Copy
RM E57_‘[17
ST ek
-
=
N T
3] T
< :
|O]
<
V-A
EXPERIMENTAL INVESTIGATION OF THE EFFECT OF
CIRCUMFERENTIAL INLET FLOW DISTORTION ON
THE PERFORMANCE OF A FIVE-STAGE AXIAL -
E % Q FLOW RESEARCH COMPRESSOR WITH

- g “ % TRANSONIC ROTORS IN ALL STAGES

:.\ N -

_(Z‘- f f‘-: By William H. Robbins and Frederick Glaser

P ' ki

= T Lewis Flight Propulsion Laboratory

3 j N Cleveland, Ohio

2 , m: a -::;'" = h B

S “eHARY CEpy

g e R 61958

o 5 ! NGLEY AERONAUTIZ8)

2 : N u UBBHHO ;

Z;% : o LANGLEMEA:EE N Av RGN -j{

<) ! ) : CLASKIPIED DOCUMERT
it : 'ty the Natlcns} Defense of the United States within the meantog
| . * “ ihe asplonage THia 18, U.A.C,, n-u-.mm'm the transmisaios or revalation of whick in any
:D :nnnmrbu dmhpnﬁlﬂhﬂby
- NATIONAL ADVISORY COMMITTEE
- FOR AERONAUTICS
WASHINGTON
March 5, 1958
PR To




L]

4710

CB-1

NACA RM ESTJLT

NATTONAL ADVISORY COMMITTEE FOR AERONAUTICS

RESEARCH MEMORANDUM

EXPERIMENTAT, INVESTIGATION OF THE EFFECT OF CIRCUMFERENTIAL
INLET FLOW DISTORTION ON THE PERFORMANCE OF A FIVE-
STAGE AXTAT-FLOW RESEARCH COMFRESSOR WITH
TRANSONIC ROTORS IN ALL STAGES

By William H. Robbins and Frederick Glaser

SUMMARY

The performence of a five-stage trensonlc research compressor was
investigated with distorted inlet flow. Both over-all performance and
individual blade-row performance results over a range of compressor
speeds and equivalent weight flows were obtained with three circumfer-
entlial inlet flow.distortion patterns covering annular extents of 60°,
120°, and 180°.

The inlet flow distortions were characterized by large gradients iIn
static pressure and flow angularity as well as in total-pressure and ve-~
locity distortions. The magnitude of the total-pressure distortion in-
creased with compressor speed. In contrast, the velocity distortion re-
mained relgstively constant over the entire speed range. The effects of
distorted inlet flow on the over-all compressor performsnce were small.
The pressure ratio and efficiency levels were aepproximetely the same as
those obtained without distortion; however, a 3-percent loss in equiva-
lent weight flow was incurred at 90 and 100 percent of design speed.

The results of surveys of the indlividusl blade rows indicated that
the magnitude of both the total-pressure distortion asnd the velocity dis-
tortion was reduced through the compressor. However, the variation of
velocity distortion was not directly reflected by the total-pressure dis-
tortion. The stator-blade rows showed little or no ability to reduce the
distortion. The rate of distortion removal was greater near the tip sec~
tion of the blade than at the hub.

Distorted inlet flow had very little effect on the stall-limit line
at 70 and 80 percent of design speed. At higher values of compressor
speed, the stall-limit line was not determined.
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INTRODUCTION

Turbojet-engine installations in present day alrcraft are usually
associated with flow distortions at the compressor inlet. Distortion of
compressor inlet flow is defined, in generel, as a deviation from unl-
form inlet flow conditions of constant total pressure, constant total
temperature, snd zero rotational velocity. Inlet flow distortions have
caused seversl sgircraft and engine operating problems including poor ac-
celeration rate, altitude ceiling limitetions, limited meneuverability,
and thrust loss which is primarily due to adverse compressor performance.
Therefore, the NACA is conducting a progrem on distortion covering a wilde
scope with an aim towsrd a better understanding of the engine serodynemic

effects of distortions.

Numerous compressor and engine distortion investigaetions have been
conducted at the Lewis laborastory. This program was designed to explore
both the distortion effects on over-all performance and also the lnternal
serodynamice of distortions. 8everal englnes were investigated with vari-
ous types of inlet distortions and ere reported In references 1 to 7.

The results of these investigations Indicate that the effects of inlet
flow distortions on compressor performance were reflected primerily in s
shift of the stall-limit line toward the operating line. The extent of
the shift varied with the compressor configurativh and the type of dls-
tortion. Changes in the steady-state-speed curves were also manifested,
but these changes in general were small. The compressors of these en-
gines all opersated at subsonic~inlet relative Masch numbers in conJunction

with inlet guide wvanes.

Research on distortion-reducing devices is also included in the
program. Distortion reduction using screens hes been investigated in
references 8 and 9. This solution to the problem does not appear to be
satisfactory in that large totel-pressure losses are usually incurred at
the current inlet-~-Mach~number levels of modern englnes. Freely rotating
fans (windmills) have also been investigated both thearetically and ex-
perimentally. The results of these investigations have been reported in
references 10 to 12. Bome success in reducing distortion with windmills
has been realized. In general, the pressure loss is relatively low, and
exlt total-pressure distortion is approximstely 50 percent of the inlet
value. However, in reducing the total-pressure dlstortion, a temperature
distortion and & rotational component of velocity are introduced in the
flow. Windmiils have the added disadventege of Increased powerplant

welght.

The compressor investigated and reported herein differed from those
of the previous investigations in that the design-inlet reletive Mach
nunber was trensonic, and the compressor operated without inlet guide _
vanes. The purposes of the present Investigation are as follows: (l) to
determine initially the effects of distortion on over-sll compressor
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performance; and (2) to trace the distortion flow patterns through sev-
eral blade rows from the inlet to the discharge of the compressor in
order to isolate the regions of the compressor most sensitive to distor-
tion. The compressor was operated as a component of a conventional
turbojet engine in a sea-level static test stand.

Three circumferential distortion patterns were investlgated corre-
sponding to distortion extents of 60°, 120°, and 180°. For esch distor-
tion extent the compressor was operated at corrected tip speeds that were
70, 80, 90, and 100 percent of design speed. Data were obtained slong
an operating line corresponding Lo open exhaust nozzle. An attempt was
also made to establish the stall-limlt line; however, this was done only
at 70 and 80 percent of deslgn speed. At higher speeds, limiting turbine-
inlet temperature was encountered before surge. This was investigated at
the NACA lewis la¥Boratory. The design, over~all performance, and blade-
element performance of the compressor are reported in references 13 to 186.

SYMBOLS
The following symbols are used in this report:

A compressor frontal area, sq ft

H total enthalpy, Btu/lb

i incidence angle, angle between inlet relative-alr-velocity vector
and tangent to blade mean camber line at leading edge, deg

P sbsolute total pressure, 1b/sq ft

P static pressure, 1b/sq £t

q absolute total temperature, °R

U blade speed, ft/sec

v absolute air velocity, ft/sec

v velocity of air relative to blade row, fi/sec

W airflow rate, 1b/sec |

absolute airflow angle messured from axial direction, deg

B! aiE?low angle relative to blede row measured from axial directionm,
eg

U adisbatic temperature-rise efficiency
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B ratlo of inlet total pressure 10 NACA standard sea-level pressure,
Pp/2116
e ratio of inlet total tempersture to NACA standard sea~level temper-
ature, Tp/518.7
¢ flow coefficient, V;/Ut
- (0H) 34
¥ pressure coefficlent, —=
Ug
Subscripts:
H high~pressiure region

id idesl conditlons

L low-pressure region

t compressor tip

Z axial direction -

0 bellmouth inlet

1 compressor flow-measuring station _;: _i N -

2,4 stations ahead of rotors 1 and 2
3,5 stationg shead of stators 1 and 2
6 station et second-stator discharge

7 station at fifth-stator discharge

APPARATUS AND PROCEDURE
Test Facility

The compressor test facility utilized in this investigation was
similar to the one described in reference 16. In brief, the compressor
operated ss a component of an existing turbojet englne in a sea-level
static test stand. A bellmouth that conformed to ASME specifications was
installed at the engine inlet. Directly behind the bellmouth, a
distortion-screen assembly was installed to provide a convenient method
for creating inlet-flow distortions. At the exit, the engine was supplied

OTLY
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with a variable-area exhaust nozzle in order to allow the compressor to
operate over a range of airflows at given values of rotative speed.

Distortion Screen Assembly

A sketch of the passage contour with the distortion screen in-
stalled is shown in figure 1. The distortion screen was placed approxi-
mately 1 foot ghead of the first rotor-blade row. The distortion-screen
assembly consisted of = l/2-inch mesh screen, covering the entire annu-
lus, which served as a support for a finer mesh (24 mesh, 0.012-in. wire)
distortion secreen. Preliminary performance data indicated that the
ateady-state performance was not affected by the support screen. The
distortion-screen circumferentisl segments used in this investigation
extended 60°, 120°, and 180°.

The distortion screen was mounted on rollers which permitted rota-
tlion about the compressor axls. Mounting the distortion screen in this
manner, provided a convenilent way of utilizing instrumentation at one
circumferential position to determine the distorted-flow patterns around
the complete clrcumference of the compressor.

Instrumentation

Instrumentation was provided at seven axial stations. Measure-
ments at stations O and 1 were utilized for computing the girflow rete.
Temperature and pressure readings were taken at station O (fig. 1) and
were considered 1nlet stagnation conditions. At station 1, static pres-
sure was obtained from a five-tube radial static-pressure rake and static-
pPressure wall orifices equally spaced around the clrcumference. Airflow
through the compressor, for over-all performance, was then calculated
from the inlet stagnation conditions, wall boundary-layer blockage factor,
arithmetical average of the static-pressure reke (at station 1) for 30
circumferential positions of the distortion screen, and the continuity
equation. A discussion of boundary-layer blockage allowance is given in
reference 15. For these tests, the boundary-layer blockage allowance
used was 0.98 and was constant over the entire weight-flow range tested.

Station 2 instrumentation (rotor inlet) consisted of four static-
Pressure orifices equally spaced at the outer wall and a combination
self-balancing temperature-pressure-angle survey probe (fig. 2). Similar
instrumentation existed at stations 3, 4, 5, 6, and 7.

Measurements were made at five redial positions corresponding to
10, 30, 50, 70, and 90 percent of the passage depth from the casing, and
at 30 circumferential positions (12° intervals) on the distortion screen.
Static pressure was measured at the five radisl positions by using one '
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calibrated balancing tube of the comblnetion survey probe. An included
angle of 60° between the balancing tubes of the combination probe was
reasonably satisfactory for measuring static pressure. The temperatures
and static pressures were calibrated and corrected for Mach-number ef=-
fects. Shown in figure 3 1s s comparison of circumferentisl wvaristion
of statlic pressure as measured by both the combination probe (with the
calibration applied) at 10 percent of the passage depth and the static-
pressure wall oriflces, and this comperison was typical of the variations
that existed for the distortion investigation. Although the curves vary
in absolute magnitude, they follow the same trends.

Procedure

Three clircumferential distortion patterns were investigeted corre-
sponding to distortion extents of 60°, 120°, and 180°. For each distor-
tion extent the compressor was operated at corrected tip speeds of 70,
80, 90, and 100 percent of design speed. At 70 percent of design speed
the compressor was limited to one operating polnt corresponding to an
open exhaust nozzle. A slight closure of the exhaust nozzle resulted in
compressor rotating stall. Open exhaust-nozzle (maximum weight flow)
and closed exhaust-nozzle (minimum weight flow) data were obtained at 80
and 9Q percent of design speed. The closed-inigZzle data were nesr the .
stall-1imit line of the compressor at 8Q percent of design speed; at SO
percent of design speed, the minimum weight flow was limited by turbine-
inlet temperature. At deslgn speed, data were obtained at open nozzle.
Closed-nozzle data could not be obtalned because of limiting turbine-~

inlet temperature.

In addition, exploratory staell studies were made with a hot wire
anemometer over the complete range of operating conditlions. Feilure of
the first-stage rotor blades prevented completion of the intended re-

search program on this compressor.

RESULTS AND DISCUSSION

The results of this investigation are presented in curve form in
figures 4 to 17. Initlally, the compressor-inlet conditions are indicated
(fig. 4). Following these plots the over-all. performance mep is pre-
sented (fig. 5). Circumferential varlations of the Flow through the first
two stages and at the compressor discharge are then given (figs. 7 to 10),
and finally complete velocity diagrems (figs. 11 to 14) in the distorted-
and undistorted-flow regions are shown with the rate of decay of the axlel
velocity and total-pressure distortions (figs. 15 and 17) through the
compressor. Analysis of data is limited primarily because of the absence
of a firm compressor theoretical analysis that can be applied to the case

JTLY



4710

NACA RM E57J17 T 7

of nonuniform circumferential inlet £low. Insofar as possible, however,
qualitative explanations of the curves are presented.

Two parameters have been used to rate the magnitude of the distor-
tion throughout this report. The first method, rating distortion on a
total-pressure basis, is a very common techniqgue used almost exclusively
in previously established distortion literature because it can be related
directly to engine thrust. The other method based on axial velocity is
especially useful and probably more significant from a blade-row or
blade-element point of view because compressor internal-flow changes are
more directly reflected. Axisl veloclty is also a common parameter to
both rotating and stationary blade rows. The distortion parameters at
the inlet to each blade row (axial stations 2, 3, 4, 5, 6, and 7) were
deflined as follows:
{1) Total-pressure-distortion parameter, EEﬁ:_EL
H
Vz,d - V2,1 _ % - 1
VZ,H Py

(2) Velocity-distortion parameter,

Compressor~Inlet Conditions and Over-all Performance

The variation of inlet flow distortion with equivalent weight flow
is indicated 1n figure 4 where the total-pressure-distortion and velocity-
distortion parameters are plotted against equivalent weight flow for
three distortion extents. Values of the distortion parameter at the vari-
ous speeds are identified by appropriate symbols and represent radislly
averaged vealues from hub to tip. The values of total-pressure distortion
increased with equivalent weight flow (and speed) from a value of spproxi-
mately 0.05 at the lowest flow investigated to a maximum value of 0.185
at the highest flow investigated for the 180° extent. Values of the
total-pressure distortion parameter for the 120° extent and 60° extent
were somewhat lower over the entire flow range.

Values of the inlet wveloelty distortion are shown in the upper
portion of figure 4, and although some scatter of data exists, in general,
the values of wvelocity distortion seem to remain relatively constant with
equivalent weight flow (and compressor speed), suggesting that strong
static-pressure gradients were present in the inlet flow. The exist-
ence of stetic-pressure gradients will be discussed more fully in a later

section. '

The over-all performance map 1s shown in figure 5 where total-
pressure ratio and adiabatlc efficiency are plotted against equivalent
welght flow at the compressor inlet. The solid lines represent the unil-
form inlet flow-performsnce map reported in reference 16. The data points
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at 70-percent speed were taken at a flow Jjust slightly higher than that
at which rotating stall occurred. The minimum-flow points at 80-percent
design speed are date points near the stall-limit line (surge points).
The minimum-flow data polnts at 90-percent speed and those at design
speed are not surge points but represent values of pressure ratio and
welght flow where the limliting turblne-inlet temperature was reached.

The uniform-inlet minimum-flow data polnts at 90- and 100-percent speed
do not represent the stall-limit line elther. In genersl, the effects

of distortion are small. At 70 and 80 percent of deslgn speed, the
pressure-ratio level has remained about the same as the uniform inlet=flow
values, end some increase in efficiency has been observed. The indlcsted
inecrease in efficlency is probably due to lnaccuracies in the temperature

measurements.

At 70-percent design speed with dilstorted inlet flow, rotating
stall was incurred at somewhat higher values of the weight flow (epproxi-
mately 3 percent) than the stall values of the uniform flow; at 80-
percent speed, no significant change in the stell-limit line was observed.
In this speed range associgted with low values of distortion, the stall-
limit line was not expected to change radically. However, at supersonic
flight Mach numbers where the equivalent speed is Jlow and the inlet-flow
distortion is high, sericus compressor operating problems may exlst be-
cause of the reduced stall-free operating range L

Some penalty in equivalent weight flow at the compressor face (ap-
proximately 3 percént) was observed at 90 and 100 percent of design speed.
The decrease in flow was not attributed to increased boundary-layer
buildup at the compressor face because of longer inlet ducting with the
distortion-screen assembly installed upstream of the compressor, because
preliminary tests with the backing screen (1/2 inch mesh covering the
complete annulus) indicated no decrease In equivalent flow.

A typical distorted flow model and compressor characteristic curves
are shown in figure 6. Two axial stations are considered; station 1 is
at the compressor inlet, and station 2 is downstream of the compressor.
At the downstream station, it is assumed that the total pressure 1s con-
stant. The compressor characteristic and uniform inlet flow operating
point are. indicated in figure 6(b). For the.case of dlstorted inlet
flow, the axial velocity will be low at station 1;, and therefore ¢ will
decrease and ¥ will increase (fig. 6(b)). Conversely, at station ig o
will increase and ¥ will decrease, and the average flow coefficlent will
depend on the shape of the compressor characteristic, the stage and engine
matching requirements, and the compressor operating point. In this par-
ticular case a net flow loss at the coupressor face (station 1) was

observed.

Since the compressor with distorted flow tended to operate at some-
what higher values of pressure coefficient and lower values of flow

0TL?
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coefficient, the stall-free operating range of the compressor will be
somevhat less than that for undistorted operation. For example, the
data taken at 70 percent of design speed indicated that the rotating-
stall région of the compressor mep increased with distorted inlet flow.

Individual Blade-Row Performance

In order to gain & better insight into the internal-compressor
flow patterns, the individusl blade-row performance of the first two
stages of the compressor is_presented. Circumferential variations of
the measured-flow parameters are indicated, with velocity diagrams of
the high- and low-pressure flow regions. The distortion parameters
discussed previously are used as the basis for the analysis.

Circumferential flow patterns. - The circumferential distortion-
flow patterns at six axial stations (2 to 6, fig. 1) are shown in fig-
ures 7 to 10 where total pressure, static pressure, absolute flow angle,
total temperature, and absclute velocity are plotted against circumfer-
ential position. The circumferential survey points were equally spaced
covering the complete annulus (3600). Three radisl positions are pre-
sented corresponding to 10, 50, and 90 percent of the passage depth.

One data point at each of four compressor speeds for the 120° extent is
shown. The data for this distortion extent were presented because it
was the most consistent and reliable. These plots indicate that the
circumferential extent of distorted flow remains relatively constant
through the compressor; at the compressor discharge (station 7) the
total-pressure distortion has been greatly reduced. The difference in
total pressure in the high- and low-pressure regions appears to increase
slightly through the first two stages; the static-pressure variation
followed a similar pattern. The statlic-pressure gradient at the inlet
is not surprising in view of the variation of the flow angle, which in-
dicates large streamline curvatures at the compressor inlet. The data
suggest that the inlet flow picture 1Is very similar to that shown in
figure 6(a). A velocity distortion also existed at the compressor inlet.
In contrast to the total- and static-pressure gradients that persisted
throughout the first two stages, the velocity distortion and the gradi-
ents of the flow angle seem to dissipste quite markedly.

At the compressor discharge, however, a significent veloeity dis-
tortion exists, which is surprising in view of the velocity distortion
decay that occurred in the inlet stages. An examinetion of the total-
and static-pressure variations at the compressor discharge (station 7)
indicated that (in contrast to the pressure variations at the other axial
stations) the region of high total pressure was associated with the re-
gion of low static pressure (figs. 7, 8, 9, and 10(p) to (r)), resulting
in a sizeable velocity distortion. As a consequence, the circumferential
varliations of static pressure were viewed with suspicion. Although the

Tsssaal
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data for the 60° and 180° extents were not presented, similar trends
wvere exhibited. The dilstorted flow region, of course, splraled through
the compressor. The clrcumferential location of. this region was pre-
dicted accurately at any axial station from the absolute mean flow angle
and velocity. This rotation amounted to approximately 20° in each of
the first two compressor stages.

Velocity diagrams. ~ In order to reduce the data somewhat for
analysis, the circumferentisl-flow-vaeristion plots (figs. 7 to 10)
were used as & basis for dividing the compressor into two regions. The
high-pressure reglon was taken as the undistorted region, and the low-
pressure region was considered the region of distorted flow. The values
cf the flow parameters were arithmetically averaged in each region, and
complete velocity disggrams were then computed. The velocity diagrams
are shown in figures 11 to 14 for the data of figures 7 to 10. The high-
pressure regions are shown as salid lines, the low-pressure reglons are
indicated by the dotted lines. At the compressor inlet, the distorted
flow diagrams are characterized by a somewhat lower sxial velocity and a
higher angle of incidence on the first rotor. As the flow passes through
the rotor, the axial velocity change is greater in the distorted region.
Since the relative outlet flow angle is nearly equal for both regions,
the effect is 1in the direction of decressing the veloclty distortiocn.
The velocity diagrams indicate that this effect is more predominant at
the tip and mean radius than at.the hub. The veloclty distortions are
also greatly diminished at the exit to the second stage. In many cases
the second-stage distarted and undistorted diagrams are coincident.

Flow variations through the compressor. - The distortion patterns
through the compressar in terms of the total-pressure-distortion param- -
Pgp - P . T Vo1 - V2,1,
eter 5 and the velocity-distortion parameter 5 -
2,

presented in figure 15 for the three distortion extents. One point at
each compressor speed 1s shown for the 180° and 120° extents. The dis-~
tortion data at 70 percent of design speed for the 60° dAistortion ex-
tent were not presented because the magnitude and extent of the distor-
tion were so small that it was extremely difficult to isolate the high-
and low-pressure flow regions on the clrcumferential plots. The data are
plotted against station number in the compressor (fig. 1) and represent
radlally averaged valiles of the distortion parameters. Both the total-
pressure distortion and velocity distortion decrease through the first
two rotor blade rows. In contrast, through the stator blades the distor-
tion elther remains constant or increases glightly. This suggests that
energy addition is required to remove a significant amount of dlstortion
and also indicates that inlet guide vanes probably are not effective for
distortion removal. The rate of decay of the veloclty distortions
through the first two stages appears to be greater than the rate of decay
of the total-pressure distortions. This is desirable because it is felt

are
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that total-pressure distortion as such is not detrimental to compressor
performance. Velocity~-diasgram distortlons, however, create serious
compressor operating problems because of mismatching of the stages. Flg-
ure 15 also confirms previous susplcions that the inlet stages are
probably the most critical from a distortion standpoint in that a greater
stall-free angle-of-attack range is required to accommodate a distorted
inlet flow.

The velocity diagram plots, for example, (figs. 11 to 14) indicate
that the inlet stage operates over a greater Incidence-angle range than
the second stage. In many ceses the second-stage high- and low-pressure
velocity diagrams are coilncident; however, the inlet-stage diagrams 1n
all cases show that the stage must operate over an angle-of-attack range.

At the compressor discharge (station 7) the total-pressure distor-
tion has almost completely dissipated. In contrast, a significant vel-
oclity distortion is indicated which again illustrates that the velocity
distortion 1s not reflected by the total-pressure distortion.

Radial gradients of inlet flow. - In figure 16 radial variations
of the total-pressure distortion parameter, the velocity distortion pa-
rameter, and change in angle of incidence are shown at the compressor
face (station 2) for the three distortion extents. Again one data point
at each compressor speed is presented except for the 80° extent where
the 70-percent deslgn-speed data is not shown. As expected, the total-
pressure distortion remained relatively constant from hub to tip, and
the distortion level increased with speed.

The velocity distortion curves do not exhibit the same trend. The
velocity distortion increases from 70 percent to 90 percent of design
speed; however, there is a reduction in velocity distortion as the speed
is increased from 90 percent to 100 percent. The velocity distortions
are somewhat higher at the mean radius than at the hub and tip. The
incidence-angle curves indicate the same general trends as the velocity-
distortion plots. The smallest change in incidence angle occurred near
the tip of the blade; this was fortunate in that the tip region has the
smallest stall-free incidence-angle range. In addition, the velocity-
distortion parameter and change in incidence angle (which are most sig-
nificant from the standpoint of compressor operation) are not truly re-
flected by the total-pressure distortion parameter. In view of these
results, the velcocity-diagram studies, rather than analysis of total-
pressure variations, present a good approach to the solution of the dis-
tortion problem.

Radial varistions of flow through the compressor. - In figure 17
the values of the total-pressure-distortion parameter and velocity-
distortion parameter for three radial positions are plotted against com-
pressor statlon number (fig. 1) for the first two stages and at the
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compressar discharge. The data for three distortion extents is shown.
The data polnts on these-curves represent average values of the distor-
tion parameter for the four compressor speeds investigated. The plots
were presented on an average basis because the scatter of data was re-
duced somewhat. Near the tip of the blade, the total-pressure distortion
is reduced considerably through the first rotor-blade row and remains
relatively constant to the outlet of the second stage. At the compressor
discharge the total-pressure distortion is virtually eliminated. The
velocity distortion wes also diminished very rapidly in one blade row; 1In
fact, values of the veloclty distortion are negative in some cases at
statione 3 to 6. At the discharge the velocity distortion has increased

to a posltive value.

The trends at the hub are quite different. Both the total-pressure
distortion and velocity distortion increase through the first stage, and
a marked drop through the second stage 1s indicated. As stated previous-
ly, it 1s suspected that variations of energy addition in the compressor-
blade rows exert considerable influence on the distortion patterns
through the compressor. In general, the rate of change of energy addi-
tion wilth flow coefficient at the hub is much smaeller than that at the
tip. This fact is manifested by observing a typlcal compressor charac-
teristic as shown in figure 18(a), where pressure coefficlent is plotted
against flow coefflcilent for typical hub and tip sections. Near the tip
section of the blade, the performance curve is characterized by & steep

slope.

For simplicity, it is assumed that undistorted operation of-the
compressor occurs at point A with radially constant axial velocity; the
distorted operating point 1s at B. At points A and B the first-stage
veloclity profiles (from energy addition considerations) willl resemble
those shown in figure 18(b). For. the compressor operation at point A,
the axial velocity will remaln comstant at all stations. Operatiocn at
point B (distorted flow) will be somewhat different. At station 2 the
axial velocity (Bz) is decreased and remains constant radlally (assuming
no whirl at the inlet). By moving to station 3 (efter the rotor), axisl
veloclty will be higher at the tip than at the hub because of increased
energy addition at—the tip sectian. Through the stators (Bé) the same

trend wlill persist since the same energy gradient existe over a smaller
passage height. o ) : e —

The velocity profiles through stage 2 are shown in figure 18(c).
Increased axial velocity at the tidp at the exit to stage 1 will result in
less energy addltlon at the tip than hub and the profiles will tend to
agaln approach the condition of constant axial velocity. A plot of the
veloecity profiles through two compressor stages 1In terms of the distor-
tion parameters at the hub and tip ig shown in figure 18(d). The trend
of the curves are the same as those of figure 17. It is realized that

OTL¥%



4710

NACA RM ES57J17 r 13

- e

this slmplified picture of the distorted flow will be compllcated by
gradients of entropy, streamline curvature, and tangential velocity
gradients. In view of the experimental data, however, 1t is felt that
the analytic approach has some significance.

Exploratory stall studies. - In addition to the steady-state data
obtained, surveys were taken after the first rotor-blade row with & hot-
wire anemometer. The purpose of this investigation was to determine
setall regions during compressor operation with inlet flow distortiouns.
Surveys were taken over the complete range of performance with the three
distortion screens discussed previously. In addition, the flow was ob-
served with one-sixth of the annulus completely blocked by a steel plate.
For the distortions investigated 1t was 1lmpossible to stall the distorted
portion of the annulus while the other portion operated without stsll.

SUMMARY OF RESUILTS

The performance of a five-stage transonic research compressor was
investigated with distorted inlet flow. Both over-all performance and
individual blade-row performance results were obtained for three circum-
ferential inlet flow distortion patterns

Distortion
Extent Magnitude
1| 180° (;ﬁ) = 0.185
H
max
2| 120° (A—P) = 0.142
Py
max
3 60° AP = 0.125
PH max

The following results were obtained in this investigation:

1. The effects of distorted inlet flow on the over-zll performance
map were small. The values of pressure ratio and efficiency were approxi-
mately the same as those indicated on the steasdy-state performance map;
however, a 3-percent loss in equivalent weight flow was indicated at 90
and 100 percent of design speed. TIn addition, a slightly larger region
of rotating stall existed at 70 percent of design speed.
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2. The inlet total-pressure distortion increased as compressor
speed increased. In _contrast, the inlet- velocity distortion remained

3. The inlet flow patterns were characterized by large gradients
of static pressure and flow angularity as well as total-pressure and
velocity distortions. However, the data indicated that while the total-
and static-pressure gradients were not greatly affected as the flow
passed through the first two stages, the ve1001ty distortlions and an-
gularity were greatly reduced. A significant velocity distortion existed
at the compressor discharge; in contrast the total-pressure distortion

was virtually eliminated. - - -

4. The stator-blade rows showed little or no ability to reduce
distortions.

5. The tip section of the compressor seemed to have greater
distortion-removal ability than the hub section.

6. It was not possible to stall the distorted region of the com-
pressor while the undistorted region operated without stall.

Tewis Flight Propulsion ILaboratory
National Advisory Committee for Aeronautics
Cleveland, Ohio, October 23, 1957

REFERENCES

1. Conrad, E. William, and Sobolewski, Adam E.: Investigation of Effects
of Inlet-Air Velocity Distortion on Performance of Turbojet Engine.

NACA RM E50G11, 1950.

2. Wallner, lewis E., Conrad, E. William, and Prince, William R.:
Effect of Uneven Air-Flow Distribution to the Twin Inlets of an
Axial-Flow Turbojet Engine. NACA RM ES52X06, 1953.

3. Walker, Curtls L., Sivo, Joseph N., and Jansen, Emmert T.: Effect of
Unequal Air-Flow Distribution from Twin Inlet Ducts on Performance
- of an Axial-Flow Turbojet Engine. NACA RM E54El13, 1954.

4. Harry, Daevid P., IITI, and Iubick, Robert J.: Inlet-Alr Distortion
Bffects on Stall, Surge, and Acceleration Margin of a Turbojet
Engine Equipped with Varisble Compressor Inlet Gulde Vanes. NACA

RM E54K26, 1955.

OTL?



4710

NACA RM ES7J17 JER 5

5.

10.

1.

i2.

l4.

15.

16.

Huntley, S. C., Sivo, Joseph N., and Walker, Curtis L.: Effect of
Circumferential Total-Pressure Gradienits Typical of Single-Inlet
Duct Insteallations on Performance of an Axial~Flow Turbojet Engine.
NACA RM ES54K26a, 1955.

Conrad, E. William, Hanson, Morgan P., and McAulay, John E.: Effect
of Imlet-Alr-Flow Distortion on Steady-State Altitude Performance
of an Axial-Flow Turbojet Engine. NACA RM ES55A04, 1955.

Fenn, David B., and Sivo, Joseph N.: Effect of Inlet Flow Distortion
on Compressor Stall and Acceleration Characteristics of a J~65-B-3
Turbojet Engine. NACA RM E55F20, 1955.

Piercy, Thomas G..: Factors Affecting Flow Distortions Produced by
Supersonic Inlets. NACA RM ES5L19, 1956.

Sterbentz, William H.: Pactors Controlling Air-Inlet Flow Distor-
tions. NACA RM ES6A30, 1956.

Collar, A, R.: The Use of 2 Freely Rotating Windmill +to Improve the
Flow in a Wind Tunnel. R. & M. No. 1886, British ARC, Nov. 1838.

Johnston, I. H.: The Use of Freely Rotatlng Blade Rows to Improve
Veloeity Distribution in an Annulus. Memo. No. M,109, British

NGTE, Feb. 1951.

English, Robert E., and Yohner, Peggy L.: Theoretical Analysis of
‘One-Stage Windmills for Reducing Flow Distortion. NACA RM ES7DOS,

1957.

Sandercock, Donald M., Kovach, Karl, and Iieblein, Seymour: Experi-
mental Investigation of a Five-Stage Axial-Flow Research Compressor
with Transonic Rotors in All Stages. I -~ Compressor Design.

NACA EM E54F24, 1954.

Kovach, Karl, and Sandercock, Donald M.: Experimental Investigation
of a Five-~Stage Axlal-Flow Research Compressor with Transonic
Rotors in All Stages. II - Compressor QOver-Al1l Performance.

NACA RM ES54G01, 1954.

Sandercock, Donald M., and Kovach, Karl: Experimental Investigation
of a Five-Stage Axial-Flow Research Compressor with Transonic
Rotors in All Stages. IIT - Interstage Data and Individual Stage
Performance Characteristics. NACA RM ES56G24, 1956.

Sandercock, Donald M.: Experimental Investigation of a Pive-Stage

Axial-~Flow Research Compressor wlith Transonic Rotors in A1l Stages.
IV - Blade-Element Performance. NACA RM E57B1l2, 1957.



16

P et e

Dstortion scresu
and housing

o e e -

Bellmouth

Station
i)
]

RACA

BRM E57JLT

Figure 1. -~ Bchematic disgrem of compresscr installation.

OLL¥



' CB~3

Figure 2. - Photograph of combination proba.

£710

C-44952

L10ls® W vovN

LT



pregsure, P, 1. Hg abs

Stetic

~ Q
o © T 0o | Olp
O Survey probe (lO-percent 0l o
passage depth) e ITJ i B p—o
O well orifice taps a O
Lo iy ob
Lol o © % o0 o )
C o 0Olo I P
0
A
0 ] o
40 80 120 160 200 240 280 320 360

Circumferential position, deg

Figure 3. - ClrcumPerential varlatlon of static pressure at compressor inlet (face) as
measured by comblnation probe at 90-percent design speed and 180° acreen extent.

a ] O.[ L? ] )

g1

LIr)SH W VOV




4710 *

CB~3 back

NACA RM ESTJLY

19

Percent design speed
<& 70
[ 80
FaN 90
o 100
Open gymbols denote .
180° screen extent »
closed symbols,
3 120° extent, and
) tailed symbols, 60°
o extent.
o
3
’a [\ ya¥ L)
B2 —
ap
==]
) - z
£ wle &
+~ N ' [ ——
ri > 1 v ‘%
8 @
4]
3
(2]
>
0
o .2
o A
B °
3l —
0t 2=}
oAy /
g\_/ 1 _—] Y el
ERS |- — L —2
g 3 ,_/\/1
R —
~ g ?_‘_::
o
5 %,
40 55 60 65

WA/@
Equivalent welght flow, \=§—

2

70

Figure 4. - Variation of compressor-inlet total pressure and velocity

distortion with equivalent weight flow.

— .ll | -



20

Adiasbatlc efficiency, 1

Total-pressure ratio, P;/Pp

L NACA RM ES57JLT
Percent design speed
< 70
O 80
AN - 90
O 100
— No distortion
Open symbols dencte
18C° screen extent,
closed symbols,
12C° extent, and
tailed symbols, 60°
extent,
«90
< oy & | X
.80 1
.70
5.0
®
&0 4 ?\\
A
3.0 #m
—~_
2.0
35 40 45 50 55 80 65 70

Figure 5. - Over-all performance map based on equlvalent weight flow at compressor

face.

WA/8
Equivalent welght flow, (—7;—)

2

OLL¥



. 4710 .

=~
ey
Distortion ; \/- Compressor 8
screen o
o
%
0
[
o
o
W
2]
i
&
[
(1) (i)
Flow coefficient, ¢
(a) Flow model. (b) Operating points.

Flgure 6. - Compressor operation with inlet flow distortion.

LTPleE WM VOVN

13




22

Flow angle, deg

Velocity, ft/sec

Pressure,

in. Hg abs

A NACA RM E57JL7

20
o gtatic pressure
g Tatal pressure
0  Velocity
q (o] Flow angle
10 <
QO
c o © ©
o < Ol o
o |0 ) v
4’ o ° 6 090 4
(o]
>
-10 Qo O
400
010 ¢ %o o0 5 o
[
¢ 0 oo Ooo
¢ ¢ ¢
300 & o1& S
¢
200
®rao Dol JO0folo JO0 ol Jo &
Eﬂ ! o
goDonoPpg@0Olo
o o ¢ OfC O © GO o[V Y UIC OU ¢
ooo<>ogo°§00° q
25 —
o] 40 80 120 180 200 240 280 320 . 380

Circumferential position, deg
(2) 10-Percent passage depth (tip); station 2; absolute total temperature, 535° R.

Filgure 7. - Variation of distorted-flow patterns with circumferential position. 70-Percent
speed.

OLLY



NACA RM ESTJLT = 4 23

[o] Static pressure
(e} 20 w] Totel pressure
=1 0  Velocity
5;’ o Flow angle
O
W =
8 ) 05
- o9 ? olo
© 0 o 9 Qo ¢ oia ol o
g o P © ° 9
(o]
g o=
=20
400
' g 10 " 5 L o leol 0 9
n v
= ¢
2 0 " o ¢ o 0|0 ¢
* S 300 o< ¢ 4o
B v 3 YU le
'§ >
o
=3
200
28
gé O g8 ofoic T ol ood 0P ot
8w ol o L Djo o oo _
E' oo SO T O th)crﬁouquuoo?
g olo ¢ oo ologop
25(.) 40 80 120 180 200 240 280 320 360

Circumferential position, deg
(b) SO-Percent pessage depth (mean); statlon 2; sbsolute total temperature, 538° R.

Figure 7. - Continued. Variation of distorted-flow patterns with circumferential position.
70-Percent speed.



24

Flow angle, deg

Velocity, ft/sec

Pressure,

in. Hg ahs

NACA RM E5TJLT

O  Static pressure
20 [m] Totel pressure
70 0 Veloeity
(o4 Lo} ¢  Flow angle
q (2
°°> © o ¢
o]
J Q L olo O oo—p
9 o 9
© o)
L0
[
]
-20
400 =
¢
o Lo & A O
0 O %% ofp 90 ¢ oo T o0
300 L —6-0— °
0 0
200
=R nOd08ojooo@0poBBoogoy
5 = o0 O O 5 O
[e) ol © @ O O oY o [ Cgo ¢
©9dopolodoo °f°
25o 40 - 80 120 160 200° 240 280 320 260

Circumferential position, deg

(c) 90-Percentpassage depth (hub); station 2; absolute total temperature, 540° R.

Figure 7. -~ Continued.

70-Percent speed.

Variation of distorted-flow patterns with circumferential position.

oLL¥



4710

CB-4

NACA RM ESTJLT

46

fgﬂ 42

I
34
800

8¥

Py

8

el
400
37

3

]

i 4

g

£

29

JIN 25
O Static pressure
O Totel pressure
- Totel temperature
%Velocity
© Flow angle
oO 0000
K
(v
o o © L
° DN 00 o o |
ood o
Q
<><><><>><>p<><><><>f>o<><><><><><><><><>o<>><><><><>?
LA N A
6 ¢ °<><><L°°°<> <>°<><> .A5°°°°
<>°V—vﬁ
TN = A m = = S L = =y
olgo” B o DDPDDDDEJ
Uc4v\0r10n O)OACO o oo
ol 9° P Clo 9o 4
Q 40 80 120 160 200 240 280 320 360

Flgure 7. - Continued.
70-Percent speed.

(4) 10-Percent passage depth (tip); station 3.

Circumferentie] position, deg

Variation of distorted-flow patterns with circumferential position.



NACA RM ESTJLT

26 SRR
O Static pressure
O Total pressure
& Total temperature
¢ Velocity
¢  Flow angle
Py 0 4
??gf o°°° ¢ ol0 ° 7
z M A SN M IR I-Y I I S I
>
30
600
o ooqoooooo>oooo$0000$0000>oo o<
b1
E.\
25 50 0
E ¢ ¢ 0 0 o
§| ¢ 0 OJQ AlD o1 A 00 0‘>
g ol & 9 M
9
400
37
3 mre
& oogPd ol dodBTg o)L [Fod
X ang o
5 a5 olg O q ooa 4
é Smrelm~] D o-lO [ 4 falllal O f\l ©r
k ol oo f?° o ©f olog, 0
25— 4g 80 120 160 200 240 280 320 360

Figure 7. - Continued.

70-Percent speed.

Circumferential position, deg

(e) 50-Percent passage depth (mean); station 3.

Veriation of distorted-flow patterns with circumferentisnl position.

oLL¥%



4710

CB-4 back

NACA RM ESTJLY L 27

O Static pressure
0O Total pressure
oTOt&l‘b&n@emtue
¢ Velocity
© Flow engle
. 50—
’%5 S 9 ¢ °O<>°°°°0";onc A
: [ o
& o
40
600 )
9 ol olosolooeop dod oA ORUSSO o6 4
s 1!
] ¢ ¢
%5500 Olg L ol olo Ll o]0 9?® o 0
By AR o
§ ° ¢ o
HE A |
’ ’ IR
400
37
m
& .-. o nnunu
g DEIL.FLII.II.JI—I
. DD[]DU DDD
g 3 ul _
- w] unutp
Q
g
g dolooofolooodofoo® ooo(>
2 olo ok P 0 lo of o
o *° 80 120 160 200 240 280 320 360

Circumferential position, deg
(£) 90-Percent pessage depth (hub); station 3.

Flgure 7. - Continued. Verlation of distorted-flow petterns with circumferentiel position.
70-Percent speed.



28

Velocity, ft/sec Flow engle, deg

Temperature, OR

Pressure, in. Hg abs

NACA RM ES5T7JLT

O Btatic pressure
O Total pressure
10 { Total temperature
¢ Velocity
O TFlow angle
© ¢
o
0 o—o—or-0—3—
(oY) ] A4
o © o © o ° o
<?o° o o o ° °
-10
600 >
ok dodobododolododooqoeoRAOE RO
500
0
OA°<A 4] O 1. N
400 v \'4 I ) v<> b ¢ 0 4
ol ¢ Crol, (%o oo
¢
]
300
36
- o O0OnDOo P oo 0DPoin Blo
DU "'JDD pm | L= O D
52 O‘Loov“"‘“uquuuuvoJ—oo
000 6ol ° °0
28 -
0 40 80 120 160 200 240 280 320 360

Circumferential position, deg

(g) 10-Percent passsge depth (tip); station 4.

Figure 7. - Continued. Variation of distorted-flow patterns with circumferentiel position.

70-Pexrcent speed.

oTL¥



AT10

Flow angle, deg

Velocity, ft/sec

Pressure, in. Hg abe

Temperature, R

NACA RM ESTJLY S 29
O Static pressure
O Total pressure
10 O Total temperature
$ Velocity
© Flow angle
(VRN
) o ° 9
Q Q Q
o2 7° °°o ClPoogopP® ﬁo o° %
(53
-10
&
Oooo¢oooo$o dodolboodoldoP oo
5
¢
e o & "Lvo T A : 4
0 ol o 10 ¢ o 1o % o o9
_d nlooodao Ojg 90O o Mo
|DUDDEDD"'H oo o
3 510 O 6 O g O 5
ol @ o Co o ] o o Y o
olo Qo gofP Olc ¢
z() 40 80 120 160 200 240 280 320 380

Circumferential position, deg

(h) 50-Parcent passage depth (mean); station 4.

Figure 7. - Continued. Varietion of distorted-flow petterns with circumferential position.

70-Percent speed.



30

Velocity, £t/sec Flow angle, deg

Temperature, OR

Pressure, in. Hg ags

NACA RM ESTJLT

10 .
Olo o | _ o olo | o[ oo
o ¢ ¢ o d°
Qo L © b
Ot
O Static pressure
0 Total pressure E
¢ Total temperature i
¢ Velocity o
Q Flow angle -~
-10
600
ol dodoloocdo] dodoloodoP AP0 b
500
ol ¢
010
¢ ole Jo ¢ Y )
¢ ¢
400] QLVAJJ'L £
o »
el
0 0 o9
O a
Vv
200
o O~
= ppoogb o
5 g ho ag o
a DDD 5
ofoc ¢ o o]9 0o 1o o) o‘ftoOO
olo 9o ¢ 0P C o
40 80 120 160. 200 240 280 320 360

Circunferential position, deg

(1) 90-Percent passage depth (hub); station 4.

Figure 7. - Continued. Variation of distorted-flow patterns with circumferential position.

70-Percent speed,



4710

NACA RM ES5TJLY

Flow angle,
deg

Velocity, ft/sec
°r

Temperature,

Pressure, in. Hg abs

31

O Static pressure
0O Total pressure
O  Totel temperature
$ Veloeity
© Flow angle
5
- oo QOOOOO
o lo o T ole 7 ¥ )
o o0 ¢ o © 9 o
40
700
°°°J><><>o<><><><><><><> 6 OlO P OP OO CO P OO G
600
¢
O O A AN A A
500 4
5 ¢ 3 ovvov OOV (4] 00 v<’
4 ¢ ¢
&
400
44
- | | boon Co0dop®lonolpgog
uu[]p_jauuu
40
oon:; Q Ol OVOO(\nOOC‘J
[o} (o}
oodoloo°? ?
36
Q 40 80 120 180 200 240 280 320 360

Circumfereniial position, deg

(J) 10-Percent pessage depth (tip); statiom 5.

Figure 7. - Continued. Verietion of distorted-flow petterns with circumferential position.

T0-Percent speed.



32

Flow angle, deg

Veloclty, £t/asec

Pressure, in. Hg abs

R

Temperature,

R NACA RM ESTJLT

50

O Btatic pressure
0O Total pressure
¢$ Total temperature
¢ Velocity
¢ Flovw angle
40 < A\ oL @ ©
oo %‘ A% O<O°°°‘>°°O°1°ooo<> 5
(o]
30
700
oL 2R UOC P ol (s d o O PORIACGOROIOC POV IO P
Y Y
¢ & ¢
oo Lo l0 09 0100 Lo ] S0, ¢ 090, oo i

&
<

00 og (g

40

e \®J
L oo ¢ P 9° ¢ % o"FoP oo ¢

olo of® ¢ o

65 10 80 120 180 200 240 280 320 %60
Circunferential position, deg

(k) 50-Percent passags depth (mean); station 5.

Pigure 7. - Continued. Variation of distorted-flow patterns with circumferential position.
70-Percent—speed.



4710

CB-5

NACA RM ESTJLT

Velocity, ft/sec Flow angle, deg

Temperature, °R

Pressure, in. Hg abs

60

50

700

8

47

43

39

33

(1) 90-Percent passege depth (hub); station 5.

Clrcumferentisl position, deg

O static pressure
O Total pressure
%Totaltemperature
Velocity
© Flow engle
o P90 o
o
o | O ¢ O 00 °°°°<>Lo c olo ¢
- T
—Cr-o—P—5
clolodols dadol d o <>><>Q<><>J<>o<ﬂi>é
o o o 00 Q¢
0000 00004090 A MM KR L o0 ¢
- B nnE]DjJEu T
olg DDDD i
DD[JDDDDEJ
[®] —J
Qo olo ol ® ©
0 40 80 120 180 200 240 280 320 380

Figure 7. - Continued. Varietion of distorted-flow petterns with clrcumferential position.

70-Percent speed.



34

Flow angle,

Pressure, in. Hg abs

deg

Velocity, ft/sec
Temperature, °R

oalea— NACA RM ESTJLT

O Static pressure
0 Total pressure
¢$ Total temperature
O Velocity
Q TFlow engle
10
3
oo S
olo oo 9 oloofo??® 7 Coo9olooo polo j
0
700
0000000000000o¢oooo¢oooooooooo
600
500
) [ 0 ol o
Olo %o | o0 ooooﬂooo ¢ loolod olo ¢
400 0
Jo]
300
43
B o dobooOfgobaojogojgofaj
Oogop DIDDDD
el O oP—oto—4-210ele0-3 0 b oare—
00 ®oj,0f 4Jolo 9of
35 40 80 120 160 200 240 280 320 260

Circumferential position, deg
{m) 10~Percent passsge depth (tip); station 6.

Filgure 7. - Contimued. Variation of distorted-flow patterns with circumferential position.
70-~Percent speed.



4710

UB-5 back

NACA BM ESTJLT

10

Flow angle,
deg

700

S
8

Veloclty, rb/ sec

Temperature,
o
8

Pressure, in. Hg abs

37

35

gtatic pressure
Total pressure

Totel temperature
Veloclity
Flow angle

O loeono

O+O°o°

<>
©

<p

B B8 O o5 1 o L=
Ol 4 oo Ooao
o moO0Ood@pP
(%4 Uy
b 9o & o c)opooooo o P oo &

0 0|0 @ o o C

80 120 150 200 240 280 320 360
Circumferential position, deg

{r) 50-Percent pessage depth (mean); station &.

7. - Continued. Variatlion of distorted-flow patterms with circumferential position.

T0-Parcent speed.



36

Flow angle,

[sec

fr.

Velocity,

Temperat

Pressure, in. Hg abs

deg

R

)

S NACA RM E57JLT

O Static pressure
0 Total pressure
¢ Total temperature
¢ Velocity
¢ TFlow angle "~
10 ;’)
o] b o
o
700
6020 Ao b oladled wls sladolosladbolododol Ao ¢
A IV v s v V- v =
500 ‘
_ oo
PR o[ %0 0j0 %o o 0
400 A
£3
o DDDD:QQDDEDDDDE
o of
8 [ S e P o
L= 1 v iy |
39
°°q>oonoéuo o| ©
35 Q 40 80 120 160 200 240 280 320 360

Circumferential position, deg
(o) 90-Percent passage depth (mub); station 6.

Figure 7. - Continued. vVariation of distorted-flow patterns with circumferential position.
70-Percent speed.



4710

NACA RM ESTJLT T 37

O Static pressure
O Totel pressure

10  Total temperature
O Velocity
© Flow angle
<
o
¥2 o o—olos
8-8 o o[ o ¢ O S o] 6 olodod o O oP I Y
(3
o}
=10
800

ol oleolod ol dodoiog0 PR AOPORYOIPOR O

600

Temperature, °R

Velocity, £t/sec

& ODPoogoopgigaoPeO04gU0PCpdojoDjogol OO

"

61

Pressure, in. Hg abs

57
[o} 40 80 120 160 200 240 280 320 360
Circumferentiel position, deg
(p) 10-Percent passage despth (tip); station 7.

Figure 7. - Continued. Variation of distorted-flow patterns with circumferential position.
70-Percent speed.

oanm— -



38

Velocity, ft/sec Flow angle, deg
Temperature, °R

Pressure, in. Hg abs

NACA RM ESTJILT

O BStatic pressure .
O Total pressure
10 { Totel temperature
¢ Velocity
© Flow angle
QOnnOzs&AOALVnQQ Qo ol Q 5 Q0 OLag &.O00 G o b %
o
-10
800
700O'vozxovvozxz‘}(}v()(\()()oo SR OGO PO O GO
600 *
¢
P Y O O A .y B
500 5 o R 0 oov ) 4] YD oooo\
¢ o b % 1%4
400
67 =
oo omp Ui u oob0igp O 0
olododgp HoF o o
63
¢ _lo ?olo o o o
Olo o © o ol © o ol o & ° o b Oj0O0jog¢ © ol o 4
0 40 . 80 120 150 200 240 280 320 360

Figure 7. - Continued.
70-Percent speed.

Circumferential position, deg

(q) S0-Percent pessage depth (mean); station 7.

Variation of distorted-flow patterns with circumferentiel position.



4710

NACA RM ES5TJLY oA 39

Velocity, ft/sec Flow angle,
deg

Temperature, °R

Pressura, in. Hg abs

O Statlic pressure
3 Totel pressure
10 < Totel temperature
¢ Velocity
O Flow angle
o o ©C PO oo @ 0 YQ ooooToooo<>0000<>
0
0
800
700 FO1a-ot 0o 00151"\'0("\(\/"\’)00 p OR OO OO OO
600
500
° 0
0l o ¢ ¢ ¢4 ol ¢
oAAA N <>o<’°° ¢ ¢ <°° P oloo {
v v v
400
87
SooonoooofopfoofoNopooojocPao@ooag
63
0|9 O O ¢ °oo0000000000000000000Ooo
59, 20 80 120 150 200 240 280 320 360

Circumferential position, deg
{r) 90-Percent passege depth (hub); gtation 7.

Figure 7. - Concluded. Variation of distorted-flow patterns with circumferential position.
70-Percent speed.



40

Flow angle, deg

Velocity, ft/sec

Pressure, in. Hg abs

NACA RM ESTJ17

20
O Btatic pressure
0O Total pressure
¢ Velocity
¢ Flow angle
(o)
10 >
o Q
° 9 ¢
o © °L ©
o] = P -~ o9
° ¢ P° oo o
b
oy [+
%
-10
600
500 ¢ o
0 o1 0 ¢ ¢ o ¢
y [
N 0 o ol ¢ ¢ 0 s
400 &
300
30
e B 5 ¢ DO | o | oMl N0 Mmoo P
O o= [ I et O o w10 O po (= g1
26 DHCIHDDDrIDn
o olo® ©00/° ¢ ojoojo?Poloolo ¢
) P
-~ OO0 ¢ ofo 9O el
22
o] 40 80 120 18Q 200 240 280 320 560
Circumferential position, deg
(a) Station 2; tip; absolute total temperature, 540° R.
Figure 8. ~ Variation of-distorted-flow patterns with circumferential position. 80-Percent

speed.

OLL¥



4710

CB-6

NACA RM ESTJLT

Flow angle, deg

Velocity, ft/sec

Pressurs, in. Hg abs

20

28

R 41
O Sbtatic pressure
0O Total pressure
$ Veloclty
O Flow le
o © ane
Q Qo
Q
ol 7 [}
2 OOQ
Q Q=
obo
a o
o
(o]
o fo ¢ A o I
¢ U2 Lo ole
4 ¢ o )
¢ o
[ ﬁL VYo ¢ ¢
{4
0 ~ - Mg ol m] ol @ O -
U L™ | Bl laand et |
M| = [ e ey B — N "N |
0 ¢ o ©|° o olo P op ojo ¢
b o 5 o
ch 0‘6\)‘9
Q
o] 40 80 120 160 200 240 280 320 360

Circunferential position, deg

(b) Station 2; mean; absolute totel temperature, 542° R.

Filgure 8. - Continued. Varietlion of dlstorted-flow patterns with circumferential position.

80-Percent speed.



42

Flow angle, deg

Veloelty, £t/sec

Pressure, in. Hg abs

NACA RM ESTJLT

20 A4
9 O Static pressure
o O Total pressure
) ¢ Velocity
Q Flow angle
. s L
Q
QO OOOﬁ
(o4 O
Q ® O
0
¢ ° o
od°
-1o—2 d
-20
600
.Y
v
500
o ¢
. ot i S
0 <°° 00 ¢
[43 O .
400 o ¢
300 -
30
3 = h O O th o f-rrL
=) L) [ g ] o B (] i
B
26 N 5n-sg-2re-0-0
o o le] d o
o L © > 0 o $Ojoojo Ol ol 4
(o] OO 1o O S0 O
22
0 40 ao 120 160 - 200 240 280 320 360

(c) Station 2; hub; sbsclute total temperature, 545° R.

Figure 8. - Continued.
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Figure 9. - Continued.
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Variation of distorted-flow patierns with circumferentisl position.
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Velocity disgram plots. 70-Percent speed.

.‘ l—-«I . g -

95



NACA RM ESTJLT

Mean

Pregsure
High
——— Iow
(a) Stage 1.
Stage [Percent Veloclity G.iaéram -
pessage
depth High-pressure reglon
' vz,l vz,z vz,s vl vZ' vs V’i Vé U’1 UZ Bi Bé B]. BZ ﬁZ‘!'
1l 10 468 |509 | 482 [468]570482 959774836 (840 (61 |49 |-0.2(27 |2.

2.1
50 455 488 (48B4 [455(572|4841801}619}660|680 |55 |38 «.2|5111.0
80 455 1447 [512 |456]617 1515|657 (467 484|520 {46 (12| 1.3 44 |6.0

Low-pressure region

1 10 426 }500 [ 4B0 |427 |574)480|925|750)| 8356|840 163,148} 2.1 1.3
50 392 |461 | 475 |392|554 476 (754 ]593(660)680 (59|39 | 2.4 |34 |1.3
g0 406 [386 |416 [408|556(416,607 1404|484 |520]48[17| 4.6 2.3

(b) Stege 1; date summetion.

Figure 12, - Veloclty dlagram plots. 80-Percent speed.
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Tip

(c) Stege 2.
Stege |{Percent Veloclity dlsgram
passage
depth High—px-'essmre reglon
1
V2,1|Y2,2|V2,3|V1 Y2 |V5 Y1 |V2 [U1 |2 |Bi[P2[B1 (P2 |Ps
2 10 462 |472 |560 |482 (598|561 |958|675]845 [852|60 46 |2.1 |38 [¢.1
50 484 |479 [546 [(484(612| 546 [8431598(707 |738|55 (37 |1.0(38 [1.3
90 512 |4686 {518 [515|676{520|726|484(563 {62445 (16 |6.0[46 [5.0
Low-pressure reglon
2 10 480 |455 |S541 |480|574|542 |963|676(845852{60 |48 1.3 |38 |5.6
50 475 (472 |527 |476|612] 527 |843|587 707 |738]56 |36 ]1.3 |40 1.2
S0 416 |430 ;487 |416|650{ 489 |691]451|568624|53 |18|2.3(49 |5.3

(4) Stage 2; date swumation.

Figure 12. - Concluded.

Veloclty diegrsm plots. 80-Percent speed.
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Mean

Pressure
High
_——— Low -
Hub
(a) Stage 1.

Stage| Percent Velocity diagram L
passsge High-pressure region .
depth v, .V, IV v__; v - v, V. U, B]|BLIB 8

z,1{¥z,2{Vz,5|V2 V2 [Y3 | V1 [V2 Y Y2 [Pi{P2{P1L [P2lPs

L 10 569 |55) (538 |569{621{539 {1030 |860 {944 (945 (59 |50{1.2]27]1.9
S0 577 {568 |580 |577|657|58C| 932|716[743|765 |52 [37]1.C|30|1.1

20 563 1496 |578 |5631670({581 765 (5141545 (585 /45(1512.7 |[42{5.5

Low-pressure region

1 10 514 {568 |552 |515)640|552 |1044 /1863|941 |945 60|49 ]3.6}27 (2.3
50 479 [516 {544 |480|617{544| B58 670743765 |56 [40|3.7{33] .7

90 S50 | 440 [494 (503615485 709 |466[545;585 (45]{1914.8{44]2.5

(b) Btage 1; data mummation.

Flgure 13. -~ Veloclty diagram plots., 90-Percent speed.
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Tip

(c) Stage 2.

Stage {Percent Velocity dlagram
pessage
depth High—press!m:e‘region —
V2,1 2,2|¥2,3{%1 |2 |V3 | Y1 |2 |%1 [Y2 |B1[Pz[B1 |B2|Ps
2 10 538 [543 (817 (539(680(620|1078{760|951]|958 |(60(44{1.9{38 5.1
50 580 | 568 |590 |580}722|590| 975|687 |795{830{54{34|1.1|38{L.2
90 578 | 507 |559 |581(743|563| 821 |53L |6339(702]|45|17|5.5|47|6.3
Low-pressure region
2 10 552 {533 |608 |[552{681(609)1080|764(951{958|59|45(2.3[38(3.8
.50 544 | 542 559 |544|695(559| 957|670[795|830|55(|36( .7{39|1l.4
90 494 | 488 |524 (495]7361526| 7911{511(639|702|51[17|2.5{48|5.2

(a) Stage 2; data summation.

Pigure 13. - Concluded.

Velocity diagram plots.

90-Percent speed.
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Mean

NACA RM ESTJLT

Pressure
High
-~ — — - Low
Hub
{a) Stage 1.
e H PR 0 T it dis -l S <
Stage | Percent Velocity diagram . .__ ._._.
g:;:;.ge _Hi&mmiaﬂ e e s
Ve,1}¥2,2{V2,3V1 [Vo |Vs | Vi [Va | Uy | Ua |P1{BS) By [B2]| Ps
1 10 650 | 552 (566 |650|611 5661249 [962[1045(1050i59(55[-1.9125(|-1.3
50 627 | 684 |759 |627{581[76Q[1027{851| 825{ 850({52|35} 1.0(27]| 2.2
S0 706 [648 (761 |707({820}762) 905|665 605| 6650|3913} 3.4)38} 3.2
. L Low-pressure region _ . _
1 10 589 | 608 |625 (598671 (6251111980 |1045[1050(58[52! 9.9]25}-0.9
58] 566 | 628 {895 (5687271695 964|793 | 825 B50|54(38} 4.5|30] 1.2
20 658 | 571 |679 °|661}755(680 851(593! 605) 650[39]15| 5.6141] 3.2}
(b) Stage 1; data summation.
Figure l4. ~ -Velocity diagram plots. Design speed.
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4710

Pressure
High
—_——— Low
{(e) 3tage 2.
Steage [Percent Velocity dlagram
gz;zgse High-pressure region
Ve, 11%2,2|V2,5|YL (Y2 |V | V1 |V2 | U1 | Ta [Bi|PS] BP1 |P2|Ps
2 10 s66 1567 561 [566]727{562(12101832]|1057|1064[62|47|-1.3|59]|3.8
50 758 |637 | 700 [760(7881702|11435|784]| 884 922148136 2.2 136]4.3
90 761 [622 [659 |762]|849(663]1012 653} 710| 780 |41}118| 3.2 (43]6.4
) Low-pressure region
2 10 629 |599 (602 |629{760|604 (1238 1845 |1057|1064 |59{45}-0.9 ({38 (4.4
50 695 (627 |[644 |695|783|644|1112|774| 884 92215136} 1.2137[2.5
s g0 679 |588 |626 |680|8071630| 955|631 710| 780 |45|21) 3.243 6.4
(d) Stage 2; data summation.
Figure 1l4. - Concluded. Veloclty dlagram plots. Design speed.
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Figure 15. - Varilation of total-pressure and velocity distortions through the

compressor.
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Plgure 16. - Radlal variation of distortion parameters over 2 range of compressor tip speeds at
the compressor face (station 2).
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Figure 17. - Radial variation of distorted flow through compressor.
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(2) Compressor characteristic. (b) First-stage velocity variation.
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parameter

Figure 18. - Qualitative wvelocity distributions through compressor with distorted
inlet f£low. ’
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