.5 -

3 28.8 27.5 26.3 24.9 21.6

4 31.2 20,2 27.2 25.4 22.1

b} 32.0 30.0 28.1 25.6 22.6

6 32.5 30.5 28.8 26.3 23.3

T 33.3 31.2 29.2 27.5 23.%

b 3.5 31.7 30.1 24.6

3

[t
(¢

30.5

Ave, 32.0 304 28.6 26.7 23.0
Table 10.6:  Absolute flow angle { ) variation from bascline, +6” 2/rev, ¢ = 0.420
T Cieeumberentinl T % . - .

0.8 )

Position L0 3 50 70U 90
2 . . . +6.7 .
3 1.3 0.4 +5.0 0.3 -4
4 5.8 +6.0 46,0 +0.0 4.2
5 +h.1 i-4.0 454 5.3 T
i 5.4 1ol ) wh.8 v
7 5.0 5.3 R ) a7
M va. 4.0 d. 0.0 3.9
Y S|



167

Table 10.7:  Absolute ow angle ( ;. —6” 2/rev, ¢ = 0,333

Circumferential Yo lram.
Fosition 30 50 (! 90

—
o

16.4 15.0 12.8 10.5
17.4 16.0 13.6 10.5
18.0 16.2 1.2 11.6
18.5 16.9 14.7 12.3
19.2 18.1 154 2.8
20.0 19.1 16.0 1-1.0
209 20.3 17.5 15.0

. - 15.4

“e L
p——
&
¥ =

SRR VN
S — S S S
e =

S obS
o

]

Ave. 214 18.6 74 149 12.8

Table 10.8:  Absolute low wagle () variation frem baseline, 67 2/rev, = 1.333

TCireumlerential T T,
l"usi_t-iun 19 30 50) 70 tH)

e e T I OB T FEELS 14245 B Eiromt we s s wea s — e

l . .
2 . . 3.0 0.3 =80
R -8 ~,2 ~4.0)

o B
~
[ S

N
~ 5T ~5.0 =B
!

o
[P A &

.5, 3.
S -, R w0 <3,

G - hd H4 -5.0 0.2 "4

T - 5.4 AR 4.0 0.7 0.6
o1y

X it SRV 5.7 ti.g
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Table 10.9:

Absolute flow angle (

?)y =6° 2/rev, & = 0.420

Circumferential
Position 10 30

Y Iman.

50

10

90

1

16.9
17.6
18.1

NI e L2 N
—
oG
Pl

6 20.5 19.0
T 213 19.8
3 22.2 20.7

14.2
15.3
15.9
16.7
17.8
18.9
20.2

13.0
13.6
14.3
14.9
15.6
16.3
17.4

10.6
1.3
119
12,7
12.38
13.9
16.7

197

170

Table 10.10:

Cirenm{erentiol
Position

Y 30

VS VU Y [P R

3 -0.%
i

--6.4 . h,
5 = 0. -h.3
£ .l SRR
T w138 U

Absolute tlow angle ( 7) variation from baseline, —-6° 2/rev, ¢ =

0.420

Y T,

30

T

~5.0
-5.1
=5
4
5.8

€ e s e een g S U ST S TR § S © s r—

gy

6.0

(3.0

L
i )

e e

-0,
.
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Table 10.11:  Absolute flow angle { ?), ~ 16° 2/rev, @ = 0,420

169

Circumferential

Position

L0

30

% Imm.,
50 T0 90

6.1
T4
8.1
9.1
9.4
114
13.7

~1 SO
w— =1 L e

(w3
[+=)

1l

0.6

2.7 2 0.9
3.0 3 1.8
1 1 3.2

3.6
3.2
6.6

-1 o
-] — C O
[of S N t \
w S — S Gy o

oo

4.3

-1
—

%) 5.0 3.0

Table 10.12: Absolute flow angle ( ) variation {rom baseline, ~16” 2/rev, ¢ = 0,420

Cirenmferential

Position

s o ianr S se reree w s R0

1a

30

“% lmw,
H0 TV 0

-16.0
- 1.0
-18.2
=176
1801

8.1

RN
EEAY
184
=18
-2

171

i C ey
=3 ENAE




S - .
K
- /
. 170
R
L) *
'.l -
e

Table 10.13:  Absolute flow angle ( °). ~16° 2/rev, § = 0.353

Circumiercntial % Imm.
Position 30 50 70 90
- 1

—
o

b 2 . 1.2 . -1.9 1.1 \
3 5.7 4.0 3.0 1.1 1.1 ‘
4 7.6 5.5 4.0 3.1 2.5
5 7.8 6.6 52 4.7 4.0
’ 6 4.8 7.7 6.9 5.6 5.4
7 9.8 8.5 5.0 6.9 7.0 -
; 8 12,0 10.0 10.1 3.1 9.1 . .
) Y . . . .
e 10 - .
7 Ave, 8.6 6.2 6.2 3.9 30 >
ot

i Table 1014 Absolute flow angle ( °) variation from buseline, =16° 2/rev, & = 0.353

“ R e T —— gy =
S Circumterential % limm, .
Position Lo 20 50 i 90

- 1

‘ . =210 ~17.1
~16.4 ~ 185 =178 ~ 187 -~ 15,4
—17.8 -18.2 ~17.8 --17.0 - 144
=189 - 18.0 ~17.0 -16.U ~ 14,1
~17. - 174 -~ 16.4 . ~13.7
T ~-18.0 ~17.3 173 2108 <126
] =170 - 171 - 15 ~15.7 1

[ 3o

[

. '
s 10 . .
IR Ave, UL TS 72 SE
B b e e ks e s emmerr i Eeecem e A Eoim sm b2 G ome Emmmlmnin me e A e——— L WS Ao §Ret LR St fn mremmae
i
;‘ ‘
(4 '
v
. ;,"
i E. ll.
N
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11. APPENDIX B: VELOCITY DIAGRAM CALCULATIONS FROM
DETAILED MEASUREMENT DATA
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| Table 11.1:  Detailed flow measurement data, baseline, ¢ = 0.333
G P g W e 0w Ve w J Kar ’
I, bjin®  (°) ftjs  ft/s ftls ft/s  ftjs ftls  (°)
10 -0.0103 1s.1 36.60 11.37 94.81 8.3.44 3479 9040 67.1 0.23
30 ~0.0105 218 36.92 13,71 8894 7523 3428 8267 063.5 0.25 .
50 -0.0107 23.0 37.30 14.57 83.08 68.51 34.33 76.63 63,1 0.27  ~'
U -0.0110 25,3 37.74 16.13 7721 61.08 3412 6990 60.8 0.30 . ‘
00 =0.0113 20,3 38.35 1699 7135 5436 $438 6432 57T 0.32 B
Table 11.2:  Detailed flow measurement data, baseline, ¢ = 0.420
T P K} v Ve U we, Ve w3 N
. lbein® () ft/e ft/s  ft]s  ft/s ftis  ftls ()
10 ~0.0150 19,0 45,04 [4.06 94.81 80.15 42.59 90.76 62.0 :
30 =0.0158 208 4535 10.10 8894 T2.84 4200 3420 50 |
500 -0.0161 226 4576 LT.58 SU.08 6550 A22b TR 572 ?
70 00165 25,6 46,32 L8.AHd 7720 8860 Jd24d 0 T242 5l ‘k;"
Yi) -00L170 26,5 09T 2096 TL3S 5039 4204 602 502
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Table 11.3:  Detailed How measurement data, +6” 2/rev, ¢ = 0.353
% Jd, 131 1%, {1 we, Vo, w, 3, Al
dman, () (fEfs) (ftis) (ft)s) (ftisy (ftlsy Uft/s) (°) (%)
10 23.0 3779 1477 9481 80.04 2479 8T2T 665 0.9
30 26,2 3¥.21 16.87  88.94  T2.07 4428 TRl 646 ~0.9
30 289 39.21 1895 33.08 64,13 3433 1274 6l8 -1.6
70 30.1  39.44 197y 7721 5743 34.12 0 66,80 393 1.5
Y0 335 4123 2276 TL3S 4859 3438 5052 3T =30
Tuble 11,4 Detailed flow measurement data, +6° 2/rev, & = 0.420
) T T . () wo, Vg, wy 3 Ad

fwm. () (ft7s) (ft/s) Uftrs) (ftis) (ft/a) (ft/s) () ()

W0 230 46.27 1808 9481 76.7T3 4259 8776 610 -1.0
30 207 4TS 20820 8804 6702 4239 TUSL ST 1
A 2WG N2 2003 83 6005 25 T2 ALY 2.3

70 e 22 2000 TR 52300 42 6360 a0 -

T Y y oy w



Table 11.5:

Detailed Hlow meusurement data, —67 2/rev, ® = 0.353

AN v Vo, i we, 1 w8 Ad

L, () (fH/s) ft)s) (Sft1s) (fi/s) (ft/s) (ftfs) (°)  (°)
10 12.8  335.68 7.90 9481 8691 3479 9361 632 =08
30 1LY 35047 0.12 38,094 T82 3428 36,87 G0 L3
a0 171 3598 1076 83.08 0 72,32 3L33 0 8005 6be o 1.2
70 18.6  36.00 1L TT.21 6573 L2 TLOG 6260 LN
40 2l .92 134T TL3S 0 BTSN 3R 6732 A3+ 1.6

Table 106G Getailed flow measurement data, 6" 2/rev, b = 00420

I A S P AN 1 wy A

T U ) Ut U U ()0
4] 12,8 137 .68 (SR 3 SR 150 U TR L0/ SV S 15 0 I B K LS B
30 150 4388 1136 RRU4 TTN 12,30 880 64 - LD
5 T s 1292 K48 Tt 26 NLU0 R LT
0 T TS I T PR 1N 0 Y A SN 115 WO SR PR Y S I VIO S | PR T
) 000 Al PO Viadh 080 12,04 GY.44% sl 2.




Table 11.7: Detailed low measurement data, —16° 2/rev, ® = 0.353

% B W Va, Uy we, Vi w37 A
Imm. (°) (ft/s) (ft/s) (ft/s) (ft/s) (ft/s) (ft/s) (°) (°)

10 3.9 3487 247 94.81 9244 34.79 9877 694 2.C
30 39 3436 234 83.94  86.60 34.28 93.14 68.4 29
30 6.2 3453 373 83.08 7935 3433 8646 66.6 +3.2
70 6.2 3432 371 7721 73,50 34.12  81.03 65.1 4.3

90 8.9 3480 538 TL3A 6597 34.38 4,39 62,5 +438

Table 11.8: Detailed flow measurement data, —16° 2/rev, ® = 0.420

% &3 W Vi, U, W, Ve, wy Ji Ad
Imm. () (fi/s) (ft/s) (ft/s) (ft/s) (ft/s) (fi/s) (°) (°)

10 3.0 42,65 2.23 94.81 92,58 42.89 10191 65.3 +1.3

30 50 42,55 3.71  88.¢4 8523 4239 95.19 63.6 3.8

50 5.5 4244 407 83.08 7901 4225 89.60 61.9 +4.7

70 7.4 4281 551  7T.21  TIL70 443 8332 594 +53

90 9.3 42.60 688 7135 64.47 42.04 7097 56.9 +6.7




