AD=A069 619 PENNSYLVANIA STATE UNIV UNIVERSITY PARK APPLIED RESE==ETC F/6 20/4
INVESTIGATION OF THE UNSTEADY PRESSURE DISTRIBUTION ON THE BLAD==ETC(U)

NOV 78 & FRANKE NO0024=T9=C=6043
UNCLASSIFIED ARL/PSU/TM=78-300




5
-=I.
-

““"—' 3 I': “mlE;

R
=
=

B 1 oy et

NATIONAL BUREAU OF STANDARDS
MICROGOPY RESOLUTION TEST CHART

-




INVESTIGATION OF THE UNSTEADY PRESSURE DISTRIBUTION
ON THE BLADES OF AN AXTAL FLOW FAN

619

Gary Franke

MWAO069

Technical Memorandum
File No. TM 78-300 el
November 21, 1978 -t [y -

Contract No. N00024-79-C-6043 - A S

Copy No. é

&

S
o
O
O
) The Pennsylvania State University
- { [NH | Institute for Science and Engineering
3 - APPLIED RESEARCH LABORATORY
: [, Post Office Box 30
2 ' State College, PA 16801
. APPROVED FOR P!TL!C RELEASE

| DISTRIBUTION UuL.iiiED

NAVY DEPARTMENT

NAVAL SEA SYSTEMS COMMAND




UNCLASSIFIED |
SECURITY CLASSIFICATION OF THIS PAGE (When Data Entered)
REPORT DOCUMENTATION PAGE BEFORE. COMPLETING FORM
1. REPORT NUMBER g 7 GOVT ACCESSION NOJ 3. RECIPIENT'S CATALOG NUMBER 1
™ 78-300 o L
4. TITLE (and Subtitle) ‘ 5. TYPE OF REPORT & PERIOD COVERED
: STIGATION OF THE SSURE MS Thesis, May 1979
STRIBUTION ON TBB ES OF
6. PERFORMING ORG. REPORT NUMBER
T™ 78-300

) NO0Q24-79-C-6043

|
i ’A’&E—s‘I— 1.

" AREA & WOR

9. PERFORMING ORGANIZATION NAME AND ADDRESS

The Pennsylvania State University

Applied Research Laboratory

P. 0. Box 30, State College, PA 16801
11. CONTROLLING OFFICE NAME AND ADDRESS 2. REPORT DATE
5 Naval Sea Systems Command November 21, 1978
Department of the Navy 3. NUMBER OF PAGES

Washington, DC 20360 143 pages & figures
v ADDR 50i{ different from Controlling Office) 1S. SECURITY CLASS. (of this report)

Unclassified, Unlimited

o T%t h h’ , b a) ’ mf m0.7 Sa. 25&&63{!{ICATION DOWNGRADING

18. SUPPLEMENTARY NOTES

~, T ——————— R cu-w—-&L ;
[76. DISTRIBUTION STATEMENT (of thie Report) ¥
Approved for public release, distribution unlimited, _ i
3 per NSSC (Naval Sea Systems Command), 2/7/79 9 4 Sb
"’ { ]

. i

&

; % 17. DISTRIBUTION STATEMENT (of the abatract entered in Block 20, il different from Report)
&

1 () AkL | Psy) TA-19-440 |

19. KEY WORDS (Continue on reverse side if necessary and identily by block number)

rotor hydrodynamics
wake

turbomachinery

aerodynamics

20\. TRACT (Continue on reverse side If necessary and identify by block number)

The results of a program to investigate the distribution of unsteady
pressure on the blades of a stator blade row in an axial flow turbomachine
which operated in the wakes of an upstream rotor are presented. These
unsteady pressure distributions were measured using a blade instrumented
with a series of miniature pressure transducers which was developed in this
program. Several geometrical and flow parameters--rotor/stator spacing,
stator solidity, and stator incidence angle--were varied to determine the
influence of these parameters on

DD ,'55%; 1473  coimion oF 1 nov 8 1s ossoLETE ,1 o 0 :Z !E!F w
SECURITY CLASHIFICATION OF THIS P ’

T NPT G e (MR ST R, P ITIRR ] WL AESA 5 o




UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE(When Deta Entered)

20.

- inteéraction.. -

ABSTRACT (Continued)

A major influence on the stator unsteady response is stator solidity.
At high solidities, the blade-to~blade interference has a larger con~
tribution. While the range of rotor/stator spacings investigated had
a minor influence, the effect of stator incidence angle is significant.
The data indicate the existence of an optimum positive incidence angle
which minimizes the unsteady response. Further studies are recommended
to determine the characteristics of the propagation of the rotor wakes
over the stators and the behavior of the surface flow during this

SECURITY CLASSIFICATION OF THIS nnﬁm Data Entered)




iii |

ABSTRACT

The results of a program to investigate the distribution of unsteady
pressure on the blades of a stator blade row in an axial flow turbomachine
which operated in the wakes of an upstream rotor are presented. These
unsteady pressure distributions were measured using a blade instrumented
with a series of miniature pressure transducers which was developed in
this program. Several geometrical and flow parameters--rotor/stator
spacing, stator solidity, and stator incidence angle--were varied to
determine the influence of these parameters on the unsteady response of

the stator.

A major influence on the atatJr unsteady response is stator solidity.
At high solidities, the blade-to-blade interference has a larger contri-
bution. While the range of rotor/stator spacings investigated had a minor
influence, the effect of stator incidence angle is significant. The data
indicate the existence of an optimum positive incidence angle which
minimizes the unsteady response. Further studies are recommended to
determine the characteristics of the propagation of the rotor wakes over

the stators and the behavior of the surface flow during this interaction.
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INTRODUCTION

Significance of the Investigation

The turbomachine is a significant component in our society, used
almost universally in power generation and in aircraft and marine
propulsion. This device is used for the conversion of mechanical energy
into fluid energy, a pump or compressor, and fluid energy into mechanical
energy, a turbine.

The flow in a turbomachine is exceedingly complex. The fluid may be
a compressible gas in which shock waves may occur or an incompressible
liquid with cavitation. The flow in a turbomachine is inherently unsteady
and three dimensional with, in some cases, strong centrifugal and Coriolis
forces. The blades may vibrate and will be influenced by other blades in
the same blade row and in adjacent blade rows through potential flow
interactions and by interaction with the viscous wakes shed by upstream
blades.

A major effort in turbomachinery research is to obtain an under-
standing of the unsteady phenomena in such flows. Unsteady surface
pressures are caused by the unsteady flows which occur on the blades.
This causes unsteady forces and moments on the blades and, thus, results
in mechanical vibration, airborne radiated noise, and inefficient
operation. The present incomplete understanding of such flows is a
significant obstacle in obtaining the turbomachinery performance charac-

teristics of reduced noise and increased fuel efficieacy required in

today's society. To achieve these goals, it is necessary that the

turbomachinery designer be able to predict the unsteady response of the

blades as a function of available design parameters.
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Status of Existing Theoretical Knowledge

Various mathematical models have been formulated to describe the

unsteady flow in a turbomachine. Although the governing equations are

known (momentum, energy, continuity, and state), their enormous complexity

has thus far prevented a complete solution. For example, the momentum

equation gives three simultaneous, nonlinear, second degree, partial

differential equations whose dependent variables, velocity and pressure,

are functions of four independent variables, time and three space variables.

These equations can yield an approximate solution in steady flow, subject

to certain simplifying assumptions, that has been shown to be an adequate

approximation to certain types of real turbomachinery flows. In unsteady

flow, however, the validity of assumptions made, and the resulting approxi-

mate solutions have not been demonstrated to be adequate in describing

real turbomachinery flows. -
Historically, unsteady analyses were first performed for an isolated

airfoil. Although it has been demonstrated that isolated airfoil analyses

are inadequate representations of flow in a turbomachine, it is valuable

to examine isolated airfoil analyses for the techniques used and the

results obtained. Von Karman and Sears (1) and Sears (2) determined the 1

unsteady lift of an isolated flat plate airfoil subjected to a small

velocity disturbance normal to the chord. The solution is:

L= moev v d-“"s(w) ; (1)

with the 1ift acting at the quarter chord point at all times. The
reduced frequency, w, is a nondimensional quantity proportional to the
ratio of the airfoil chord to the wavelength oi the disturbance, and

S(w) is the Sears function. The frequency of the disturbance is given

T T s
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by V. The Sears function, plotted on the complex plane, is shown in
Figure 1.

The case of velocity perturbations parallel to the chord was con-
sidered by Horlock (3) who obtained a solution for the unsteady lift and
moment of an isolated flat plate airfoil subjected to a disturbance having
components both parallel and perpendicular to the chord. The solution
employs the Horlock function and has a form similar to the response to
a perpendicular disturbance. The effect of a chordwise (parallel) dis-
turbance can be of the same magnitude as the response to a perpendicular
disturbance in some situations. Horlock (4), and Nauman and Yeh (5)
extended these isolated airfoil analyses to consider the effects of blade
camber, Nauman and Yeh developed design charts that show the variation of
unsteady lift as a function of blade camber, stagger angle, and reduced
frequency. Holmes (6) has developed a theory for the prediction of the
unsteady pressure distribution. Holmes considered an isolated flat plate
airfoil in incompressible, inviscid flow at zero incidence, subjected to
a small sinusoidal velocity fluctuation perpendicular to the airfoil.

Meyers (7), considering the same geometry as Holmes, solved for the
pressure distribution on the airfoil caused by the interaction with a
moving viscous wake. The wake is approximated as a fluid jet having a
velocity perpendicular to the airfoil. In a simplified expression for
infinitesimally thin wakes, the shape of the wake did not appear, but the
pressure depended on the integrated contribution of the velocity fluctu-
ation in the fluid jet. Fujita and Kovasznay (8) compared Meyers' pre-

diction with experimental data and found reasonably good agreement in

the trends of the data when no flow separation was present.
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Lefcort (9) extended the analysis of Meyers to cover the case of
thin wakes. As Lefcort's analysis is used here to predict the unsteady
pressure distribution, the analysis is discussed in greater detail in
the discussion of experimental results.

The unsteady effects of an axial flow turbomachine stage have been
investigated by Kemp and Sears (10). The rotor and stator are each
represented by a cascade of airfoils. Each cascade had low solidity and
was composed of flat plate airfoils. Their analysis considered the
unsteady effect caused by the relative motions of the cascades in steady
flow. The effects of the unsteady flow considered in the upstream cascade
were the unsteady flow only on the blade in question and its wake. In
this respect, the unsteady analysis is similar to an isolated airfoil |
analysis. The effects of the unsteady flow on the downstream cascade
considered the unsteady flow on the blade in question, its wake and the
vortex wakes shed by the upstream cascade. Using an empirical descrip-
tion of viscous wakes, they also considered the unsteady lift and moment
caused by the interaction of viscous wakes from upstream blades (11).

The analysis of a cascade of airfoils is performed in a similar

manner as that of an isolated airfoil, but must consider the effects of

adjacent blades and their wakes. Whitehead evaluated the unsteady lift
and moment by an actuator disk approach (12), i.e., a cascade composed
of blades of zero chord, as well as a cascade of flat plate airfoils (13)
subjected to an inlet disturbance. In an alternate analysis of the same

problem, Henderson and Daneshyar (14), using a slightly different mathe-

matical representation of the blades, predicted a resonance effect: a
sharp change in unsteady lift when the disturbance wavelength equals the

blade spacing. This analysis also included the effect of blade camber.

:
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The analyses of (13) and (14) give similar results when the disturbance

wavelength does not equal the blade spacing. é

There are meager experimental data available to evaluate the validity
of the theoretical models of the unsteady turbomachine flows. The lack
. of experimental data is attributed to the complexity in producing a suit-
able flow and the measurement of unsteady parameters. Until the basic
[ assumptions in the models are verified and the range of conditions where
the theories are an adequate representation of real flows are established,
the designer cannot use the theories with confidence. Henderson (15)
checked his results by deducing the unsteady circulation from measurements
of the circumferential variation of the time-mean total pressure rise
across a rotor. The theory did not predict the exact magnitude of the
unsteady response well, but the trends in the experimental results agreed
reasonably well with the theory.

Bruce and Henderson (16) measured the unsteady 1ift and moment of an
axial flow fan rotor by instrumenting a segment of a rotor blade with
strain gauges. They determined that existing theories (13, 14) predict
trends in experimental data, but were inadequate in predicting the exact

i magnitude of the unsteady response.

Satyanarayana (17) considered the interaction of a disturbance of

| low frequency parameter that was transported with a velocity less than

i the main flow and a cascade of airfoils. This type of disturbance is not
representative of real turbomachine flow but is useful in evaluating
theoretical predictions. Good agreement with the trends of the theory
by Henderson (15) was found, but there was a deviation in the magnitude
of the response. Satyanarayana also obtained good agreement with the

results of Holmes (18) in predicting the unsteady pressure distribution

of an isolated airfoil.




Statement of the Problem and Scope of the Work

In order to minimize the undesirable effects of unsteady flow in
turbomachines, it is necessary that the designer be able to predict the
effect of various design parameters on the turbomachine's unsteady
performance. The designer, therefore, requires a theoretical analysis
of proven validity, or sufficient empirical data to determine the unsteady
performance of a new design.

The objective of this study was to investigate the unsteady response
of a stator blade caused by the interaction of the stator with the wakes
of an upstream rotor. A major portion of this effort was the develop-
ment of an instrumented stator to allow the measurement of the unsteady
pressures on both its pressure and suction sides during such an
interaction.

Specifically, the objective of this study was realized by conducting
measurements of the following unsteady performance characteristics of an
axial flow turbomachine. The unsteady response of the stator blades to
the wakes shed by an upstream rotor was determined by measuring the
unsteady pressure at various locations along the chord, at the mid-span
of the blade. These measurements were conducted at the mid-span of the
blade to minimize the effects of the annulus wall boundary layer. A
hot-film anemometer probe was used to measure the velocity field incident
upon the stator blades at the mid-span position at one circumferential
location. The unsteady response of the rotor to the presence of the
stator blades was determined by measuring the unsteady 1ift and moment
at the mid-span of a rotor blade. These measurements were obtained by

instrumenting an independently supported section of the blade with strain

gauges. This instrumented blade was developed by Bruce (19).




The unsteady response was determined for two values of rotor to
stator spacing, 2 and 1/2 rotor chord lengths, two values of stator
solidity, 0.493 and 0.986, and three values of stator incidence angle,
-2, 5, and 17 degrees.

The unsteady pressure measurements are compared with the results of
Lefcort (9) for the pressure distribution on an isolated airfoil inter-
acting with a local velocity perturbation caused by a viscous wake.

Instrumentation and associated hardware were developed to measure

unsteady pressures. New techniques for the dynamic and static calibra-
tion of pressure transducers were employed. Data reduction and analysis
procedures were developed.

This investigation does not consider all the aspects of unsteady
turbomachinery flow. Specifically, the effects of rotor and stator
camber, rotor and stator stagger angle, rotor solidity, and blade thick-
ness are excluded. All measurements were made at the mid-span of the
blades. Although the flow is three dimensional, the flow in the radial
direction was assumed to be zero. However, the assumption was not
verified experimentally. The variation of the unsteady performance at

other spanwise locations was not examined.




THEORETICAL MODELS OF UNSTEADY TURBOMACHINERY FLOWS

Two-Dimensional Description of Flows

The two-dimensional model of the flow in an axial flow turbomachine
considers flow in the axial and circumferential directions. The flow
that exists in the radial direction in an actual turbomachine is entirely
ignored. In addition, the flow is assumed to be inviscid and, generally,
is considered incompressible. Experimental correlations are used exten-
sively to account for viscous effects, the prediction of flow separation,
and other factors that cannot be determined from the two-dimensional flow
model. Turbomachine design and/or performance predictions consider the
flow to be steady and proceed with a two-dimensional flow model using the
basic equations of fluid mechanics and experimental correlations as
discussed in various textbooks, e.g., (20).

Consider the intersection of a cylinder concentric with the shaft
and the rotor and stator blades of an axial flow turbomachine, at the
mean radius of the blades, Figure 2. If the cylinder is cut lengthwise
and flattened, the trace of blade intersections will be two parallel rows
of blades, a cascade, as shown in Figure 3. The rotor row has linear
velocity U at the mean radius due to the rotation of the rotor. The
rotor inlet and exit flow can be expressed in a frame of reference moving
with the rotor speed U, or in a frame of reference fixed to the machine
casing. Figure 4 shows inlet and exit velocities in both moving and
fixed coordinates. The transformation to fixed coordinates is performed
by simply subtracting the velocity of the moving coordinates (the rotor
speed) from the velocity observed in the moving coordinates.

The existence of a viscous boundary layer on the rotor blades causes

lower velocity flow in the region of the rotor wake. When viewed in




e T s Tp—

T ) - S s ‘1
10 ]
1
|
1
{
{
i
OUTSIDE CASING
LAL L L L L AL LLL L L L2 2L 22244 4L
ROTOR| |STATOR] gy ine oF CYLINDER
7l7 Y r‘”ﬂ"‘n'n'r-rrn—r §
’ m
l % C B
T oF CENTER SHAFT
Figure 2. Schematic of Axial Flow Stage

B e P T G AT K R S e T




11
, S ROTOR
: ) SPEED
: Il
£ ‘ C
E ] Ris
3 Figure 3. Geometry of Axial Flow Stage
3
Figure 4. Rotor Velocity Diagram at Inlet and Exit
,




12
moving coordinates (Figure 5), this flow can be seen as uniform in
direction but having a local region of decreased velocity. The difference
! between the local velocity and the velocity outside the viscous wake is
g the velocity defect. The velocity defect can be viewed as a fluid jet
in a direction opposite the main flow. The total flow is then the sum of
an idealized flow that ignores the viscous wake and a fluid jet. The
fluid jet can be considered as a perturbation to the main flow.

When the wake velocity profile is transformed to stationary coordi-
nates, the velocity defect becomes skewed and is at an angle with the
main flow, Figure 6. The flow outside the region of the wake is at an
angle a, while the angle of the flow varies in the wake. When this flow
impinges on a downstream blade, the viscous wake causes the blade to
experience a changing angle of incidence.

The flow interacting with the stator is unsteady due to several

factors. The turbulence in the flow causes random fluctuations and hence

' unsteadiness in the flow independently of other factors discussed herein. ‘
E As a consequence of the relative motion between the wake and the stator,

|

E the angle of incidence of the flow changes, giving unsteadiness or time

variation. Although the wakes from each rotor blade are considered
identical, small differences in the rotor blades cause differences in
their wakes. This causes an additional spatial difference in the flow
field in the circumferential direction. An airfoil moving through these

spatial variations will experience a time varying flow field.

Mathematical Models of Unsteady Flows

i Isolated Airfoils. A brief discussion of mathematical models of

unsteady flow over airfoils can be useful in visualizing the sources of : i




Figure 5. Rotor Wake Flow Relative to Rotor Blade
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interaction between blades. In the following discussion of inviscid flow,
a general acquaintance with potential flow theory is assumed.

An infinitely thin airfoil in a steady flow is represented by the
sum of a uniform, steady flow plus a series of vortices distributed along
the camberline of the airfoil. The uniform flow has constant direction
equal to the free stream flow upstream of the airfoil. A vortex is flow
whose streamlines form concentric circles. It has velocity only in the

circumferential direction:

where ' is the circulation.1 Figure 7 shows an airfoil in steady flow
represented by vortices. The strength (or circulation) of the vortices
is adjusted so the velocities induced by the uniform flow and the vortices
have no component perpendicular to the camberline of the airfoil. To
give a unique value to the circulation, the Kutta condition is imposed.
The Kutta condition is the result of the experimental observations which
show that a body with a sharp trailing edge moving uniformly in a fluid
will have its rear stagnation point at the trailing edge. The velocity
field can be determined by calculating the sum of the velocities induced
by the vortices and the uniform flow. Once the velocity is known, the
momentum equation can be used to determine the pressure distribution.

An airfoil in nonuniform flow can be represented by the suﬁ of an
unsteady flow field, a series of unsteady vortices to represent the

airfoil (bound vortices) and a series of unsteady vortices in the wake

1. T = §veds, the circulation is the closed line integral of the
velocity vector in the direction of the path of integration.
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of the airfoil, Figure 8. The unsteady vortices in the wake exist because
the flow upstream of the airfoil is irrotational and since no rotational
forces act on the flow, it must remain irrotational. The time varying
circulation on the blade is related to the circulation of the wake
vortices. The strength of the vortices representing the airfoil are
determined at each instant in time in a manner similar to the steady flow
case. At each instant in time, the velocities induced by the uniform
flow and all vortices, both bound and wake vortices, can have no component
perpendicular to the camberline of the airfoil. The Kutta condition is
used to fix the rear stagnation point at the trailing edge as in the
steady flow. An additional complexity is introduced, however, by the
vortices in the wake. The strength of these vortices must be adjusted
such that the flow remains irrotational at each instant in time.

The Kutta condition for unsteady flow has been verified experi-
mentally under certain conditions (the wavelength of the disturbance is
small compared to the airfoil chord) by Fujita and Kovasnay (8). It is
not known whether the Kutta condition is satisfied for all unsteady flows.

Cascade of Airfoils. The two-dimensional analysis of a cascade of
airfoils may be conducted with the same mathematical tools as employed
with isolated airfoils. The analysis is considerably more complicated in
that each airfoil is influenced by the presence of every other airfoil.

In a steady flow to compute the velocity field about an airfoil in a
cascade, the sum of the influences of vortices used to represent each
blade must be included. In unsteady flow, the influences of the time
varying vortices used to represent each blade and the time varying
vortices in the wake of each blade must be added at every instant of time

to compute the velocity field about an airfoil, Figure 9.
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Consider a compressor stage consisting of a rotor and downstream

stator.
1.
2'

3.

4,

5.

The following interactions cause unsteady effects on any blade:
The unsteady bound vortices of the blade in question.
The unsteady wake vortices of the blade in question.

The unsteady bound vortices of other blades in the
same blade row.

The unsteady wake vortices of these blades.

The unsteady bound vortices and wake vortices of the
blades in the adjacent blade row.

These interactions must be considered with an unsteady flow field

that could be caused by an inlet flow distortion or by viscous wakes from

an upstream blade.

The above interactions are of such complexity that substantial

assumptions must be made before an approximate solution is obtained.

For the theories employed in this study the assumptions made are discussed

in the "Status of Existing Theoretical Knowledge' section, and the theory

of Meyer (7) is further discussed in the "Comparison of Theoretical and

Experimental Results" section.
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EXPERIMENTAL APPARATUS AND TEST PROCEDURE

Experimental Apparatus
Axial Flow Research Fan. The Axial Flow Research Fan (AFRF),

Figure 10, consists of a bellmouth inlet leading to an annular flow

passage 54.61 cm in diameter with a 24.13 cm diameter center hub. The

annular flow passage contains a rotor, stator, and auxiliary fan. The 1
rotor and stator comprise the test section and the auxiliary fan provides
the air flow through the annulus.

The rotor consists of 12 aluminum blades, including one blade
instrumented to measure unsteady lift and moment (i and ﬁ). The instru-
mented blade is described later. The blades have a 10% thick uncambered

Cl profile (21) with a chord length of 15.24 cm and span of 14.99 cm.

The rotor was designed to produce zero lift at design conditions, i.e.,

zero angle of incidence at all blade radii. This feature simplifies the
analysis of unsteady flows by eliminating the steady rotor lift when
operated at this condition. The rotor can produce steady lift when
i' operated with the flow at a nonzero angle of incidence. The stagger
angle, £, equals 45° at the mean radius. The rotor is driven by a
14.9 kw motor contained in the center hub and located downstream of the
stator.

Input power and signal transmission lines from the instrumented
rotor blade run through the rotor hub to the hollow rotor shaft to a

downstream l4-channel, coin silver slip-ring unit, then out through

holes in the aft support fins.
The stator, consisting of 4 or 8 blades having the same cross-

sectional shape as the rotor blades, can be positioned by changing the

b r outer casing and hub configuration to give rotor/stator axial spacings
'
e """F'f:’ﬂ". PR 0 A g - T
T i A T 2 T A 23 T g i PR 2 BB iy R o NI A T ol VR L. X G




19

(d44v) ued yoieasay moTJ TeFxy °Q 2an3yj

wd g°L¢ A\ ? NOI1J3S 1531

W3ISAS 3AI¥Q
3gvg-1s3l
GNvV ¥3Snddia




20 4
1/2 to 2 chord lengths. This axial spacing is measured from the rotor
trailing edge to stator leading edge. The stator blades are untwisted
and have a stagger angle of 0°. Two of the stator blades are instrumented
to measure the unsteady pressure ®). Figure 11 is a photograph of the
AFRF showing the stators installed.

The auxiliary fan, located between the rotor drive motor and exit
throttle, delivers 425 x 106 cubic centimeters of air per minute at a
pressure of 8.9 cm of water gauge at the nominal operating condition. B
The auxiliary fan drive motor and the rotor drive motor operational
characteristics can be independently controlled by two adjustable
frequency drive inverter units.

A once-per-rotor-revolution voltage spike is produced to indicate

the position of the rotor in each revolution. A disk with an open radial
slot rotates with the rotor shaft. When the open portion of the disk
passes in front of a light beam, a photocell is activated. The resulting
] voltage spike permits the accurate synchronization of data produced
during different rotor revolutions.

A wooden enclosure covered with a thin layer of foam and screen
covers the bellmouth of the AFRF to remove any rotation in the inlet
flow and to reduce inlet turbulence.

A more extensive description of the AFRF is contained in Reference
(25).
! Instrumented Stator. Two of the stator blades were instrumented to

measure the unsteady pressures resulting from the interaction of the

stators and the wakes from the upstream rotor blades. One blade,
fabricated from aluminum, contained six transducers located at 5%, 15%,

30%, 40%, 50%, and 75% of the chord. A second, brass blade contained

A
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Installation of Stators in AFRF

Figure 11.
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- ease, Each cavity is connected to the surface of the blade by holes

~ perpendicular to the blade surface. A blade cross-section and details

22 1
transducers at 2%, 40%, and 95% chord locations. Each blade has a |
transducer at 40X chord to check whether the flow over the two blades
is similar. .

Each instrumented blade consisted of two sections that fit together

to form internal cavities in which pressure transducers were mounted.

A photograph of a disassembled blade and transducer is shown in Figure 12.
The transducers were mounted between a pair of O-rings which form a

pressure tight seal and permit assembly and disassembly with relative

of the transducer mounting arrangement are shown in Figure 13. The
dimensions of the intefnal cavities and surface taps are shown in Figure
14. The surface taps were located about the mean radius in a staggered
manner which covered a spanwise extent of approximately 2.5 cm. fhis
staggering was used to minimize spurious pressure fluctuations caused by
flow in the vicinity of an upstream surface tap on a downstream surface
tap.

To measure pressures on only one side of a blade, the holes 6n the
opposite side were covered with tape. Each blade also contained passages :
that lead from the transducer to the outside casing of the AFRF. These
passages contain electrical leads and provided atmospheric pressure to
the reference side of the transducer (see description of transducer

below).

The transducers employed were Pitran Model PT-M2 differential i
pressure transducers manufactured by Stow Laboratories. The Pitran is a ;
silicon NPN planar transistor with the emitter-base junction mechanically

coupled to a diaphragm as shown schematically in Figure 15. Displacement
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of the diaphragm produces a large, reversible change in the gain of the
transistor.

The Pitran transducers measure a differential pressure. When
installed in the stator, the unknown blade surface pressure is applied
to the face of the diaphragm and atmospheric pressure to the reference
side of the transducer.

The advantages of the Pitran include:

1. Linear output over the rated pressure range (0.25 PSID
for Model PT-M2).

2. High level of output signal (on the order of 1 volt
per cm of water).

3. Resonant mechanical frequency greater than 100,000 Hz.
4. Small size (0.5 cm).

5. Large overload capability (700% of rated pressure can
be tolerated without damage).

The overload capability is important as the exact magnitude of the
unsteady pressures on the blades were unknown at the beginning of this
study. Included with the Pitran is a signal conditioner which is shown
schematically in Figure 16.

Instrumented Rotor. One rotor blade was instrumented to measure

unsteady force (L) and unsteady moment (M). As shown in Figure 17, a
2.54 cm span blade of this segment is cantilevered from the blade hub at
the mid-chord position by means of a beam that has the lower portion of
its length machined as a torque tube, and the upper portion of its length
machined as a force cube. The center section of the blade segment is
located at the mean radius. The torque tube and force cube have been
instrumented using miniature strain gauges. The 2.54 cm span segment is
made of magnesium to minimize its mass and movement of inertia and is

structurally independent of the rotor blade except for the cantilever
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Figure 15. Schematic of Pitran Transducer
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mount. The aluminum tip portion of the blade attaches to posts on the

aluminum hub section which pass through slots in the instrumented section. ]
A minimum clearance of 0.0127 cm is maintained at each mating surface. '
The magnesium has been mass-balanced to preclude uneven displacement. A

more detailed description of this blade is presented in Reference (19).

Flow Field Measurement. Measurements were made of pertinent flow

parameters in the vicinity of the stators. The axial velocity, Vx. the
resultant velocity upstream of the stator, V, the angle of incidence, i,
between V and the stator chord, and W, the velocity defect caused by the
viscous rotor wakes were determined.

The axial velocity, Vx, was determined from the static pressure, Ps'
measured by a pressure tap in the fan annulus 13.5 cm downstream of the
inlet bellmouth from the following relation where Patm is the atmospheric

pressure:

2(p___-P)
atm_s 2)

Vx © [ 7
A differential pressure transducer was used to measure (Patm-Ps) and p
was calculated from the Ideal Gas Law. The pressure transducer used 3
was a variable reluctance type manufactured by Validyne Engineering
Corporation. The transducer was calibrated by comparing the output

voltage to the pressure indicated by a micromanometer with an identical

pressure applied to each instrument.

A three~hole wedge probe was positioned at the mean radius approxi-
mately 3 cm upstream of the stator. The two static taps of the three-
hole probe are located symmetrically on opposite sides of a wedge so that
the probe can be aligned in the direction of the flow by making the

static pressure at each static tap equal. An indicator on the probe and
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a protractor fixed to the AFRF outer casing were used to measure the
angle between the wedge and an axial reference line.

A hot-film anemometer probe was located at the mean radius and
equipped with a pointer and protractor to permit alignment with the flow
as determined from the three-hole probe. The average velocity upstream
of the stator was determined from the D.C. voltage output of the
anemometer. The velocity profile of the rotor wake was determined from
total anemometer voltage. The hot-film probe measures the component of
the rotor wake velocity profile that is parallel to the main flow. The
velocity defect may then be calculated from the geometry shown in Figures
5 and 6. The hot-film probe is a commercially available type with sensor
dimensions of 0.00254 cm diameter x 0.0528 cm long.

Both the three-hole and hot-film probes were located circumferen-
tially in between stator blades to minimize the effect of the probe wake
on the flow field on the blades, Figure 18. Because of the design of
probe mounting holes in the outer casing of the AFRF, it was desirable
to change the probe circumferential positions when the relative positions
of the rotor and stator were changed in order to mount the hot-film probe
at an axial location as close as possible to the leading edge of the
stator. In such an axial location, the probe will record the rotor wake
characteristics that more nearly represent the wake at the stator leading
edge. The hot-film probe was 2 cm upstream of the Qtator leading edge
vhen the stator was positioned at rotor/stator spacing of two chord
lengths, and 2.5 cm upstream when the rotor/stator spacing equaled 1/2

chord length.
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Data Acquisition

Instrumentation and Signal Conditioning. Figure 19 shows a schematic

of the instrumentation and signal conditioning used. The Pitran signal

conditioning was performed by a Stow Laboratories Model 861 Signal

E Conditioner. The Model 861 Signal Conditioner includes a Pitran biasing
# section with a dynamic bias stabilization loop and a variable gain
isolation amplifier shown in Figure 16. The bias current to the Pitran
is continuously adjusted to cancel the response of "slow" changes of
transducer output. These "slow" changes are caused by the pressure on |
the reference side Pitran diaphragm and temperature effects. Thus, there if
is no need for zero adjustment since the stabilization circuit has a time x

constant of about one second. With the Model 861 Signal Conditioner, the

Pitran will respond to pressure changes that occur on the order of one
second or faster. These features are well-suited for measuring unsteady
pressures in a turbomachine. Both the steady state pressure and voltage
drift due to the Pitran or the signal conditioning electronics are ignored.
The variable gain isolation amplifier permits the Model 861 output to be
used directly with a recording device.

The output of the hot-film anemometer was conditioned to enable the

tape recorder to reproduce the rotor wake characteristics with suitable

accuracy. The anemometer output contains a D.C. voltage corresponding
to the average velocity encountered and an A.C. voltage corresponding to

the fluctuating velocity in the wake of the upstream rotor blades. Since

the A.C. portion is considerably smaller than the D.C. portion of the

; signal, the tape recorder could not reproduce the rotor wake signal with
$ the desired accuracy. Therefore, an amplifier was designed to enhance the
1; A.C. portion of the signal. A schematic of the A.C. amplifier is shown in

; Figure 20.
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The amplifier consists of two op-amp circuits. In the first op-amp
circuit, a resistor was adjusted manually to control a "bucking" voltage
to cancel the D.C. portion of the signal, leaving only the A.C. signal
as the input to the second op-amp circuit. A resistor in the second
op-amp circuit was adjusted to determine the gain of the circuit. The |
output of the signal conditioning circuit was the amplified A.C. portion
of the anemometer signal. The circuit gain was set at 15.00. This gain |
was found suitable for preparing the hot-film signal for recording.
The strain gauge signals from the instrumented rotor blade were |
obtained using the strain gauge as one element in a standard Wheatstone
bridge. The bridge output was then amplified with a gain of 1000. A
capacitor was used in the amplifier output to block the steady voltage
caused by steady loading on the rotor blade and by signal drift in the
electronics. -
The signals from several of the Pitrans were contaminated by a large
60 Hz component. Since the Pitran output contains no significant infor-
mation near this frequency (the lowest rotor blade passing frequency is
200 Hz), a high-pass filter set at 80 Hz was used to eliminate the 60 Hz
signal. The output of all Pitrans and the hot-film anemometer signal F

were filtered at this setting.

The output of the strain gauges was filtered with a high pass filter !

set at 30 Hz as the lowest frequency of interest is 67 Hz. The once-per- 4
revolution pulse was filtered with a low pass filter set at 8000 Hz which

has no significant effect on the pulse. The original purpose of filtering

all the data, instead of filtering only the Pitrans having the 60 Hz
contamination, was to minimize the effect of the phase shift introduced

by the filter. With all data having the same phase shift, it was
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expected that relative timing of the transducer response would be
maintained.

However, the filters do introduce a phase shift as a function of
input frequency. Figure 21 shows the phase shift as a function of the
ratio of input frequency to the cutoff frequency of the filter as given
by Reference (22). This phase shift had a significant effect on the data.
Figure 22 shows a hot-film signal that was recorded after being filtered
and the same hot-film signal that was recorded unfiltered. Each signal
has been ensemble averaged using 100 sums. The dramatic difference
between the two signals is caused by the phase relation of the constituent
frequencies and made it necessary, therefore, to correct the data. Each

signal was Fourier analyzed, that is decomposed, into the form:

nfl C, cos(mb - ¢ ) . (3)

The Fourier analysis of the unfiltered signal considered the first 60
terms of the Fourier series, and the filtered signal calculated from the
first 60 terms with the phase angle ¢ was adjusted to compensate for the
filter. Figures 23 and 24 show the magnitude and phase of these signals.
Since these two signals are virtually identical, it is feasible to use
the Fourier analyses and phase shift compensation technique to correct
the data.

The tape recorder used was a Bell and Howell seven-channel FM data
tape recordcr. The recorder was operated at 1-7/8 ips, resulting in a
cutoff frequency of 1250 Hz. This was sufficient to record four times
the highest blade passage frequency encountered. Subsequent frequency
analysis of all the signals showed this frequency limit to be adequate.

Frequencies greater than 1250 Hz were present in several hot-film signals;
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however, their magnitude was not sufficient to influence the results.

Only four of the tape recorder channels were used, those channels using

l a single recording head, to eliminate the phase shift introduced by using
dif ferent recording heads. To record the twelve channels of information

(nine Pitrans, two strain gauges, and the hot-film anemometer), three

DY

channels plus the synchronization pulse were recorded, then three
different channels were substituted, with the operating condition of the
AFRF unchanged. This process was repeated until all the data was recorded.
The four channels being recorded were monitored on an oscilloscope at the
tape recorder input and at the tape recorder reproduce terminal to assure
that all signals were being recorded properly.

As the data was being recorded, the signal from each reproduce

terminal of the tape recorder was analyzed with a Spectral Dynamics Real
Time Analyzer Model SD301C. The analyzer determined the signal output

as a function of frequency. The frequency spectrum was averaged sixteen
times; then the average frequency spectrum was plotted. In this way, the
frequency content of the "raw" data was known and provided a useful check
that the data acquisition system was functioning properly as well as

] providing a means for gaining insight into the physical situation.

A to D Conversion and Ensemble Averaging. The data were analyzed

with an IBM System 7 real-time computer. The System 7 was programmed to
perform an ensemble averaging technique. This technique enhances the
portion of the signal that is periodic with respect to a synchronization
P i pulse. Each signal, whether from pressure transducer, anemometer probe,
or strain gauge bridge, can be considered to be the sum of a response to
the phenomena of interest that is periodic with respect to the rotor

period; e.g., the velocity fluctuation due to the rotor wake, plus a
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signal that is not periodic with respect to the rotor period. The non-
periodic signal could consist of turbulent fluctuations, electronic noise,
or a response to events not related to the rotor/stator interaction.
Since the Pitrans respond to pressure fluctuations, they not only respond
to fluctuations caused by the interaction with the rotor, but also to
acoustic noise generated inside and outside of the fan. As discussed
later, there is a significant level of acoustic noise in the Pitran output.
Ensemble-averaging consists of the pointwise addition of a signal
during one rotor period to the signal obtained during the previous rotor
period. A signal periodic with the rotor period will have its amplitude
doubled, thus preserving the signal, while a random or nonperiodic signal
from one period will not correspond pointwise with another period and its
sum will tend to diminish. To obtain the periodic signal, the summed
value is then divided by the number of sums used. If a sufficiently
large number of sums are used, the nonperiodic portion becomes negligible
compared to the periodic portion. Figure 25 shows the effect of taking
a different number of sums.

The three channels of data and the once-per-revolution synchroni-

TR

zation pulse from the tape recorder were used as the input to System 7.

The computer program used had a minimum sampling rate of 500 usec. That
is, it would digitize a point of the input signal every 500 usec. This

i rate was too low to give sufficient resolution of the signal. To

increase the resolution, the tape recorder playback-speed was halved,

from 1-7/8 ips to 15/16 ips. The System 7 then digitized and ensembled-
average the data channels sequentially, one channel at a time, storing
the results from the previous channel then switching to the next channel
until the analysis of all three channels was completed. The ensemble-

averaged data were then punched on cards for storage and additional analysis.
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Figure 25.
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Instrument Calibration

Instrumented Stator Static Calibration. A static calibration was

performed to determine the sensitivity of the Pitran transducers to a
known time-independent pressure, This sensitivity is then used to
convert the voltage output of the transducers to a pressure. A schematic
representation of the calibration procedure is shown in Figure 26. A
known steady-state pressure, determined by a Validyne pressure transducer,
was supplied to a test chamber containing the instrumented stator. The
reference side of the Pitrans were connected to atmospheric pressure
through the bottom wall of the test chamber. The pressure in the test
chamber was not constant, but fell slowly with time, indicating a small
amount of leakage along the O-ring seal holding the Pitran. The amount
of leakage that would occur during a test with the blade installed in
the AFRF is not believed to have any effect on the Pitran time-dependent
output, however, since in the AFRF, the rate of change is several orders
of magnitude faster. The small leakage flow would be vented to atmos-
pheric pressure and should not affect the pressure on the reference side
of the Pitran. A photograph of the stator mounted in the test chamber
is shown in Figure 27.

The difference between the output of the Pitran before and after the

pressure was applied and the output of the Validyne was compared to

obtain the Pitran static sensitivity. This procedure was performed for
a range of static pressures. The standard deviation of the sensitivity

of the Pitrans at x/c = 0.02, 0.05, and 0.15 indicated an uncertainty of

+5%, *3%, and 8%, respectively.
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The 861 Signal Conditioners were modified per the manufacturer's
instructions to eliminate the active feedback portion of the circuit that
cancels long-term variations in the Pitran output. This permitted the
Pitrans to respond to steady static pressure. In this mode, the Pitran
output tended to drift. This effect was minimal during the calibration
because the Pitran signal was recorded immediately before and after the
pressure was applied. The signal drift during this time was negligible.

The data from a typical static calibration are shown in Figure 28.

Instrumented Stator Dynamic Calibration. The fluid in the tube-

cavity system connecting the Pitran to the surface of the instrumented
stator, Figure 13, can influence the pressure in the interior cavity
since the fluid experiénces friction and has inertia and stiffness. As
discussed in greater detail in Appendix A, the pressure in the interior
cavity varies in magnitude and phase as a function of tube-cavity
geometry, frequency of pressure fluctuations, and fluid properties.

To determine the influence of the tube-cavity arrangement on the
transducer output, as well as to determine the Pitran dynamic sensitivity,
a dynamic calibration was performed. Sound waves were used as a pressure
source. A schematic representation of the calibration design and instru-
mentation employed is shown in Figure 29. The amplified output of an
i oscillator was used to drive a three-way speaker which contains woofer,
midrange, and tweeter speakers with an electrical cross-over network that
functions to supply the input to the appropriate speaker as a function

of frequency. A 1/4-inch Bruel and Kjaer condenser microphone, Type

TR —

4136, and the instrumented stator were positioned equidistantly, approxi-

mately 200 cm, from the speaker. The sound pressure sensed by the micro-

phone is assumed equal to the pressure on the surface of the instrumented
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stator. This assumption is only valid at frequencies at which the
pressure increase caused by the reflection of sound waves from the

stator blade and microphone are negligible.

The output of the 861 Signal Conditioner was analyzed with a Spectral

Dynamics Corporation Model SD301C real-time analyzer. The analyzer output

was displayed on an oscilloscope as a function of the frequency. The
output of the Pitran at the frequency of the incident sound waves could
be read from the oscilloscope. Using this value for the Pitran output
allowed the noise present in the signal to be ignored.

Using the microphone calibration (a constant value from 150 to
15,000 Hz per the manufacturer's calibration), the microphone output
and the output of each Pitran, the sensitivity of each Pitran can be

determined as follows:

VOLTS VOLTS
Pitran Sensitivity \ bar Microphone Sensitivity U bar

%)
Pitran Output [VOLTS]
= Microphone Output [VOLTS] °

As the microphone and the instrumented stator are equidistant from
the speaker, a phase meter connected between the Bruel and Kjaer ampli-
fier output and the 861 Signal Conditioner output measures the phase
difference between the pressure on the surface on the blade and the

pressure in the interior cavity.

Sample calibrations showing Pitran sensitivity and phase angle versus

frequency are shown in Figures 30 and 31. The effects of tube-cavity
resonance can be seen. The sensitivity at frequencies greater than about
500-600 Hz may not be accurate due to wave reflection effects. The

frequency at which wave reflection effects become significant are
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specified in Reference (23) in which a correction for the pressure
increase on a microphone diaphragm caused by the reflection of sound
waves is given. A 2 dB change in the microphone sensitivity occurs when
the incident wavelength is 25% of the microphone diaphragm diameter.
Assuming geometrical similarity, a wavelength 25% of the stator blade
dimension (a square approximately 15 cm on each side) corresponds to a

frequency of 550 Hz.

The dynamic Pitran sensitivity in the frequency range giving a flat

response agreed well with sensitivity obtained from the static calibration.

Instrumented Rotor. The sensor portion of the instrumented rotor

blade was statically calibrated by supporting varying known masses and

recording the resulting strain gauge output. This resulted in a force

cell sensitivity of 4.198 x 10”3 volts/gm and a moment cell sensitivity
of 7.929 x 107/ volts/dyne cm.

The mechanical resonance of the sensor was also investigated using
electromagnetic shakers to apply time varying forces and moments. The
instrumented segment of the rotor blade surface was replaced by a metal
bar with a mass and moment of inertia equal to the rotor segment. The
shakers could be arranged to provide either forces or moments as shown
in Figure 32. The force output of a shaker is independent of frequency,
but is difficult to determine. Therefore, the output of the shaker is

determined using the static calibration results at frequencies much less

than the resonant frequencies of the sensor. The dynamic response of the

sensor to an applied force is shown in Figure 33.
Hot-Film Anemometer. The hot-film anemometer was calibrated in a
small wind tunnel shown schematically in Figure 34. This wind tunnel

consists of a centrifugal fan, connecting ducting, a constricted test




er————

53

opelg 1030y pajuauniisuy jo dniasg

37

2

el

I P e R n——————

L e S siht e

kit

e i




6r 2
5F FORCE GAGE
at g
3k e
2+ - .
o o
..(_ l1Fe o ee s
o o .
g 0 = i 1 i
= 0 100 200 300 400
z of
=
< 5;- ..
,  MOMENT GAGE
ar .
[ ]
37— L]
2F : - -
l-...... ]
0 1 1 A 1
0 100 200 300 400
FREQUENCY (H2)

Figure 33.

Dynamic Response of Instrumented Rotor Blade




Figure 34.

VR g AT N Yo TP

-
’
[}

e

| — HEATER

e b

TEST
SECTION

AV VTSN s Y OREERE W i O, 1 R W

EXPANS ION
SECTION

PUMP

Schematic of Hot-Film Calibration Tunnel

55




56
section, a large expansion section, a heater, and associated electrical
controls. The hot-film probe is inserted into a probe holder in the test

section. The probe holder also contains a temperature sensor. The i i

velocity in the test section sensed by the hot film is computed knowing
the pressure drop across the inlet nozzle and the density of the flow.
F The pressure differential, AP, is sensed by the Validyne pressure trans-
ducer and the density is computed from the Ideal Gas Law, knowing the
temperature and atmospheric pressure. Atmospheric pressure was measured
with a mercury barometer. The calibration consists of recording the hot-
film output as a function of velocity. A family of curves for different
air temperatures is obtained by using the hezter to raise the air

temperature. A typicai calibration is shown in Figure 35.
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PRESENTATION AND DISCUSSIONS OF EXPERIMENTAL RESULTS

Using the instrumentation described above, measurements were con-
ducted on the wakes shed by the rotor, the unsteady static pressures on
the stator blades, and the unsteady lift and moment on the instrumented
rotor blade. These measurements were conducted as a function of stator

steady incidence, rotor/stator spacing, and stator solidity, or space-to-

chord ratio. The test variables were:

Stator incidence: -2, 5, and 17 degrees
Rotor/stator spacing: 0.5 and 2.0 rotor chords

Stator solidity: 0.493 and 0.986.

In the following sections, the data obtained with each of these

different forms of instrumentation employed are presented and discussed.

Rotor Wakes

The unsteady pressures on the stator blades in this experimental
setup, Figure 10, are generated by the interaction of the stator blades
and the wakes shed by the upstream rotor. These rotor wakes were
measured using a hot-film anemometer as previous described. The
anemometer was placed with its sensing element perpendicular to the ‘l

flow. With the anemometer so positioned, the velocity variation as

a function of time was determined. Knowing the position of the
anemometer and the absolute flow angle, it is possible to determine

the velocity variation due to the rotor wakes at the leading edge of

; the instrumented stator blades.
An important element in obtaining these time varying data is to

reference the time from a given spatial location as the rotor blades
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move past the hot-film anemometer. This was accomplished by gnﬁioying
the once-per-revolution pulse from the rotor shaft mounted photoelectric
device described above. With this once-per-revolution pulse, it is
possible to ensemble-average the output of the hot-film anemometer to
remove the random variations in the flow.

Figure 36 (a) and (b) shows the ensemble-averaged velocity variations
at the instrumented stator leading edge as a function of time for each of
the rotor/stator spacings, stator solidities, and incidence angles investi-

gated. The instantaneous velocity is nondimensionalized by the time-mean

. circumferential averaged velocity which is given by the D.C. voltage

output of the anemometer. Shown in Figure 36 are the wakes for one
revolution of the twelve-bladed rotor, i.e., between consecutive trigger
pulses. The rotor shaft speed (1000 RPM) was identical for stator
incidences of -2 and 5 degrees. The RPM was increased to 1428 RPM to
obtain the stator incidence condition of 17 degrees as evidenced by the
shorter lapsed time for one rotor revolution.

At a rotor/stator spacing of 0.5 rotor chord lengths, Figure 36 (a),
the wakes are observed to have a sharper deficit in velocity than observed
at a rotor/stator spacing of 2.0. This is caused by the mixing and
diffusion of the wake as the distance from the rotor trailing edge is
increased. It is also evident that the blades are not all geometrically
similar. One blade in particular has a greater velocity deficit, which
is presumably caused by a slight misalignment of the blade in the rotor
hub.

To describe the response of the stator blades to the wakes of the

rotor blades, an averaged wake was constructed from those measured in

one rotor revolution. This was accomplished by breaking the measurements,
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Figure 36, into twelve equal time intervals which were then averaged.

This effectively gives an average wake deficit for describing the response

of the stator-blade. This averaged deficit will change for each stator

e

incidence angle, solidity, and rotor/stator spacing.

Figure 37 shows the frequency analysis of typical hot-film signals
Q performed by the Spectral Dynamics SD301C. The signal can be seen to
contain strong responses at rotor blade passing frequency (BPF) and
multiples of BPF. Each higher multiple of rotor BPF decreases in magni-
tude. At a rotor/stator spacing of 2, the higher harmonics decrease
rapidly such that the second harmonic is approximately 14 dB less than
the signal at rotor BPF, and the third harmonic is not visible above back-

ground noise. At a rotor/stator spacing of 0.5, the decrease in magnitude

of each harmonic is more gradual; for example, the fourth harmonic is
10-15 dB less than the response at rotor BPF. ; 1
The wake velocity can be used to calculate the variation of the

angle at incidence as the wake reaches the leading edge. Figure 38 shows

typical variations in the instantaneous angle of incidence during the

interaction with a single viscous wake. This variation will decrease at

a rotor/stator spacing of 2.0 chord length since the wake is more diffused

and mixed out.

Unsteady Stator Blade Pressures

The wakes shed from the upstream rotor blades interact with the

downstream stator blades to generate unsteady pressures and lift on the

stator blades. Usin<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>