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INTERACTION OF ROTOR TIP FLOW IRREGULARITIES WITH STATOR VANES AS A NOISE SOURCE

James H.

Dittmar

NASA=-Lewis Research Center
Cleveland, Ohio

Abstract

The rele of the interaction of rotor tip flow
irregularities (vortices and velocity defects) with
downstrean stator vanes is discussed as a possible
fan nolse mechanism. This is accomplished by: {in-
dicating some of the methods of formation of these
flow irregularities; observing how they would behave
with respect to kpown nolse behavior and; attempting
to compare the strength of the rotor vip flow Ir-
regularity mechanism with the strength of the more
common rotor wake-stator mechanism. The rotor tip
flow irregularity-stator interaction is indicated
o8 being a probable inflight noise source.

Nomenclature

A copstant for a given airfeil (eq. (1))

A constant dependisg on profile drag of
airfoil (eq. (9))

B constant for given fre: stream condi-
tiong (eq. (11))

Cp airfoil chord

P pressure

v radial cvordinate measured from vortex
center

VpaVg Y, velocities in r, 8, z eylindrical co-
ordinates

W axial veloelty defect W_ - v,

Wm free stream veloclty

z axial coordinare from airfoil trailing
edge

PO circulation in initial vortex

] circumferential angle

v kinematic viscosity

P fluid densivy

Introduction

Reccnt papers in the area of fan noise (refs.
1,2) have indicated that the rotor-stator interac-
tien 18 the dominant tone nolse source for subsonic
fans in flight and that as a result the Tyler Sofrin
"eutoff'" criteria is applicable. A fan whieh i=
designed to be "cutoff" would typically have its
blade passage tone greatly diminished in flight,
however, the harmonics of the tone would remain in
the spectra. These remaining tones would also be
controlled by the rotor-stator interactiom mechanism
and because of the importance a review of this
noise generation mechanism was initiated.

The typical rotor/stator interaction has been
viawed as the interaction of the rotor blade wakes
with the downstream vanes. A schematic drawing of
this generation mechanism is shown in Fig. 1{a).

Another possible rotor/stator mechanism 1s the
interaction of the rotor blade tip irregularities
(vortices and velocity defects} with the dowmstream
stator vanes. The schematic representation of this
mechanisn is shown in Fig. 1{(b}. This same general
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mechanism has been shown to be a significant noise
source for helicopter rotors. Here the tip vortex
from one rotor blade strikes the next blede creacing
a noise source, The likelihood of this generating
the most annoying blade slap helicopter nolse has
been shown in such papers as Refs. 3 through 5 and
its role as a broadband noise mechanism has been
indicated in Ref. 6. In fan stages the vortex has
been discussed as a prime broadband rocor alone
nolse source by Longhouse, Ref. 7. The rotor tip
irrvegularity-stator interaction noise mechanism in

a fan stage 1s discussed 1in this report and the pos-
sible dominance of this mechanism is proposed.

The first atep in this repor” is ro list the
mwanner in which the tip flow irregularities can be
formed. This is followed by the pogaibilities cf
the mechanism as a noilse source whlch Is explored
through a comparison of its behavior with known fan
noise behavior. The final step is a comparison of
the expected nolse Erom the rotor wake stator and
toetor tip irregularity stator mechanisms by infer-
ence frow some exisring dara. For simplicity of no-
tation the rotor tip irregularity-stator interaction
i5 sometimes referred te as RT-5 and the rotor wake-
stator interaction as RW-S.

Possible Sources of Rotor Tip Irregularities

Secondary flows in turbomachines have heen the
subject of investigations by various authors. A
number of these works are in Refs. 8 through 14.

It is not the ipcent here to provide a review of the
various secondary flows in a turbomachine, however,
a number of the possible rotor vip irregularity
sources are worth exploring. These generally fall
into two classes; mechanisms which generate a rotror
tip vortex and, those which result in displacements
and accumulation of the boundary layer.

Vortex Generaters

Two of the possible causes of r~tor tip vor-
tices {indicated as secondary flow generators by
Hansen and Herzig, ref. 14) will be described here -
namely blade end clearance and relative motion bSe-
tween hlade tips and annulus walls. Blade end clear~
ance ecan generate a roter tip vortex by allowing a
communication between the pressure amd suction sides
of a rotor blade., (Fig. 2(a) shows this mechanism.)
4 secondary flow 1s generated around the tip of the
blade which in turn can create a tlp vortex., 1Lt is
likely that this vortex could alse be formed by
communication slightly downstream of the tlade, even
1f no end clearance were present.

Figure 2(b) shows how the relative motion be-
tween the blade tips and the annulus wall can create
a vortex. Here the relative motion of the blade
exerts a scraping effect on the wall boundary layer.
The effect 1s to Impart a rolling motion to the
boundary layer as it is pulled up against the moving
blade, thus creating a tip vortex.

Boundary Layer Accumulation

Displacement and accumulation of the blade
boundary layer can result from secondary flows in



the channel between two rotor blades. Flgure 2{¢}
ghows how this asccumulacion can occur, Here a com-
bination of radial and circumferential secondary
flows have resulted in an accumulacion of the bound-
ary lLayer near the rocor tip suction surface. The
radial flows shown here may be caused by radial
pressure grodients or by cencrifugal effects, In
rotors these radial flows are usually outward with
the boundary layer accumulating at the tip and for
gtators the flows are inward with the accumulation
near the hub (Ref. 14). The clrcumferential flows
may be cavsed by the biade to blade pressure gradi-
ents. {Flow Erom the pressure surface of blade A

to the suction snrface of blade B, in Fig. 2(c¢).)
The combined effects of radial and circumferential
flows of bhoundary layer material result In un accum-
ulation of the boundary layer, and therefore the
velocity defect behiand the blade, in ene particular
location.

Possilbilicy As Hoige Source

The mechanism by which rotor tip flow irregu-
larities can create noise is the same as for the
roror wake mechanism, Namely, since each rotor
blade has this reglon of peor flow trailing behind
it, the interaction of these repions with the down-
strean stator blades create fluctuating velocities
and air angles on the stator biades. These in turn
produce stator 1lift fluctuations which create nolse.
The blade to blade repeatability of this region
creates blade passage tone and its harmenics while
the purely random parts of these reglons become
broadband nolse generators.

In order to show che probabliity that the roter
tip irregularities interacting with the stacors is
a atroung cendidate for a noise source in a turbofan
it is wmecessary to show how this mechanism fits with
respect to known noise behavior. In addition, to
gshow this mechanism {RT-8) isas strong as the roror-
wake statar mechanism (RW-8) ir 15 necessary to show
that the velocity fluctuations felt by the stator
are as great from this mechanism (RT-8) as from the
rotor-wake stator interactions (RW-S).

Comparison With Hoise Behavior

The intent here 1s to ghow that the roter tip
irregularity~stator mechanism behaves in the sane
manner a& kapwn nolse behavior. In particular two
noise effects for the fan stage of turbofan englnes
have been observed. These are the inflight cutoff
phenomena of Tyler and So.rin {(Ref. 15} and the ef-
fect of rotor-stater spacing {(see Ref. 16).

Cutoff behavior. The "cuteff"” phenomena has
been observed for fan stages in flight (Refs. 1 and
and 2) and it is therefore necessary to show that
the proposed mechanism also would act in this same
manner, In the propesed noise generation mechanism
each rotor blade tip trails behind it a vortex and a
velocity defect region., When this reglon strikes
the downstream blade it creates pulsating sources on
the stator vanes in the same manner as the rotor
wakes do in the rotor wake-stator mechanism. Since
each rotor blade exhibits this poor flow region, the
phasing from vane to vame is the same for rthe RT-E
mechanlsm as for the RW~S mechanism. Therefore the
Yeutof£" phenomena would be the same for the RT-S
mechanism 45 for the RW-5 mechanisn.

One of the differences in the two mechanisms 1s
that the rotor-wake stator (RW-5) mechanism fnvolves

the entire span of the stator in generating nolse
where as the roter tip irregularity-stator {(RT-5)
mechanism invalves only the tip region of the gcatar.
This discurbance concentrated at the blade tips
should produce a sound pregsure level which Is more
concentrated at the tip than that of the usual wake
mechanism. Another difference is that the vortex
portion of the rotor tip irregulariry has an addi-
tieonal spanwise variarlon that does not occur for a
wake. Because of the swirling wotion of the vortex
a section at the top of the vortex would have a ve-
loclty in the opposite direction from a section at
the bottom of the vortex (see Fig. 3). (A velocity
defecr, as in a wake, would have the same direction
for the upwash velocity along the span.} This
change from upwash to dewnwash in a very short span-
wige distance on the stsror vane may result inm a
more compact and possibly strenger rolse source.

Spacing. Lowson (Ref. 16) has indicated the
behavior of the fan hlade passage tone noilse &s the
spacing between the rotor blade and stator vane rous
is ipcreased (Fig. 4). (This figure is a portion of
a figure presented in Ref. 17.) The upper curve in
Fig. 4 Is the 2 4B reduction in sound pressure level
per doubling of distance presented by Lowson. The
data points are also from Ref. 16. The lower curve
is the behavior of the wake described in Ref. 17
with spacing wherein the wake defect is described as

W
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A
o (zfcy + 0‘025)”2

%) iz the wake defect

W, is the free stream velocity

A ig a constant for a given airfoil

2 is the distance downstream of the, airfoil
Cp  1s the alrfoil chord

As can be cbhserved from Flg. 4 the wake decay model
and the noise behavior are in falr apgreement.

It then becomes necessary to show that the
rotor tip vortex and veloecity defect model alse lead
to this good of an agreement wirh the noise behavior,
Since the velocity defect occurring at the rotor tip
is an ageumulation of rhe boundary layer over other
portions of the hlade it is not hard to envision the
velocity defect reglon as a large localized wake.

If chis tip wake decayved at tlhe same rate as the

main blade wake does, then the dependence of the

noise source on spacing would also be the same as
for the wain rotor wake source.

The behavior of the tip vortex strength with
vpacing 1s not as easily envisioned and 1t 18 there-
fore necessary to present some model for the vartex
and observe its behavier. The model chosen for the
vortex 15 one that Dosanjh, et al. (Ref. 18) have
presented based on work performed by Newman
(Ref. 19).

Under +the assumptions that:
1. The axtal velocity defect and the clrcum-
Farentlal velocity of the vortex are small compared

to the free gtream velocity,

2. The radial velocity in the voreex is very
small compared to the free stream velocity and



therefore small compared with the circumierential
velocity; and

3. The Reynolds number of the main flow Iis
large.

The Navier-Stokes equations and the continuity
equation were reduced to
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Then with the applicarion of the appropriate
boundary and initial conditions the solutions became

FD erz
Vg = Far [P T P\ T (6}
Alr Nmrz
e =52 U R 7
A Wr
Weld -y =—eampl T (8)
- z z Gyz
where
TO is the circulation in the initlal vortex
T is the radial coordinate measured from
the vortex center
z is the coordinate distance from the alr-
foil trailing edge
VgaVaV, are the vortex velocities in the r, 8,
z cylindrical coordinates
A is a constant dependent ot the profile

drag of the airfoil

It i{s herein assumed that the circulation gen-
erated part of the vortex is dominant and therefore
that v, 1s the largest velocity component. The
behavior of this velocity, Y with discance behind
the airfoil is then of concern for comparisom with
the nolse behavier with spacing. Furthermore, since
this veloeity, v,, is a function of the radial dis—
tance from the center of the vortex, the variation of
the moximum value of Vg with distance 2z 1is de-
sired.

As per Dosanjb, et al., the derivative of Vv,
with respect to r is set equal to zero to obtain
the radius at which vp is a maximum. When this
radiss is resubmitted the maximum valwuce of wvg is

" v -]
vo 7063 iqs;

4 &)
max

Rearranging with the addition of Cp equation (9}

becomes

vy = 0.638
max

(10)
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Replacing the outside terms by a constant for a
given airfoll with given free gtream conditions

v
8
max

B
B —— (11)
1/2
(z/Cp)
As can be observed the varfation of the vortex
velocity g with spacing (eq. (11}) is the same

as the variation of the wake defect (eq. (1)) with
the exception of a small constant, 0.025, which
occurs in the wake defect model., In essence the ex—
pected variation with spacing of the tip vortex
model is consistent with the noise behavior. Recent
work by Raj and Lakshminarayana (Ref. 20) has shovn
that the decay of the wake in a turbomachine may
oceur more quickly with distance than previously in-
dicated. With this rapid a decay the rotor wake—
stator mechanism would no longer appear to fit the
noise daca. This, if true, may leave the retor tip
vortex mechanism as the only mechanism that fits the
noise decay that occurs with increased spacing.

Relative Scrength of Two Mechanisms

The next step in establishing the plausibilicy
of the rotor tip flow irregularity~-stator interac-
tion mechanism is an attempt to ascertain the rela-
tive atrength of this mechanism with respect to the
rotor-wake-stator mechanism. Some information is
available that might indicate the strength of this
mechanism., The first piece of information deals
with the strength of the velecity defect with re-
spect to the wake dafeci. The second deals with the
distribution of neise in the ducr., Thie third piece
of information involves fluctuating pressure meas-—
urements on rhe stator vanes, All of the pleces of
information, although circumgrtantial, give some evi-
dence of the relative mechanism strengths.

Wake defect - tip defect comparison. The noilse
generated by the interaction of a velocicy disturb-
ance and a downstream blade is a funation of the
strength of the discturbance, the response of the
blade to that disturbance, and the area of the blade
over which the disturbance takes place. With the
same set of downstream blades the larger the dis-
turbance the more noise 13 generated. Exact meas-—
utements of the rotor wake strength and the rotor
tip defect strength are not easily obtalnable. How=
ever, some measurements of these quantities behind
turbine nozzles (stators) are available in Ref. 21,
Some of these measurement coptours have also been
published in Ref. 14 and one of these contours
(Fig. 284, Ref. 14) has been replotted herein as
Fig. 5(a}. This particular contour is plotted be-
cause 1t shows, the moest clearly of the contours,
the wake defect reglon and the regilon where the
boundary layer accumulation has occurred. It should
be noted here that this is the velecity loss royplon
behind a blade in a stationary cascade. Here, be-
cause there is no relative motion of the blade with
respect to the wall and no tip clearance, very little
in the way eof a vertex flow appears to by present.
The extra velocity defect at the blade v ad is then
only caused by the accumulation of boundary layer
as a regule of secondary flows. Siace this repre-
sents only the boundary layer accumulation, the




strength of the disturbance region would be greater
behind & moving blade because of the addicional
vortex reglon not present in this stationary case.
As mentioned previously the typical radial flowsa are
toward the tip for a rotor amd toward the hub for a
stator, The pattern for this stationary turbine
nozzle is as showm 1n Fig, 5(b}. The velocity de-
fect area, shovn here in Fig. 5(a) as being near the
hub, would appear near the tip for rhe case of a
rotor-blade.

In order to provide some comparison of the
neise production of the wake mechanism and the ve-
locity defect mechanism, Fig. 5(a) will be used to
provide the strengths and spanwise extents of the
two reglons. The nolse generated is assumed to be
proportional to the product of the defect and its
spanwise extent., It will be assumed that the re-
glon from the inner hub to 1.02 cm (0.4 in.) from
the inner wall is the velocity defect reglon, The
wake defect region is then from 1.02 cm (0.4 1n.)
to the boundary layer region on the outer wall or
5.34 em (2.1 in.). The amount of loss, which is de-
fined as unity minus the racio of che local velocity
squared to the inlet veloelty squared, is only
roughly pgiven in percent ramnges for varilous repions
behind the blade. For purposes of caleulation each
reglon will be taken as the average of the percent-
ages given for that reglon. In addition, since the
reglon between blades has a certain loss range and
the desired defeet strength is the variation be-~
tween the amount between blades and that behind a
blade, the average value of the between blade re-
gion will be subtracted from the other regions.
This results in the table given in Fig. 5(a). For
example the percent loss range between blades, re-
gion 1, 18 0 to 5% glving an average of 2.5%. The
wake region loss range is 5% to 10% giving an aver-
age of 7.5%. The wake defect 1s then 7.5% - 2.,5%
or 5% average woke defect. The radial span of the
wake reglon 1s from 1.02 to 5.34 cm (0.4 to 2.1 iIn.)
giving a span of 4.32 cm (1.7 in.} or 78% of the
total span. So the wake contribution would be 5%
loss times 78% of the span or 390. The accumulated
velociry defect region has 0.23 cm (0.09 in.) 4%
span at 60% loss, 0.102 cm (0.04 1in.) 2% span at
20% loess, 0.38 cm (0.15 in.) 7% span at 15% loss and
0.306 em {(0.12 in.) 5% span at 0% loss for a total
of 435, The nolse difference between the two mech-
anisms would be around 1 dB based on 20 times the
logarithm of the ratic of the two numbers.

in addition to the turbine data, some loss
numbers are available for the region behind a stator
in a single stapge fan. The performance data and a
description of this fan stage are reported in
Ref. 22, The local loss coeffieient data for this
fan were not completely presented in Ref. 22 but were
available from this contract for computatiens., The
loss ccefficient profiles, defined as the difference
in total pressure across the stator divided by the
difference In totral and static pressure upstream of
the atator, are presented in Fig. 5(e¢). When thg
game calculation is done for this stator as was
previously performed for the turbine nozzle the dif-
ference in predicted noise was a little over 1 deci-
bel. Here however the wake defect was nolsier
whereas the velocity defect was noisler for the tur-
bine caase.

The previous examples are an indication that
the rotor tip defect-stator interacrion is approxi-
mately as strong (within 1-2 dB) as the rotor wake-
stator mechaniam. Based on 20 leg)qg of the ratio,

approximately a 6 decibel noise reduction would
then be expected to occur 1 the rotor tip defect-
stator mechanism were removed, It should again be
noted that these sratlonary blade row coses con-
tained little or no contribution from a vorrtex. IF
the rotor tip vortex were as strong as the defect,
then the noise from the roter tip irrepularities
(defect and vortex) c:uld be around b decibels
greater than the rotor wake-staror mechanism noise.
If it were then phssible to remove both the defect
anu the vortex a noise reduction of about 9 decibels
might be poasible.

In duct mensurements. The attempt in this sec-
tion is to okserve gome existing in duct microphone
nolse meagurements aud to infer the relative
strength of the two mechanlamsg, RT-5 and RW=-5. Be-
fore thls ia done however, it is necessary to d1-
gress and dis:uss gome facllity effects. Noise
measurementsd on the Lewia outdoor fan nolse test
facility have been somewhat handicapped, as are most
static test facilicles, in that extraneous nelse has
been produced by the interaction of ap inlet flow
distorcion or inlet turbulence with the rotor
(Ref. 23). This inlet flow disturbance-rotor inter-
action typically controls the blade passuge tone of
fans tested on this facility (Refs. 23-2%). How-
ever, on certain fan stages at certaln speed points,
the linrmonics of the blade passage tone have been
shown to be controlled by some other mechanism.

This was Indicated in Ref. 24 where an Llncrease in
rotor-stator spacing brought a reduction in the hagp-
monics for the QF-5 stage. (The blade passage tone
did not change wich spacing.)

In che testing veported in Ref. 25, the har-
monica of the blade passage tone were reduced in che
QF=-2 fan by replacing the original stator vanes with
a set of long chord svacor vanes, This harmonic re-
duction occurred at most speed points but the inlet
diatortion appeared to -ontrol the inlet hemisphere
harmonlc nolse at 90% speed, Some in duct micro-
phone measurements were made on this QF-2 fan and
are partially teported by Woodward, et al. in
Ref. 26. These measurements consisted of microphone
traverses inside the fan ducting at two axial Joca-
tions, one upstream and one downstream of the fan.
The locations are shown In Flg. 6. The data were
taken at 60% and 90% cof far, design speed.

The purpose here is to use some of the GF-2 in
duct measurements to infer the relative screngths
of the RT~5 and RW-5 mechanisms, Sinece the blade
passage tone is presumably controlled by inlet flow
distortion and since the distortion affected the
harmonlcs at 90% speed, the level of the second har-
monic ac G0% speed, was thosen for this comparison.
litere at 60% speed, the level of the second harmonic
appears to be caused by some rotor-stator interac-~
tion (RT-8 or RW-5) since the noise responds to
changes in stator chord. The In duct variation of
this level may then indicate something about the
relative strengthe of the two mechanisms (RT-5,
RW=8).

Woodward et al. (Ref. 26) have previously
plotted the variation of the blade passage tone with
radius for this data and Fig, 7 was made with Yood-
ward's data by plotting the variation of the second
harmonic with radius at 60% speed. As can be seen
in Fig. 7 the noise level near the outside wall is
considerably hipher than elsewhere in the duct,

This is true both in the inlet and exhaust ducts.
Since the rotor tip irregularity-stator mechanism



would produce most of its nolse near the tip, as
opposed to the rotor wake stator mechanism which
would be more uniformly distributed hub to tip,
this may indicate that the rotor tip irregularity
mechanism is dominant. At least the hub to cip
variation of the noise 1s consistent with that ex-
pected to be produced by the rotor tip flow
trregulardity-scator interaction.

Blade pressure measurcments, Blade pressure
meéasurements weré taken as part of a program at
NASA Lewls which is reported in Ref. 27. During
this testing, pressure transducers were placed on
both sides of selected stator blades and the aignals
were recorded, The lift fluctuation was determinod
at oach location by taking simultaneously the dif-
ference in pressure across the blade at a given
point. The sensor locations are shown in Fig. 8(a).
An attempt is made here to compare the tip region
(about 7% span from the tip) lift pressure fluctua-
tions with those at some distance in from the tip
{about 21% span). As previousiy mentioned, the
blade pagsage tone is controlled by inket flow dis-
turbances which alao affect the harmonics ac 90X
speed. Therefore, the harmonics at 60% through 80%
spead arc of interest. A plot of these levels,
Fig. 8(b) shows that the Iift fluctuations in the
tip reglon are significantly greater than those
further inboard indicating that the tip reglen is
the prime noise location and adding gupport to the
rotor tip irregularity-stator mochanism as the dom-
inant nolse source.

Concluding Remnrks

It has baen the intent of this paper to show
the poasible significance of the interaction of the
rotor tip flow irregularities with downseream sta-
tor vanes as a noise source for a turbofan engine.
This was accomplished by: indicating the method of
formation of these flow irregularities; observing
haw they would behave with respect to known nolge
behavior and; comparing the strength of the rotor
tip flow irregularity machanism with the strength
of the more commen rotor wake mechanism. This lat-
ter comparison was based on some existing loss pro-
files to compare the veloclty defeats from the two
mechanisms and by inferring the primary nolse source
from existing in duct microphone traverses and blade
pressure measurements.

This teport has indicated the prabahle signifi-
cance of the rotor tip flow irregularity-stator in-
tecactivn as a4 nolse source. However, more work is
needad in this area to accurately assess its import-
ance. In additlon, the existence of this potencial
noise source, while it may first appear to he an
additional preblem, could be an advantage in reduc—
jng fan nolse, The seeming concentration of the
noise source in a small reglon near the tip may make
it more amenable to reduction. Because of the small
area it may be poasible to dissipate the reglon of
flow irregularity quickly, possibly by some blade
tip rederign or to remove it altogether, possibly
by duct wall suctfon, without having any significant
effect on fan performance. In any case this me-
chanlsm should be worthy of consideration in future
fan source noise reduction attempts.
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Figure 2. - Sources of rotor tip flow irreqularities.
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