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Page 13.- Add assumption 5, '"!'The entropy rise across the
rotor is the same for both the distorted and undistorted flows.

Appendix.- The eguation for the energy added by the rotor is
H2 - Hl = Uth’Z - Uth’l (Al)

2
since H=h + %— s the energy added by the rotor can alsoc be

expressed as
Vol Uy°
1 2 1
ﬂg-Hl=h2-hl+_2__._2_ (A2)

d
Using the fundamental energy eguation dh = =2 + tds and assuming
incompressible flow results in P

Py = Py
p

Hy, - B = t(s, = 57) + (43)
where s = entropye.

Equating (A1) and (43) and rearranging gives

+ UZVt,Q - Uth’l - t(S2 - Sl) (A&)

© LSU
© b_,"cl

First paragraph on page 50 stays the same.
Second paragraph is to be replaced bys

Since Uy and Uj are constant for a given velocity diagram,
p is constant for incompressible flow and t(s2 - sl) is

constant under assumption 5 of Analysis. FP2/p, Pl/p, and V¢ 2
are the only variables with respect to V12/2 in equation (A4§.

Replace %% (p2 - p1) in equation (A7) with t(s2 - s7)

and correction to the Appendix will be complete.
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Ii. INTROLUCTION

One of the most important problems associated with high-speed gas-
turbine powsred aircraft is reduced compressor, and therefore engine,
performance resulting from nonuniform distributions of total pressure
at the compressor entrance, hereinafier referrsed to as inlet total-
pressure distortions. This inlet total-pressure distortion can affect
compressor performance in several ways. It may result in premature
surge and therefore reduced engine acceleration margin and altitude
operating limits, it may result in rotating stall, in increased
compressor-blade vibratory stresses, and/or in reduced engine mass flow
(refs. 1, 2, and 3).

The term "inlei" usually refers to the air intake and its diffuser;
however, distortions which develop in the ducting from the diffuser exit
to the compressor entrance are also classified as inlet distortions.

An inlet is designed primarily to accommodate the mass flow required by
the engine when the aircraft is flown at its design flight speed and
altitude. It is slso designed to provide the mass-flow requiremsnts
over as large a range of flight conditions as possible. When the air-
craft is operated in the vicinity of its design-flight conditions the
flow distortions which develop in the inlet are usually small enough

to be tolerated. However, operation of the engine at off-design con-
ditions or the aircraft at large angles of attack (or yaw) may result

in large inlet flow distortions.
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Flow distortions can have several causes and ars somewhat dependent
on flight speed (ref. ). At subsonic speeds when the engine is operated
at off-design conditions or when the aircraft is flown at high angles of
attack or yaw a distorted flow may result vecause of flow saparation from
the inlet lip. At supersonic speeds with either the off-design or high
angle-of-attack condition, a distorted flow may result btecause of non-
uniform compression at the inlet throat. The Jdiffuser and the ducting
from the diffuser to the compressor entrance can %130 be sources of
distortions. Their design is dependent on the internal design of the
aircraft and often has to be compromisec to avoiu interference with the
pilot's compartaent, structural wembers, and/or auxiliary equipment.

If the fleow is diffused or turned too rapldly, flowz distortions result
dus to flow separation from the walls.

Several investigations have been conducted to determinae the
effects of inlet total-pressure diastoriion on the performance of
specific engines (e.g., refs. 2, 5, and ). In reference 7 a distortion
factor which is a function of the circumferential extents ol the dis~
torted and undistorted flow regions and the amagnitwle of tihe distortion
is correlated with a blade stall functivn. 7These siudies indicate in
general what engine performance penalties are expected wiith a distortion
of glven magnitude and extent but do not provide a solution tw the
problem.

In fact, up W the present time, the only approach 1o the solution

of the problem has been that of reducing the distortion before it
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reaches the compressor. References 1l and 2 show that internal
boundary-layer bleed at the inlet throat will reduce the total-
pressure distortions. They also show that the distortions aay be
reduced before they reach the compressor eutrance when betisr mixing
is provided in the inlet ducting by increasing the diffuser length, by
contracting the exit of the diffuser, or by using screens or fresly
rotating fans. However, since these methods do mot completely eliminate
the distortion and result in weight, volume, and pressure-recovery
penalties, other means of reducing the distortion nesd tc be found.

Investigations of the effect of inlet total-pressure distortions
on the nerformance of specific engines (refs. 2, 5, and €) show that
some distortions were eliminated within the compressor and those which
persisted through the whole sngine were greatly reduced. Thase results
indicate that some compressor designs may be more effsctive in reducing
an inlet total-pressure distortion than others. If the criterion can
be found for designing compressors which will efficiently eiiminate
inlet total-pressure distortions within the first few stages, ihe
weight, volume, and pressure-recovery penalties which accompany the
previously mentioned methods of reducing the distortion before 1t
reaches the compressor need not be endured.

The end result of a compressor stage design are ine velocity
diagrams at the design radii. when the flow entering a compressor
stage has a region of low total pressure and therefore low velocity,

the velocity diagrams in this region will not be the same as design.
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A comparison of velocity diagrams where only the enterinz velocity was
varied shows that the rotor raises the total oressurs of the low
velocity flow more than it does the total presswre of the high velocity
flow; therefore, in general, an inlet total-tremsure distortion will be
reduced across & rotor. The purpose of the vresent investipation is to
dntermim the velocity diagram which is most effective in reducing
inlet total-presswre distortions. The resulis of this investigation
were verifled by the introduction of a small disturbance (rod wake)

upstream of a compressor stage.
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IiI. SYKBOLS

specific heat of air at constant pressure, ft-1b/slug-°R
specific heat of air at constant volume, ft-lb/alug-°R

total enthalpy, (u . 1;-) f£-1b/slug

internal energy, ft~lb/slug

static pressure, 1lb/sq ft

total pressure, 1lb/sq ft

total-pressure difference between the undistorted flow and
point in distorted flow, 1b/sq ft

dynamic pressure, %pvz, 1b/sq ft

perfect-gas constant, ft-lb/slug-°R

static temperature, °r

blade speed, ft/sec

velocity, ft/sec

change in tangential velocity across rotor, ft/sec

Va
flow coefficient, T

angle of attack relative to blade chord, B, - %, deg

flow angle measured from axis of rotation, deg

turning angle, ‘?IR = Bops deg

blade-setting angle (angle between blade chord and axis of
rotation), deg

air density, slugs/cu ft
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Subscripts:
i upstream of guide vane
1l upstream of rotor
2 downstream of rotor
a axial direction
d design condition
R relative coordinates
t tangential direction
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IV. ANALYSIS

A compressor rotor velocity diagram at a given radius is shown in
Figure 1. The flow enters the blade row axially on absolute coordinates
with a velocity ¥;. Relative to the blades, the entering wvelocity and
air inlet angle are Vyy and By, respectively. The flowx is turned
in the blade passage and exits the blades on relative coordinates with
a velocity V5, at an angle of Bope Om absolute coordinates, the flow
has an exit velocity and direction of V, and o, respectively.

An inlet total-pressure distortion can have its variation in the
radial or circumferential direction. The ensuing discuesion considers
circumferentisl distortions in the flow at a given blade slement without
regard to the influsnce of the flow at other blade slements. Figure 2
shows the circumferential velocity profile, at a given radius, of a
flow with a distortion entering a compressor rotor-blade row. Although
the angle of attack relative to the blade would not instantaneously
become that associated with each velocity vector of the distorted
region as the blade passes through the distortion, for the purpose of
our analysis the assumption that it does will be sufficient. This
assuaption allows the welocity diagram associated with a point in the
distorted region (dashed lines) to be superimposed on the velocity
diagram for any point in the undistorted region (sclid lines), as shown
in Pigure 2. This superposition method is used in the analyais of

the three representative inlet-stage velocity diagrams shown
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Figuwe 3. The analysis was made on the basis of incompressible flow
with the following assumptions:

1. The undistorted and distorted flows enter the rotor with the
same absolute direction.

2. The static pressure of the distortsd and undistorted flow i=
equal at the inlet and also at the exit of the rotor.

3. The increase of blade angle of attack in the distorted flow is
not sufficient to cause blade stall.

L. The distorted flow is twned in ths rotor passage to the samas

exit direction, relative to the rotor, as the undistorted flow
48 . .q).
(&

Figure 3(a) is the velocity diagram of a rotor alone with an
undistorted-flow inlet-air angle of 15° (8y5). oth the distorted and
undistorted flows enter the rotor axially. Since the blade speed is
constant, the extremities of the inlet relative-velocity vectors of
the two flows lie along a line parallel to the inlet absolute-velocity
vactore. The inlet relative-velocity vector of the distorted flow,
compared with that of the undistorted flow, has a smaller magnitude,
produces a larger inlet-air angle (8yp}, and therefore & preater angle
of attack (8yp - £) to the rotor blade. under assumption ), the two
flows exit relative to the rotor in the same direction. The equality
of static vressure (assumption 2) and the difference in magnitude
between the inlet relative velocities require that the magnitude of

the exit relative velocity be less for the distorted flow. Decause
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Undistorted flowm
-~ — — Distorted flow

(b) Rotor with guide vane = 30° and PR * 60° in undistorted flow.

(plg + 31) = 90°,

(¢) Rotor alone, fyp = 6L° in undistorted flow. (Pyp + By) = 90°.

R O O Tt

Pigure .- Velcoeity dlagrams analyzed.
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the static pressures are equal, the difference in total pressure
between the two flow regions on absolute coordinates is proportional
to the differences between the squares of their absolute velocities.
For this diagram (Figure 3(a)), the distortion has been reduced
approximately 50 percent by the rotor.

Figure 3(b) is the velocity diagram of a puide-vane-rotor combi-
nation. 7"he guide vane turns the flow 30° in the direction of rotor
rotation and the rotational velocity is such that the undistorted-flow
inlet-air angle to the rotor ($yy) is 6°. Since the included angle
between the inlet flow directions on the absolute and relative frames
of reference is 90° (sm *3H 90°), the inlet relative-velocity
vector of the undistorted flow is perpendicular to the line along which
lie the extremities of the inlet relative-flow vectors (Vyp) of both
flows. Therefore, the inlet relative-flow vectors of both flows will
be approximately the same length for distortions which do not produce
a large change in the relative inlet~air angle. A change of 8° in the
inlet-air angle, due to a distortion, will rezult in a difference in
relative welocity of 1 percent. The static pressures of thess two
streams are aqual; therefore, the total pressures relative w the rotor
are equel. Both flows are turned to the same relative exit direction
and, because of the required equality of static pressure, the vectors
are coincident. Since the rotationsl speed is constant the vectors
are also coincident in the absolute frame of reference,and, therefore,

the exit total pressures are the same. For this dlagram, under the

CORFIDENTIAL
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assumptions mads, the distortion would be eliminated by the first stage.
It is noted that a significant parameter for the elimination of tne
distortion in tha first stage of a compressor is the included angle
between the relative and absolute flow directions entering ths rotor.

An included angle of 93° between the relative and absolute flow
directions is also significant when it occurs at the exit of ths rotor
(as evidenced by Figure 3(¢)). This wvelocity diagram is for a rotor
alone with an undistorted-flow inlet-air angle (pjp) of 6l°. The
analysis of the flow entering the rotor for this diagram is the sane
as that for the diagram of Figwre 3(a). The turning angle has been
selected so that the angle between the relative and absolute {low
directi> leaving the rotor is 90° (P, *+ By = 90%). Thus, with the
same reasoning being used as in Figure 3(b), the absolute velocitiss in
the distorted and in the undistorted flow regions are approximetely
equal. Because of uniform static pressure for the two flows, the total
pressures of the flows are squal. The difference in the absolute flow
angle can be rectified by the stator and the distortion will be elimi-
nated by the Tirst stage.

Froa the veloclity diagrams it can also be seen that thé deficit in
total pressure between the distorted and undistorted flow is reduced
becausa the distorted flow is energized by the rotor more than is the
undistorted flow. This is manifeated by the larger change in tanpential

CONF IDENTIAL
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velocity across the rotor for the distorted flow. [y using tha well~

known eqQuation for the energy added by the rotor

Hp - Hy = Ugly 2 = UVgn (1)

and the assumptions used for ths velocity-diayram analysis, the differ-
ence between the total pressures of any point in the undistorted flow
region and a point in the distorted flow region after passing through
the rotor can be expressed in terms of the flow angles. The resulting
equation, the derivation of which is given in the appendlx, for
incompressible flow is

, 03 By co8 S,
er dPlE“wl * FrJeostpz * Fan) :os .aig cos B::i] ®

‘“nen the upstrsam total-pressure deficit and the velocity diagraa for
the undistorted flow are known, the downstream total-pressure deficit
can be deterained by using this equation.

iquation {2) verifies the analysis of the veloclity diagrams. It
can be sesn that if either or both of the included angles (3 * 33p)
and (B, + Bop) i8 93°, the total-pressure deficit between the distorted
and undistorted flows will be eliminated. If cne of the included angles
is greater than 90°, the total-presaure deficit will be negative. The
rotor, therefora, more than made wp the total pressure needad to raise
the distorted-flow total pressure to tbat of the undistorted flow. It
is interesting to note that if both of the included angles are greater

CONFIDENTIAL




than 95°, the deficit will not be completely eliminated. %hen the
velocity diagram has neither of the included angles equal to 90°, the
decrease in the inlet total-pressure distortion across the rotor

depends not only on the magnitude of the included angles at the entrance
and exit of the rotor but also on the relative magnituds of the absolute
and relative flow angles at the entrance and at the exit; that is, the

larger the ratios of %L and %2—}3-, the greater will be the decrease
1R 2

in the distortion for given included angles. Ths inlet {otal-pressure
distortisn could increase across the rotor if the included angles were
very small, and if Py and J3pp werse much amaller than By and 8,
respectively. The analysis has been given in teras of ths flow angles
of the wvelocity diagram. However, the velocity diagram is the end
result of a compressor-stage design, and an analysis in terms of the
design parameters, flow coefficient (¢), and loading (turning angle)
would be of more interest to the designer. Considering the concliusions
of the analysis with respect to these parameters, it is found that for
an included angle (8g + 8) of 90° the flow coefficient () reaches a
maximum of 0.5 when B = 3 = 15°. The flow cosefficient would have to
be less than 2.5 for an included angle to be greater than 30°. “hen
an included angle is 90°, there is no apparent influence of loading on

cos ﬁza
cos ﬁz

eGuation (2), which increases as loading (turning angle, increases,

ths amount of distortion elimination since the tera of

has no influence. However, for included angles other than 90°, both
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the flow coefficient and locading influsnce the amount of Jdistortion

elimination. The entering flow cosfficient {v;) ir conjunction with

|
the guide-vane exit angle (2,) establishes the entering included angle.
The exiting flow coefficient (%5) in conjunction with the loading

(turning angls) determines the downstrsam inclvded angle. Since

included sngles approaching 90° are desired, the flow coefficient should

be kent in the vicinity of 0.5. For given values of flow coefficients,

since §; and loading (turning angle) establish the values of the

cos B cos B
—k and 2 terms, raspectively, of ecuation {2), the guide-
co8 Byg cos 3o

vana turning should be high and the loading low.

in indevendent analytical analysgis concerned with radial
{axisymetric) distortions was conducted in reference 8. In this
analysis, it was also recognized that mere energy is added by the
rotor to the distorted flow region than to the undistorted fiow reglon.
As in the analysis of this thesis, an ejuation was derived for deier-
mining the total-pressure difference betwasen the undistorted and dia~
torted flow rerlons afier the flows have pasased through the rotor.
In reference 8, the undistorted flow is considerad to pasa throuzh the
rotor at a given radius and the distortecd flow to follow at the same
radius or to pass concurrently at a radius of close proximity whereas
in this thesis, the distorted and undistorted flows which are displaced
circumferentially are considered to nass concurrently through tie rotor |

at the same radius. The two considerations are different ways of
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expressing the same concent and the equations of the two snalyses are
identities. 1In refersnce B, the equation was plotted and the same

conclusions wers cbtained as in this thesis.
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V. CXPERIMETAL TISTS

In order to check the results of the analysis of the wvelocity
dlagrams, a circunferential total-pressure distortion, produced at the
entrance of 2 compressor stage by inserting a 1/h-inch diameter rod
perpendicular to the axis of rotation, was measured upstresm snd down-
strean of the rotor.

The velocity diagram analysis considered the flow at a ypiven blade
element only, therefore a rotor which has quasi~two-dimensional flow
was selected for the tests. The rotor in its original confimmation
was tested without a guide vane (ref. 9); however, a guide vane ia
required to produce an included angle of 90° at the entrance to the
rotor. Hather than design a guide vane for the rotor, an existing
untwisted blade which could be set to oroduce a 90° included mgle at
a given radius was used. The mean radius of the rotor was selected
for this condition.

Apparstus

4 schematic diagram of the 28-inch test compreasor is presented in
“igure L. The flow enters from the atmosphere through a honeycomb
straightener and three screens. An entrance cone with a contraction
ratio of 13:1 is used to accelerate the flow into the test section. The
rotor discharges through an annular diffuser. DTownstream of the annular
diffuser the flow is turned cutwerd through a radiesl diffuser which em
be adjusted to decreass or increase the exit area and thus resulate the
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flow rate. The drive is a 75-horsepower direct~current motor operable
from € to 2400 rpm. Figure 5 is a photograph of the rotor used in this
investiration. Its performance is given in reference ©. The rotor
blades were designed so that the exit tanpential velocity was inversely
rroportional to the radius (free vortex condition) and had mediun-

) 55-(%0&10)10 alrfoil sections. The following tsble pre-

sents the design details:

Station | ¥ach Section | %@ | @0 |Piv,a [Pan,a | g, ‘adius,
deg |deg | deg | deg |deg d e

tub | 65-(174))20 [16.0] 26,0 | 1.9 | 22.9 [32.9 [ 1.00 | 10,02
e | 65-(120),)10 | 12,5 18.8 | 52.5 | 33.7 [hn.0 [1.00 | 12,00

The airfoil sections were formed by combining the ACA 65-010 bagie
thickness distribution, reference 10, with cambered mean lines. Thae

amount of camber is expressed as the design lift coefficient, ey 5 in
o

tenths for the isolated airfoil. Al(} indicates that the meam line
produces uniform chordwise normal force loading. The blade chord %
the reon radius was 3.0 inches. The ro*or blades were attache? %5 4o
hub with threaded blade shanks snd lock nuts to allow changzes in the
blade-setting ancle to be made. The suide vane had a constant

At Oh.series airfoil section with zere twist from hub to tin, "The

COHFIDFNTIAL
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chord and solidity at the mean radius were 2.5 inches and 1.0,
respectively. tach blade was attached to the outer casing with a
single screw allowing variations in blade-setting angle to be mads.

Instrumentation

The measuring astations are shown in Figure li. Figwre 6 shows the
instrumentation at each station. The circumferential location of the
rod wake upstream of the rotor (station 1) relative to its location at
station 1 dapends on the amount and the direction the flow is turned
by the guide vanes. The circumferential location of ths wake downstream
of the rotor (station 2) relative to its location at station i depends
not only on ite location at station 1 but alsc on the amount the flow
is turned by the rotor which in turn depends on the flow rate. Since
the instruments are fixed at the axial and circumferential locations
shown in Figure 6 (they are free to move along and rotate about their
stem axes only), the rod has to be positioned circumferentially at
station 1 for each flow condition. For this purpose, several rod
ports are spaced circumferentially at station i. A prism-type probe
capable of sensing static and total pressure and flow direction,
Figure 7 and reference 11, was used to determine dynamic pressure at
station i. A 26~tube total-pressure rake, Figwe £, was used to
measwre the rod wake and a prisa-type probe was used to measure dynamic
pressure and flow direction upstream of the rotor, station 1. A 25-tube
shielded total-pressure rake, Figure 9, was used to measure the rod wake
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and a prism-type probe was used to measure the dynamic pressure and
flow direction downstream of the rotor, station 2. The tubes of ihe
downstream rake were shielded and inclined L0° counterclockwise from
the axial direction in order to make the rake insemsitive to changee
in the exit-flow angle and to provide measurements an equal disibrce
behind the rotor trailing edge. All weaswrements were mads at the

mean radius.

Yest Prograw and frocedurs

Three rotor-alone and two rotor-guide-vang configurations at a
soliiity of 1.0 were used to produce various velocity disgrzms. For
the three rotor-alone configurations the rotor blades were set at
design angle of attack when the air inlet angle (J;p) at the zmeen
radius is L5°, 52.5%, and 60°; that is, blade~-setiing anglee at the
wean radiuve of (& - T45%), kg = Lo®, ana (*q * 7.5%}, respectively.
For both ¢f the rotor-guide-vans configurations, the rctor blade .os
set for Jesign angle of attack when the air inlet sngle (fy5) is &7
at the mean radius and the guide vane was set to turn the flow 3.° in
the direction of retor rotation and also Zf in the opposite dirsction.
Several Lixrottle settings were used for each configuration to provide
comparisons at various angles of attack. The rotor speed for all itasts
wag 2,000 rpm. lor each test, the rod was first positioned circum-
ferentially so that its wake would pass over the upstream measuring

rake (station 1). In order to completely define the wake, pressure
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readings were recorded with and without the rod in position. liith the
instruments at station 1 located close to the outer casing, to prevent
interference, the rod was positioned circumferentially so that ite wake
passed over the downstream measuring rake (station 2) and pressure
measurements were recorded with and without the rod in plsce. In order
to insure that the downstream rake measured the complete circumferential
extent of the rod wake, measurements were made with the rod in several
circumferential locations, approximately 1 inch apart. All pressures
were nmeasured by a multiple-tube aleohol manometer board and were
recorded simultaneously by photographing the manometers.

The rotor speed was kept within 25 rpm using a tachometer and a
strobotac; the static and total-pressure measurements are considered
to be accurate within £1/2 percaent of the dynamic pressure and the
measured angles are considered to be accurate within 31/2°. on the
basis of these testing accuracies the wake plots are considered to be

correct within 1.0 percent.

Presentation of Data

All of the wakes are plotted as the ratio of the difference between
the total pressure of the undistorted flow and a point in the distorted
flow to the dynamic pressure at station i as a function of circum-
ferentisl distance measured from the center of the wake. Becauss of
mixing losses, the integrated total-pressure deficit between the wake
and the undistorted flow would increase as the wake moved downstream.
Measurements of the rod wake in a straight duct show that, between
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measuring positions corresponding to those in the test (5-1/L inches
and 11-1/l: inches downstream of the rod), the integrated total-pressure
deficit would increase by )..0 percent. Since this change is s0 small
and since the rotor is expected to decreass the integrated total-
pregsure deficit by 30 to 100 percent, comparisons across the rotor
based on % will suffice for this thesis. The integrated deficit
will differ at the leading edge and at the trailing edge of the blade
fron thoss at the upstream and downstream measuring stations,
respectively; however, the differences would be less than 4.0 percent
and can be considered insignificant.
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VI, REMULY: L0 LI3TUS3ION

Flgure 10 presents the rod wake mezsured upstresm ~nd downstream
of the rotor, together with the dowstre:m wake astimated using e untion
(2), for the five configurations at avrroximately design angle of
attack., The downstream wakes were measured on the rake with the 1od in
sever:l circumferential positions, * different symbol is used for each
rod nosition, The test points, both upstr-am and downstream, are located
with respect to the center of the wake. The plots are arranged frum the
top of the figure in the order of increasing wake elimination, based on
the ratioc of the area under the estimated downstream curve to the urea
wder the measured upstream curve, The nercentages of estimated wake
elimination in the order of presentaiion are 39,3, 39.5, 57.7, 8.5,
and 1) (Figures 10(a) to 10(e))}, respectively. For all confipurations,
the measured wakes decrease across the rotor and the percentapes of
measured woke climination, in the order oresented in Firure 13, are
6lidiy 5740, T7.0, 96.7, and 6L.9, resnectively. The rotor eliminated ¢
greater portion of th: wzke than was estimated, with one exception; for
the rotor-alone configurstions, the trend of increasing wake elimination
follows that estimated. The reason for the difference betwsan the
estimated and measured percentage of elimination will be explained
subsequently, For the rotor-guide-vane configurations (Figures 1:(%H;
and lo{e)), considerable variation betveen the wakes measured for the
several circumferential positions of the rod is evident., Some of the

variation may be dus to the change of circumferential position of the
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rod wake relative to the guide-vane lades, It should be noted that the
estinaied downstream wakes were calculated for these tests assuming that
the stroamlines enter and leave the rotor at the same radius, vhereas

Yo tosts wos three dimensiomal, (fqQuation (2) apnlies to three-
dizenaiorsl flow if the streamline -ath iskmown.) The rotor-alone

conii urations vould be closer to two-dimensional flow than the rotor-
cudde-veng confiourations, because the rotor was designed for two-
Zimensional flow without a rulde vene, snd the puide vane wag not
desirnad for use with this rotor, “he mismatching of the rotor =nJ
rulde vane lends to more pronounced radinl flow shifts which altor the
shape of the wake aeross the rotor considerably as manifested in the
dovnstrenn curves, For the rotor-alone configurations (Figures 12(al,
13{e}; and 10{(d)}, the three-dimensional effects are emall, as evidenced
at the extremities of the downstream wakes, and the wakes measured at
the sevaral circumferential opositions coincide,

Firura 11 presents plots for the rotor alone at desipgn blade-settl

b

angle ~nd angles of attack of ag - 6,89, og and ag + 7.5°. The
rezsured wrke is reduced across the rotor for all angles of attack and
follors the same trend as that estirmatod with resnect to ineransine the
percentage of wake elimination with increasing angle of attack. The

nirh zmcle of attack plot (FMgure 1l(e);, shows differences hetuecn

wzke moarsurements at the varlous circumferential po:itions and shape
elteration of the wakes across the rotor zimilar to those of “irure li{e..
Mnee the radial flow shifts at thizs anrle of attack are mor: pronounced

than at design anzle of attack, Figure 11(c) provides more evidenes that
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the difference between the wikes measured at tha seversl circunferentlsl}
nositicns and the shape alteration of the wske rcross the rotor in
Mrure 10(e) are a result of radinl flovw shifts,

Considering the rotor-alone olots (since they are closar to two-
dimensional flow) in Pipures 1 and 11, 4% is noted thail, since tno
measurad wake elimination follows the estimated trend, the viperiientsl
resulivs verify the conclusion of ithe thesrotical analysisy that is, the
derres of distortion elimination i# n functinn of the mamltuie o[ the
angles of the velocity diagram. Contrary to the prediction of the
velocity-diagram analysis, the velocity di~-rm: with cne included ancle
approximately 90° and the other sii 1tly larsmer thawn 9% failed to
eliminate the distortion completely iecruse of tixee-dimensional eiiscts;
howevar, the thres rotor-alone tests of Mizure 10 provide some proof
that & 90° included angle may be ootiiun for eliminating R distortion
2eross a stave, ror these three velsois:r MMapgroms, the value of e
bracketed term of equation (2), exeluding the exit included-anple torm,
c05(By + 3opi, had values of 1.01, 2,30, and 03N for Fipures 10{x;,
13(e}, and 10{d,, respectively. ihese values represent the ratio of the
integrated estimated downstream waze (o the integrated upsiream wibe,
Tle peicentapges of wake elimination for tha 4 rae Jlagrams are Lieieinvre
~1,? percent, 2,0 percent, and 6, nerrent. The diflerences telwwun e
thﬁae configurations are smali, whereaz Lhe estivnted volues, incliuwing
the exit includod-sngle term, are 3,7 ;vicenb, 57.7 percent, zmi 3.,.5
wercenb, The larger differencs2 Latwoen tha three conlisur:tions indi-

cote Lhat the predominant term is the exit included ungle. he wwasared

C‘)f F‘vu ‘\n'x‘!‘ n}r




CONFTILERTIAL

- 33 -

percantapes of wake elimination for the three diagrams, 6L.lL, 77,7, znd
6.7 for exit included angles of 51,1°, 61.3%, and 79.0°, respectively,
have differences between them of the same ordsr as those between the
estimated values; therefore, the advarbage of the exit included ansle
aporoaching 920 is evident,

As notud previously, the measured wnke was reduced = greater amount
than that estimated; therefore, the wake was energized to a greate:
extent th-n calculated, A reappraisal of the initial assumptions upon
which equation (2) was based shows that, in order to nroduce 2 creater
work input than estimated, either a -reater diffusion occurs in the
wake (ppdistortion pp) or the low-energy air experiences a grester
turning than that assumed %% 1,0 . The existence of a difference
between the static rressure in a woke and in the surrounding flow i
contrary to experience; therefore, ihe low-energy air must have v en
overturnad, Since the rotor is subjlected to the angles of attaci in the
wake for a short period of time, the static-presaure field in the blade
passage i& dictated by the undistorted flow, The centrifugal force
arising from the turning of the flow in the blade passage iz related to
the mressure gradient normal to the direction of the streamline by

., It
dr r

wier: r is the radius of curvature of the streamline. Ther:fore,
because the relative velocity of the wske particles is lower than that
of the undistorted flow, the wake narticles will not be in equilibrium

with the surrounding pressure field unless the radius of curvature of t'e
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gtreamline is smaller at a2l points, Firuwre 1%, The net result is an
overturning of the distorted flow,

There are indieations that this overturning is trwe. As blade-
setting angle or undistorted-flow ancle of attack increases, the dif-
ference betwean the relative welocities of the two flows becomes smaller
and less differance in the radius of curvoture of the streamline is
required to waintain equilibrium. As blade-setting angle (Figure 13)
and 2nzle of attack (Fipure 11) increanses, the measured wake is more
nearly ecuzl to that estimated, At this point, it should be noted that
equation (2} would estimate the downsiream wake more accuratsely for inlet
flow distortions which are of larre enoush circunferential extent to
alter the static-pressure field in the bhlade vassape if the angle =f

attack in the distorted flow is not larse anough to cause blade stall,
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VIi, ClHCLUSITRS

A mreliminary theoretical and evperimental investisation of the
agffect of velocity diagram prametars on inlet total--ressurc distortions
throush a single-stapge subsenic axial-flow compressor for incomnressinle
flow has been conducted, The wzke of a 1/li~inch-diameter rod, measured
>0th upstresm and downstrean of 2 rotor, has been comparced for various
velocity disgrams, The mensured downctresm wake was also compsred with
the downstream wake estimated by usins o derived equstion subject to the
assumptions that (a) the undistortcd =nd distorted flows enter the rotor
with the sam: absolute direction, (b) the static pressures of the wuiis-
torted end distorted flows are egunl st the inlet -nd also at the erit
of the rotor, (c) the increase of blade angle of attack in the distorted
flow 18 not sufficlent to cause blade st:zll, and (d) the distorted .low
is turned in the rotor vassage to ths srhme exit direction, relative to
the rotor, as the undistorted flow, /s = result of this investi =tio:,
tha following conclusions are made:

1. Velocity diagrams for which the included angle between the
relative and absolute flow directions is 9P, at either the inlet or
axit of the rotor, are indicated to be crntimum for eliminating inlet
total-pressure distortions acress the first stage of a compressor. 2
flow coefficient of 0,5 or less is required, but loading (turning ~n-le’
e no apparent influence,

2, Velocity dingrams, with one of the included a2ngles greatsr thon

920, will increase the total pressure of the distortion beynnd thst of
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the undistorted total pressure, l!owever, if both included angles are
grenter than 99°, the inlst total-rresswre distortion wil) not be comr
nlotely eliminated, For those results, cither or both the entering and
ex’tiny flow coefiicients must be lass than 9.5,

3. whon the voloeity diznypan has neithar of the included angles
equrl t2 909, the decrease in tho inlet totzal-nressure distortion ccross
the mtoyr depends not only on the marnitude of the inlet and exdt included
anrles,; but 2lso on the rolative mamitwle of the absolute and r lative
flow angles 2t the inlet and at the exit, Both flow coefficient and
loading influence the amoumt of distortion elimination, The flow
coefficient should not be tos much sreater than 1,5, the gulde-vane
eviting angle should be high, and tha loading should be low for the
zrantest elimination of distortion by the rotor,

L. The experimental tests show that the derived equation will
estimate the downstream distortion with reasonable accuracy ior inlet
total-remssure distortion ol eh extans {ay enough circumferentially to
alter the statie-pressure field in the blide passase,

The nurpose of tle velocity diagrsm analysis given in the thesis
s to determine the velocity diasram vhich would be most effective in
reducine an inlet total-pressurs distortion, This has been accomplished
wder the givan assuaptlions, ‘lowever, the analysis of a weloclity dia-
ram at 2 singls blade element does not give a conplete picture of the
flow throush 2 compressor stapge, “he mutunl effects of the flow at 21l

radial gtations depend on the particular :desi n of the compressor stare
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and are numerous and complex when the {low is undistorted, Ther«fore,

it appears that the accomplishment of ~ complete eriterion for desipming
compressor stages which will eliminate »n inlet totzl-oressure Mstoriion
will develop primerily from expsrimental tosts, Futur: experimentation
should include tests of compressor siazes naving includad anles of 70
at al: blade elements =nd tasts wbers ithe {low is comsressinle. “efor-
ance 7 provides a compressiols flow e.uition for datermining the wmound

of distvortion elimination at a given blade slasient.
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VIII. SUMMARY

A preliminary theoretical and experimental investigation of the
effect of velocity diagram parameters on inlet total-pressure distortions
through single-stage subsonic axial-flow compressors for incompressible
flow has been conducted., As a result of the theoretical investigation,
velocity diagrams with an included angle of 90° betwsen the absolute
and relative flow dAMSEISESRENE R M oxit (vith fiow
coefficient not gréétar than 6.5) iaié iﬁdieatnd to be optimum for
elimination of total-pressure distortion by a-iinglo compreséor stage.,
When an included angle is 90°, loading (turniné angia) has no apparent
influence; however, for included angles less thnﬁ 90°%, the loading should
be low,

For the experimental tests, the wake of a l/h—inch—diametez-' rod
'~ was measured upstream of the rotor, By using the measured upstream
wake and a derived equation for incompressible flow, the wake downstream

of the rotor was estimated and compared with the measured downstream

wake for several velocity diagrams, sty
The rod wakes of the experiment&l;ﬁé!iﬂfii&i éf such small cir—
cumferential extent that the undistorted flow dictated the static—
preséure field in the blade passage. Flow equilibrium with this pressure
field required a smaller radius of curvature of the streamline for the
distorted flow and resulted in greater turning and therefore, a greater
energy addition than that estimated., However, for inlet total-pressure

distortions which extend far enough circumferentially to alter the
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static-pressure field in the blade passuge, the derived egusztion will

estimate the downstream distortion with rrasonnble accuracy.
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. APPENDIX

DETERTINATION OF THE EVUATION FORU ESTIMATIHG THT TOTAL- MI0SSimn
DIFFERENCE BRETWEEN THE UNDISTORTED FIOW ANT A JOINT
IM THE DISTORTTD FIOW AFTER THE FLOW

BAS ASSED THROUGH THE TOTOR

The equation for the energy added by the rotor is

H2 - E«:l - Uzvt,a - :}th’l (2Y)

Since 1 ®u + L the energy added by the rotor can also be exyressed as
P

Hz-Hl.uZ-.ul*ig-i}' (:2)
Pa P1

By definition u = ¢ %t or using the perfect gas law (p = piit)

CyP

¥

PR

Substituting in (A2) and assuming incompressible flow, (A2) becomes

Sy Pa = 7y
Hy =Bz (P2-P) ~ (23]
Zquating (A1) and (A3) and rearranging gives
fy Py ey
> = *Ua,2 - WV -5 (» - pl) {an)
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The total-pressure difference between the undistorted flow and a
»oint in the distorted flow entering the rotor is a function of the
difference in the squares of the absolute velocities; thersefore, the
variation in total pressure between the two [low regions dowmnstrean of
the rotor will be determined with respect to ¥,2/2.

Since Ua and U, are constant for a given velocity diazran,

¢, md R are constants, p is constant for incomprassible flow and

v
©
.—1 .

.!2 ” .
(pa - pl) is constant under assumption 2 of "ARALYSIS," iy Ut,1

and V are the only variables with respect to Vlz/ 2 in egua~

t,2
tion (AL). It can be seen from Figure 3(b) that

o 2 L g
Yy y ™ ¥y S By -‘ﬁ, V,7/2 sin gy (28)

- j -V i3
Vo,2 " U2 " Yy on " Up 7 Vo 31 By

Under assumptions 1 and } of WANALYSIS" sin By and sin 3 are

1R
constants with respect to Vlz/Z; therefore, the velocity Vor
is the only remaining varisble. The velocity Uy, in terms of 1,72,

can be obtained from the relative enthalpy rise which is

2 2 2 4 2
U™ - U" ¢ Vor” _ Vyn b
HZR-HIR. 5 -Rp(pz-pl)o—i..-_.a... {560 )

From Figure 3(b) it can be seen that

2 2 2 2 oL 2 . 2. .2 . 2
V:m - Val + vt,lﬂ - val + (\,:1 Ut’l) val + 'y 2"?‘!‘,’1 +* gt,,l

CONPINTITTAY
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substituting ¥;? = V2 + ¥, 12 and using equation (i5) we obtain

2 2 . ’f 2 2 .

Then, substituting equation (Abe) into equation (ASb) and rearranging,
the velocity Von in terms of ?12 2 is as follows:

;2 - 2 v.2 - ?_0'2 - L&A
V?R - JLE 2U1 ﬁ ‘Ivl/z sin fil + 2(]1/2) ™ (p2 pl) {~63)

Substituting equation (ASd) into equation (Aba) results in

-l - 2 - v 2 2 — 207 -
%,2 02 8in ﬁzR\JUZ 2&145 V1/2 8in ;11 + 2(:1/2) 76‘3 (92 Pl)

{762}

Combining equations (Al), (AS) and (Abe) gives

2.1, 2 0 2 _ o 7 2/ 2 o\
22 Lo uy? -0y stn )| U 2u (21,72 atn g, +2 vl/z =2 (3, », )

L’lﬁ \’Vla/z sin By - % (pa - ?1) {873

Taking the derivative of equation (A7) with respect to %’12/ 2 results in

ap, (U ein 857)(vy sin By) Uy sinfyy %y sin

ar,
3 + p
2 2 V.V v 7
divl /z) divl/i’j x" 2r 1

707

o
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Mmltiplying both sides of equation (AB) by d(vlz/ 2) and substituting

p d(?la 2) - dql = d’l gives

(vp stn pag) (U4 #in py) Uy sin ppp Uy sin By

Var'q Vo K

ac, = dv 1 +
1

» (19)

v v
Mltiplying the appropriate terms by -?-.-?-J‘- or .{;?-?. and substituting
al a2

v v ,
cos 3 = 2? md cos 3 = Eﬁ results in the following equation:
R

dr, = dar |1 + P-g-cosﬁ sin 2 El.cosgg sin 3. | -
2 v 2R T 2R 170

a2 Val
U p.. sin b 3. sin B (3312)
cos 8 3 = i COB 8 MG
2R :
v‘z 2n val 1 1

sin
Substituting U a.sing, o in equation (410}, using the identity

Va cos §  cos ;3&

c“""(53 * 5:0) ®cos 2 cos i, - sin 3 sln ;%R, and rearranging gives

cos Py cos P
cos 513& cos ;32

(13

dp, = 4P cos({:l + ﬁlﬂ) cos(;%z + gm)
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This is the equation for the total-pressure deficit between any point in
the undistorted flow region and 2 point in the distorted flow after the
flow has passed through the rotor. If the upstream totsl-pressure
deficit nnd the velocity diagram for the undistorted flow is known, the

downgtream total-pressure deficit can be obtained.
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INVESTIGATION OF THE EFFECT OF VELOCITY DIAGRAM PARAMETERS ON
INLET TOTAL~-PRESSURE DISTORTIONS THROUGH SINGLE~STAGE
SUBSONIC AXIAL-FLOW COMPRESSORS
By Qeorge C. Ashby, dJr.

ABSTRACT

An analysis of several compressor-stage velocity diagrams was made
to determine the effect of the velocity diagram parameters on the
amount an inlet total-pressure distortion will be reduced by the com~
pressor stage. The velocity diagram which is most effective in
eliminating an inlet total-pressure distortion within the compressor
stage was determined. An equation for estimating the amount of dis-
tortion elimination was derived for incompressible flow.

The results of the velocity diagram analysis were verified experi~
mentally by introducing a small disturbance {rod wake) upstream of a

low-speed compressor stage.
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