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Rotor tip-clearance induced noise, in the form of both rotor self-noise and rotor-stator interaction noise, con-
stitutes an important component of total fan noise. Innovative yet cost-effective techniques to suppress rotor-
generated noise are, therefore, of foremost importance for improving the noise signature of turbofan engines. To
that end, the feasibility of a passive porous treatment strategy to modify positively the tip-clearance flowfield is
addressed. Accurate viscous flow calculations of the baseline and the treated rotor flowfields are studied. Detailed
comparison between the computed baseline solution and experimental measurements shows excellent agreement.
Tip-vortex structure, trajectory, strength, and other relevant aerodynamic quantities are extracted from the com-
puted database. Extensive comparison between the untreated and treated tip-clearance flowfields is performed.
The effectiveness of the porous treatment for altering the rotor-tip vortex flowfield, in general, and reducing the in-
tensity of the tip vortex, in particular, is demonstrated. In addition, the simulated flowfield for the treated tip clearly
shows that substantial reduction in the intensity of both the shear layer rollup and boundary-layer separation on

the wall is achieved.

I. Introduction

A. Significance of the Fan Noise Problem

OMMUNITIES near airports are often exposed to high noise

levels due to low flying aircraftin the takeoff or landing phase
of flight. Propulsion noise is a major contributor to the overall ra-
diated sound field. Each engine component, such as fan, turbine,
and compressor, can produce significant levels of both tonal and
broadband noise. With the advent of modern high-bypass-ratiotur-
bofan engines, however, the most prominent noise sources are as-
sociated with the fan. These sources include rotor leading-edge
shocks, inflow disturbances/fotor interaction, rotor-wake/stator in-
teraction, and tip-clearance vortex/stator interaction. Recently, the
tip-clearance vortex has been identified as an important contribu-
tor to rotor noise.! Unfortunately, control and reduction of noise
generated by the rotor-tip flowfield has not received the full atten-
tion it deserves, primarily due to a lack of physical understanding
and the geometricaland flow complexitiesinvolved. Presently, there
is little information available in the open literature with regard to
effective mitigation and prevention of tip-leakage induced noise
generation.

Experimental measurementsby Suder and Celestina,” Hah et al.,?
Kameier and Neise,* and Muthanna et al.’ have produced a reason-
ably detailed picture of the flowfield in the vicinity of a rotor tip. By
documenting various stages of the tip vortex formation, the strength,
path, and trajectory of the vortex, and regions of significant pressure
and velocity fluctuations, these measurements have shed new light
on possible noise sources associated with the tip-clearance vortex.
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Yet there is no available technique for effective suppressionof these
noise sources via alteration of the unsteady turbulent flowfield over
the rotor tips.

To facilitate future growth in air transportation while ensuring
compliance with increasingly stringentnoise regulations,urgent at-
tention to noise reduction and prediction technologies is required.
The current research effort presents a potentially effective yet cost-
efficient control approach to address this critical need. The overall
objective of the present study is to investigate, via steady computa-
tional simulations, the technical merits of a passive control strategy
for reducing tip-clearance vortex/stator interaction noise and rotor-
tip self-noise. Specifically, attention is focused on application of
porous-tip treatment to rotor blades to promote alteration of the
tip-vortex trajectory and reduction in vortex strength.

The paper is organized as follows: The remainder of this section
presents a brief overview of rotor tip-clearance flowfield and the
associated acoustic field. Both rotor-tip self-noise and vortex/stator
interactionnoise, as well as past applications of the porous-tip treat-
ment, are discussed. Section Il is devoted to the descriptionof the se-
lected baseline case and the necessary computationalsteps (i.e., grid
distribution, flow solver, etc.) for simulating the steady flowfield. To
establish accuracy and fidelity of the simulations, extensive com-
parison between measured and computed flowfields for the baseline
case is provided in Sec. III. Analysis of computed results for the
treatedrotor-tipand comparisonwith the untreatedrotoris presented
in Sec. IV. A detailed descriptionof our computationalmethodology
for applying porous treatment is also provided in this section. The
effects of reduced tip-clearance on the rotor flowfield are discussed
in Sec. V, and the paper ends with conclusionsin Sec. VI.

B. Rotor Tip-Clearance Flow and Acoustic Field

The two operating points of interestfor community noise, namely,
approach and takeoff, correspond to subsonic and supersonic tip
Mach numbers, respectively® Studies by Cumpsty and Lowrie,’
Feiler and Merriman,® Dittmar,’ and Dittmar et al.'” have revealed
the prominence of the rotor/stator interaction noise at subsonic tip
speeds. Accordingly, the proposed approachis focused on the alter-
ation of rotor flowfield for a subsonic fan. For supersonictip speeds,
computational and experimental studies of Suder and Celestina,?
Copenhaveret al.,'! Sellin et al.,'* and Adamczyk et al.!* have elu-
cidated pertinent features of the flowfield in the gap and tip regions.
Although the supersonic tip flow is more complex than its subsonic
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Fig.1 Schematicoftip-vortex convectionand itsinteraction with stator
(reproduced from Dittmar?).

counterpart, the noise reduction approach advocated here is equally
applicable at higher speeds, with minimal fine tuning.

From the standpointof efficiency and aerodynamic performance
of the turbofan, it is desirable to have a minimal clearance between
the rotor tip and the fan casing. Operational considerations, how-
ever, necessitate the presence of a small but finite gap. Figure 1
(reproduced from Dittmar®) provides a schematic of the vortex for-
mation near the rotor tip. The presence of the tip clearance enables
direct and effective communication between the blade’s pressure
and suction surfaces. Because of the rotor’s high loading, a strong
pressure-drivenflow in the form of a jet manifestsitself in the clear-
ance space. Depending on the geometry of the blade tip, the shear
layerrollup and vortex formation process may start at the side edge
itself. Otherwise, the vortex is formed on the suction side not too
far from the edge.

Although intuitively suspected, until recently the relevance and
importance of tip-clearance generated noise were not fully realized
and documented. In a systematic study, a team from The Boeing
Company under the NASA Advanced Subsonic Technology (AST)
program performed a series of tests using the Boeing 18-in. fan
rig.! These tests were directed toward identifyingand separating the
prominent noise sources in a typical high-bypass turbofan setting.
The large test matrix included cases with the inlet boundary layer
removed, fan only withouta stator row, and fan/stator combination.
In each case, extensive surface pressure and acoustic measurements
were obtained. Based on an analysis of these measurements, it was
determinedthat 1) the highestturbulenceintensitiesoccurin aregion
close to the outer wall, 2) rotor self-noise is significant even with
a clean inflow and no casing boundary layer, 3) rotor tip clearance
affects rotor self-noise, and 4) stator-generated noise is loudest of
the significant sources, at least in The Boeing Co. rig.

According to the analysis by Ganz et al.,! it is evident that tip-
clearance noise is a prominent source of noise in a turbofan engine.
Thus, techniquesand conceptsthathelpto reducetip-clearancenoise
without sacrificing aerodynamic efficiency are highly desired and
needed.

In a broad sense, tip-clearance noise can be separated into two
broad mechanisms. On one hand, the unsteady flowfield in the vicin-
ity of the tip, for example, oscillating vortex, interacts with the tip
surface, which results in a broadband self-generated noise. On the
other hand, downstream convection of the primary (tip) vortex and
its interaction with the stator vanes produces mainly tonal noise. A
brief discussion on each noise source is given hereafter.

1. Rotor-Tip Self-Noise

Once formed, the primary vortex is the leading candidate as
provider of the required flow unsteadiness needed for sound gen-
eration. The resultant flow unsteadiness can be due to large-scale
flow fluctuations supported by the vortex or fluctuations of the free
shearlayeremanating from the clearancearea. The presence of large

flow unsteadinessin the tip-clearance region is firmly supported by
the experiments of Kameier et al.'* and Kameier and Neise.* These
studies provide an extensive set of measurements for the fluctuating
pressure field on the casing wall (in the vicinity of the blade) and
the rotor tip. These authors attribute local flow unsteadiness to a
rotating instability component that is caused by a rotating source
or vortex mechanism rather than by a frozen flow disturbance. In
either case, convection of these large-scale fluctuations over the
sharp edges at the rotor side edge or trailing edge would give rise
to scattering and broadband sound radiation. This type of sound
generation mechanism, which can be termed as rotor-tip self-noise,
is physically similar to those on the flap side edge'’ in a high-lift
airframe configuration and wing-tip noise sources.'® In the case of
the flap side edges, already a high level of understanding regard-
ing sound generation mechanisms and the nature of sound sources
has been obtained under NASA’s AST program.!>!"=23 According
to measurements and computational simulations, the flap side-edge
noise can be attributed in one way or another to the formation and
subsequentevolutionof the vortex at the edge. The aeroacoustically
relevant flow features include a rollup of the shear layer, establish-
ment of dual vortex system, and vortex merging processes.

With the exception of the additional presence of the casing wall,
the rotor-tip flowfield is not too different from the flow near a flap
side edge. Thus, techniques proveneffective for flap side-edge noise
reduction will also have a high chance of success in reducing rotor-
tip self-noise.

2. Clearance-Vortex/Stator Interaction Noise

At high Reynolds numbers, the already formed longitudinal vor-
tices remain intact and maintain their rotational energy, that s, swirl
velocity, over long distances. As shown in Fig. 1 (reproduced from
Dittmar’), interaction of these vortices with stator blades creates
potent sound sources. As the stator blade cuts through the vortex, it
encountersfluctuationsin loadingas a resultof the (spatial) pressure
variationacross the vortex core. The magnitude of the fluctuatinglift
is directly proportional to the square of vortex swirl velocity. Asso-
ciatednoiseradiation,which has a dipolebehavior,is tonal in nature,
with a frequency corresponding to the blade-passagefrequencyor a
higher harmonic thereof. Any additional sources of unsteadinessin
the core or surrounding the core of the vortex, in the form of vortex
instabilities’ or turbulentReynolds stresses,?> will add a broadband
component to the tonal noise.

For reducing clearance-vortexAtator interaction noise, two dis-
tinct approaches present themselves. The first approach involves
placing the stator blades farther downstream of the rotor so that
the vortices are more diffused by the time they reach the stator. As
pointed out by Groeneweg et al.,° this is not a viable strategy due
to added weight and other incurred penalties. The second approach,
which is more attractive, involves alteration and reduction of vortex
rotational energy at the point of generation (rotor tip).

3. Application of Passive Control for Clearance Noise Reduction

A research area where effectiveness of the passive porous treat-
ment has been demonstratedis in the airframe noise arena.’*?’ Ap-
plying porous acoustic treatment to the edge and a small area near
the flap side edge, Revell et al.”’ reduced flap noise over the entire
spectrum by 8 dB, clearly distinguishingthe vortex as the dominant
noise source. Mean-flow measurements with the porous flap indi-
cated a reduced flow velocity around the outside of the flap as well
as alteration of the turbulent fluctuation field along the flap chord.
In addition, correlation of overall sound pressure level vs vortex
swirl velocity indicated that the flap side-edgenoise can be reduced
by diminishing the peak swirl velocity. More important, the 8-dB
reduction in the flap side-edge noise was realized with a minimal
aerodynamic performance penalty. The porous treatment discussed
earlier provides a viable passive control strategy whereby signif-
icant reductions in rotor-tip self-noise can be realized with mini-
mal penalty in fan efficiency. One added advantage of the proposed
acoustic treatment is the concurrent suppression of tip-vortex/tator
interaction noise due to lowering of the vortex swirl velocity.

Applying porous treatment to the wing-tip area, Smith?® obtained
significant reduction in the tangential velocities of aircraft trailing
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vortices. Depending on the level of porosity, up to a 60% reduction
in rotational energy of the vortex close behind the wing is reported.
Based on Smith’s measurements,the downstreamdistance for which
the reduction in the swirl velocity remains effective is on the order
of a few wing chords. Typically, the stator row in a turbofan engine
is placed within a chord or chord and one-half of the rotor blades.
This distanceis well within the range where the poroustip was found
to be effective. Clearly, application of porous-tip treatment to rotor
blades is expected not only to reduce the rotor-tip self-noise, but
also to suppress the tip-clearance-vortextator interaction noise.

II. Selected Baseline Geometry and Flow Conditions
A. Baseline Geometry

Selection of the model geometry was based on two factors. First,
the geometry must be complex enough to provide an appropriate
representation of the flowfield in an actual turbofan engine, yet be
simple enough to allow accomplishmentof computational tasks in a
reasonable turnaround time. The second issue involves availability
of detailed experimental data plus documentation of rotor aerody-
namic characteristicsto permit evaluation of tip treatment effective-
ness. Inboth situations, the geometry used by Muthanna® presented
itself as a good compromise.

Muthanna’s* experimental setup included a blade row cascade®
with a stationary endwall (Fig. 2) consisting of eight cantilevered
General Electric Co. (GE) rotor B section blades. The blades were
hung from the tunnel ceiling providing the desired gap with the floor
wall. The exit plane of the inlet section is at an angle of 24.9 deg
to the sidewall. To obtain uniformity of flow as it enters the blade
row, the boundary layers on the top and bottom walls were removed
using suction slots ahead of the blade row. The arrangement of the
suction slots is displayed in Fig. 2 as a broken line. The regener-
ated boundary layers were tripped with a strip of glass beads 1 in.
(2.54 cm) downstream of the leading edge of the suction slots.

Figure 3 shows the blade cross section, which has rounded lead-
ing and trailing edges, and the thicknessis maximum at 60% chord
location. The blades, which had no twist or taper, were made with a
chordlengthof 10 in. (25.4 cm) and aspan of 11 in. (27.94 cm). The
stagger angle of the cascade was 56.9 deg. The blade spacing was
9.29 in. (23.60cm), which corresponds to GE design conditions.
The boundary layers on both the suction and pressure sides of
the blades were tripped 1 in. (2.54cm) from the leading edge
of the blade using a strip of glass beads extending from root to
tip. Although designed for a nominal tip clearance of 0.165 in.
(0.420 cm), depending on the blade and streamwise location,
the measured tip-gap heights ranged from 0.147in. (0.373cm) to
0.1721n. (0.437 cm). For current computations, we have used a uni-
form value of 0.155 in. (0.394 cm) based on the average of all mea-
sured gap heights. Muthanna’s* measurements show the formation
of a spatially periodic flowfield within the three middle passages.
Accordingly, our computations simulated the flowfield around one
of the middle blades and assumed periodic flow for surrounding
blades.

location of pitot static
probe
/

leading edge of
suction slot

B. Flow Conditions

Freestream quantities were used to normalize flow variables.
Freestream velocity U, in the computationswas set to obtain an ap-
proach Mach number of M = (.12 compared to a value of M =0.08
in the experiment. The slightly higher value of M was chosen to
ensure a better and faster convergence rate for numerical compu-
tations, without introducing any compressibility effects that were
absent in the experiment. The Reynolds number based on U, and
the rotor chord C was set to Re =0.455 x 10°, consistent with the
experiment. The rotor solid surfaces are treated as viscous and fully
turbulent. To match the effect of boundary-layerremoval in the ex-
periment, inlet section flow on the bottom wall ahead of the suction
slot is treated to be inviscid. Beyond the suction slot location, the
flow adjacentto the bottom wall is assumed viscous and fully turbu-
lent. On the other hand, to reduce computationalresources required,
the entire top wall is assumed to be an inviscid surface.

C. Grid Distribution

Based on our initial computations with a trial grid, a good under-
standing of the tip-vortex evolution and its trajectory was obtained.
A finer mesh grid was then constructed to provide better resolu-
tion of the tip-vortex along its path, at least in the region over the
blade and one-half chord length downstream of it. The refined grid
consisted of seven blocks for a total of 1.98 x 10° nodes. A planar
view of the grid distribution in the vicinity of the blade is shown
in Fig. 3. For clarity, every third grid line is displayed. The O grid
surrounding the blade contains 89 points normal to the surface,
57 points along the span, and 209 points in the wraparound di-
rection. Of the 89 points in the radial direction, between 20 and
25 points were packed adjacent to the blade solid surface (with a
minimum wall-normal grid spacing of 1.5 x 103 chord) to ensure
an accurate resolution of viscous boundary layers. Typically, the
first point off of the rotor surface falls between 0.1 < y* < 0.6. The
1.55% tip-gap height (based on chord length) is resolved with an
additional 33 points in the spanwise direction. The fine grid spacing
within the gap region provides a unique opportunity to compare the
detailed spatial structure of the vortex (or tip gap flowfield) with
experimental measurements.

x=00 Ix=04 T1x=08

Fig. 3 Rotor cross section and computational grid distribution sur-
rounding rotor; every third grid line in both circumferential and radial
directions is shown.

Blade 8 Hot wire measurement
location (Figure 2.17)

¥

Inlet Section

contraction
exit —W

al
/

Hot wire measurement
location (Figure 2.5)
Blade 1 aluminum floor section

section B-B

adjustable sidewall (tailboards)

12.5° turning
e 3 angle

Downstream Section

exit plane with
4 screens + tape

\ fin-form plywood floor

adjustable sidewall (tailboards)

Fig.2 Plan view of inlet section and downstream section of cascade arrangement in the experiment by Muthanna.
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D. Flow Solver and Turbulence Model

All simulations were conducted using the CFL3D solver de-
veloped at the NASA Langley Research Center. This code, de-
scribed in detail by Thomas et al.,*! solves the compressible, three-
dimensional, time-dependent, thin-layer Navier-Stokes equations
with a finite volume formulation. In previous studies, the code has
been used'®!*-*? to simulate accurately complex high-lift flowfields,
especially near a flap side edge.

The selected turbulence model must be robust, efficient, and well
suited for boundary-layer flows where flow separation may occur.
In addition, the model should be able to capture the strong vortical
flow established near the tip region. The CFL3D code provides the
option of a number of turbulence models, including zero-, one-, and
two-equation models. Based on our past experiences with various
models, the one-equationSpalartand Allmaras model** was selected
for this study. Several extensivestudies, for both steady and unsteady
flows, that is, those of Rogers et al.** and Rumsey et al.,> have
shown that the model has better predictive capability than algebraic
and other one-equation models for a wide range of aerodynamic
flows. For current computations, however, certain modification to
the model is invoked.

Because of the strong centrifugal force field, the cores of stream-
wise vortices displaying solid body rotation exhibit rather weak
turbulent fluctuations, that is, behave in a laminarlike manner. Most
turbulence models (particularly one-equation models), however, do
not take this into consideration and, in most instances, generate
excessive viscosity inside the vortex core. Hence, the computed
streamwise vortices are generally diffused and do not have the
proper strength or the correct velocity profile and magnitude. To
circumvent this anomaly for the present problem, we have followed
the recommendation of Spalart (private communication) and mod-
ified the model in a manner identical to the modifications made
by Dacles-Mariani et al.3¢ [Eq. (2)], such that inside a vortex the
turbulent viscosity drops off gradually as the core centerline is ap-
proached. In other words, the modification dampens the turbulent
viscosity in regions demonstrating solid body rotation and has no
effects on other regions of the flowfield. Excellent agreement with
the experiment (as described in Sec. IV) shows that the modified
model performs well in capturing the complex vortex system.

III. Baseline Results and Comparison with Experiment

As a first step, the validity and accuracy of the computed base-
line flowfield must be established. Once a firm baselineis obtained,
that solution can then be used to compare and evaluate effective-
ness of the porous-tip treatment. Fortunately, the measurements of
Muthanna®® provide ample informationboth qualitativelyand quan-
titatively to establish the fidelity of the computed baseline solution.
All experimental results were reproduced from Muthanna’s work.
For comparisons throughoutthis paper, two distinct coordinatesys-
tems will be used. The experimental measurements were obtained
in the coordinatesystem shown in Fig. 4, where the axial coordinate
is alignedin the directionnormal to the staggerrow and all distances
are normalized with the projected rotor chord C,. This coordinate
system will be used extensively for comparison between the com-
putations and measurements and is explicitly identified as x/C,,,

10,0
Uref o2 00
— -

@ v (from
Blade 4 ——— .
A endwall
=AY ) .

Blade 3 —\

Di rectior&

vigw shown in
plots

Line parallel to
tailboards
Ao X {trom l.e. line)

Fig. 4 Coordinate system used for comparison between computation
and experiment.?’

y/C,, and z/C,. In the vicinity of the rotor, due to the vortex tra-
jectory, sometimes an alternative coordinate system (which is used
in the computational setup) may be more appropriate to display the
computed flowfields. In this coordinate system (Fig. 3), the origin is
located at the rotor leading edge and distances are normalized with
the rotor chord length C. Here, the coordinates will be referred to
as x, y, and z.

Before we embark on presenting the main results, a few remarks
with regard to the accuracy of the numerical solution are warranted.
Although it is difficult to conduct a detailed grid-convergence (in-
dependence) study for the type of problem at hand, presenting a
rough estimate of the accuracy of the computed flowfield will still
be informative. Computationally, a solution was assumed to have
converged when there were no changes in the lift and drag coeffi-
cients (to four significant digits) with further iterations. Typically,
to arrive at such a state, the overall residual had to be reduced by
five to six orders of magnitude relative to its initial value. Based
on our mesh sequencing procedure, the computation on a midlevel
mesh (with every other grid points removed) produced a lift coef-
ficient of 0.5475. The corresponding coefficient obtained with our
fine-level meshis 0.5379, resulting in a differenceof less than 1.8%.
The strength of the tip vortex and the jetting flow through the gap
is directly related to the rotor’s lift coefficient. Therefore, conver-
gence of the computed rotor lift does provide a good estimate of the
grid independence of the simulated flowfield (at least in the global
sense).

Experimental oil-flow visualization on the bottom wall is shown
in Fig. 5a. Figure 5a indicates regions of high shear and provides
a qualitative picture of the tip-clearance flowfield. There are three
distinct regions. Region 1 depicts acceleration of the flow through
the gap. Region 2, which is the footprint of the primary vortex,
shows the formation location and subsequent trajectory of the vor-
tex. Notice that the primary vortex path at the rotor trailing edge
is close to the middle of the passage, and therefore, no interaction

Fig. 5a Experimental oil-flow visualization indicating regions of high
shear under gap (region 1), primary vortex (region 2), and secondary
vortex (region 3) (reproduced from Muthanna?’).

Fig.5b Computed shear stress distribution on lower endwall.
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Fig. 6 Streamwise velocity contours at x/c, = 1.366.

with the pressure side of the adjacent rotor takes place. The third
region in Fig. 5a occurs due to the formation of the secondary vor-
tex. The computed shear stress distribution on the lower endwall is
presented in Fig. 5b. Figure 5b clearly shows that the three regions
just discussed are resolved and captured appropriately.

The contours of the computed streamwise velocity U (Fig. 4)
along the first planar cut at x/C, =1.366 are shown in Fig. 6a
and those of the experiment in Fig. 6b. Excellent agreement for
the locations and magnitudes of the rotor wake and tip vortex is
obtained. In both cases, the vortex core velocity is slightly under
0.28. Vector plots of the computed and the measured secondary
flow velocity componentsare shown in Figs. 7a and 7b, respectively.
Vortex location and other local trends are captured accurately.

The streamwise velocity contours at one chord downstream of
the rotor trailing edge are shown in Fig. 8. Overall, the agreement
between the computed and measured contours is quite satisfactory,
given that computational meshes at this location become substan-
tially coarser. The computed solutionshows a slightly larger velocity
deficit in the vortex core. In addition to the spatial resolutionissues,
the minor differences in this plot (and also the preceding contour
plot) are in part attributed to the following conditions of the ex-
perimental setup: 1) nonuniformitiesin the rotor gap heights in the
streamwise direction,2) nonperiodiceffects due to the finite number
of blade passages, and 3) intrusiveness of flow measurement.

A comparisonbetween the computed and the experimental vortex
core/wake locations at five planar cuts is shown in Fig. 9. The posi-
tion of the core was determined by searching for the lowest pressure
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Fig.7 Secondary flow vectors.

locus inside the flowfield away from the rotor sharp edges. Simi-
larly, the wake position was found by locating the maximum velocity
deficit. The agreement for the wake locationis excellent throughout
the region of interest. For the vortex core, the agreement is good,
especially at smaller values of x /C,; however, at farther x / C,, loca-
tions, there is a noticeable discrepancy between the computed and
measured vortex core position. Although part of the discrepancy
can be attributed to the aforementionedirregularitiesin the experi-
mental setup (which are difficult to replicate computationally), the
coarse computational grid in the downstream direction is a more
likely source of the discrepancy. However, the rotor’s vortex/wake
interacts with a stator blade approximately one to two chords down-
stream of the rotor trailing edge. Therefore, the behavior of the tip
vortex or the rotor wake at distances greater than x /C, =3.0 is not
significant for the present study.

The computed and experimentally measured rotor wake veloc-
ity profiles at the midspan location are shown in Figs. 10a and
10b, respectively. A comparison between Figs. 10a and 10b shows
that the location, thickness, and velocity deficit of wake are prop-
erly resolved and captured in the simulation, even at sufficiently
downstream locations where grid resolution becomes an issue. A
slight difference exists between the computed and measured wake
edge velocity U,, with the computation showing a magnitude of
0.76U, (Fig. 10a) as opposed to the measured value of 0.72U,
(Fig. 10b). Typically, such small differences are to be expected and
can be directly traced to mass removal and three-dimensionaleffects
presentin the experiment vs the purely periodic flow assumed in the
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computations. However, as mentioned earlier, the all-importantrel-
ative wake deficit, a parameter that is formed by subtracting wake
centerline velocity from the local U,, shows satisfactory agreement
with the measured value.

A comparison between the computed and measured rotational
velocity profiles across the vortex is shown in Fig. 11. Only com-
puted results from the first two downstream locations are presented.
The vortex location, core diameter, and peak velocities (strength)
at these two stations are correctly predicted and are in good agree-
ment with the measurements. At distances beyond x/C, =2.062,
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the coarseness of grid distribution causes a faster diffusion of the
vortex thatis not physical. Accordingly, no results forx /C, > 2.062
are presented here.

IV. Comparison Between Treated
and Untreated Rotor Flowfield
The qualitativeand quantitativeresults presentedin the preceding
section clearly demonstrate that the computational fluid dynamics
simulation has accurately captured the relevant features of the rotor
flowfield. The good agreement obtained between the computed and
measured quantities establishes the simulated flowfield as a reliable
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baseline against which the effectivenessof the porous tip treatment
can be measured.

A. Development of Computational Boundary
Conditions for Porous Walls

In the computationalmode, it is neither desirablenor necessary to
include details of the flow in the immediate vicinity of the pores on
the perforated surface. Because of the relatively small length scales
associated with the pores, the effect of porosity on the overall flow
can usually be simulated by prescribing a jump condition that spec-
ifies the relation between (area-averaged) flow quantities on both
sides of the surface. Porous surfaces used in similar aeronautical
applications (such as engine inlet liners and wings with active suc-
tion) tend to have small open area ratios and a relatively high flow
resistance. Therefore, the area averaged transpiration velocities are
rather small in magnitude, being primarily determined by the local
characteristics of the perforated surface. The suitably nondimen-
sionalized jump condition at any point on the treated surface can,
thus, be expressed in the form

v, = (Pout - Pm)/R

where the normal velocity v,, pressures P, and P;, above and be-
low the surface, and the surface resistivity R refer to local values
of the respective quantities. Specification of the resistivity R is usu-
ally based on experimental measurements of pressure drop across
a sample of the perforated surface.’” In general, R can depend on
the transpiration velocity v, ; however, this nonlinear dependence is
a function of the hardware configuration involved, that is, details of
the porous treatment. For simplicity, therefore, R was taken to be
a constant in the present investigation. To close the problem, one
must specify the internal pressure distribution P, (x, y, z), which is
determined by the dynamics of the cavity region inside the porous
surface. The simplest model for the cavity region that is consistent
with the hypothesisof an open arearatio is to assume that the cavity
pressure is uniform, with a value that lies between the minimum
and maximum pressures outside the surface. This uniform pressure
is easily determined by imposing the constraint of passive porosity,

namely, that
/ pov, dA =0

across the entire porous region. Numerically, the preceding con-
straint can be imposed by lagging the cavity pressure calculation
behind the outer flow by a single iteration. We found that the sim-
pler approach based on a manual tuning of the cavity pressure at the
end of every few hundred iterations also worked well in practice.
With just three or four instances of tuning the cavity pressure, the
passive porosity constraint was satisfied for all practical purposes.

B. Application of Porous-Tip Treatment

The boundary condition described in Sec. IV.A was applied to
the entire rotor-tip side-edge surface and the pressure and suction
surfaces adjacent to this edge. The two relevant and adjustable pa-
rameters for fine tuning the effectiveness of the treatment are the
spanwise extent of the treated surface area and the coefficient R,
which determines the resistance of the perforated facesheet. For the
present work, the treated surface area on both pressure and suction
sides comprises uniform strips that cover an area from the rotor’s
leadingedge to the trailing edge and extend inboard 2% of the span.
The resistance coefficient R was fixed throughoutthe present study.
The computation was terminated when the net mass flux throughthe
overall porous surface was less than 2% of the mass flux through
the treated segment along the suction surface of the airfoil. The con-
verged solution indicated that the primary path for the fluid forced
inward through the pressure surface of the airfoil was toward the tip
surface rather than to the suction surface of the airfoil. The magni-
tude of the normal flow velocitiesover the treated segments was gen-
erally less than 2% of the freestream velocity. The relatively small
magnitude of the transpiration velocity tends to support the assump-
tion of uniform cavity pressure used during the computations. With

such small surface velocity magnitudes, the desired local flow alter-
ationsin the tip region were realized while keeping the rotor’s global
characteristics, for example, aerodynamic lift, virtually unaffected.
As a preliminary proof of concept study, however, no systematic
attempts at optimizing the relevant parameters were taken. Given
the high level of success achieved with the present assigned values
(as will be shown in the following section), we are confident that
optimization of the porous treatment will provide further gains in
noise reduction.

C. Results

For the purpose of rotor self-noise, preventionor delay of the vor-
tex rollup process, reduction of vortex strength, and modification of
the vortex trajectory near the tip clearance are of paramountimpor-
tance for suppressing both tonal and broadband noise generation
mechanisms. A significantly weaker vortex will be less productive
in terms of generating secondary unsteady flow on the casing wall
and/or interacting with the rotor-tip edge. As described hereafter,
the porous tip treatment advocated here can accomplish the nec-
essary flowfield alteration without leading to any detrimental side
effects.

The origin of the vortex and its subsequent trajectory for both
treated and untreated rotor tips are shown in Fig. 12. For reference
purposes, the cross section of the rotoris also includedin the Fig. 12.
In the untreated case (solid line), the vortex is fully formed at 18%
chord. It gains strength rapidly in the downstream direction. The
vortex interacts with and remains close to the upper corner of the tip
up to the first 50% of the chord. For the treated rotor (broken line),
vortex formation is delayed and moved back to an x location corre-
sponding to 30% chord, as opposed to 18% chord in the untreated
case. In addition, the vortex now originates farther away from the
blade, thatis, atalargery distanceas comparedto the untreatedcase.
This shift in the vortex path becomes more pronounced as the vor-
tex is convected downstream. The magnitude of the shift may seem
small on the scale of Fig. 12; however, previous experience with tip
vortices’’ has shown that a vortex movement of comparable mag-
nitude would provide significant reduction in vortex self-generated
noise.

To display the reduction in vortex strength due to application
of the porous tip treatment, we resort to streamwise vorticity con-
tours at several axial locationsalong the computationalcoordinatex.
(For a description of the coordinate system used, see Fig. 3.) For
comparison purposes, contours for both untreated and treated cases
are shown side by side using identical scales. The vorticity fields
at x = 0.3 (where the treated vortex first appears) are presented in
Figs. 13a and 13b, respectively. Observe that the strong untreated
vortex is fully formed at this location. Because of the presence of
the vortex, the boundary layer on the bottom wall is beginning to
separateand form a region of oppositesigned vorticity. Note that the
tunnel bottom wall corresponds to the right boundary in Figs. 13-
16. In contrast, the vortex near a treated tip is significantly weaker,
as depicted by the lighter shades of contours in the core region.

The vorticity fields at x =0.6 are shown in Figs. 14a and 14b.
At this location, the vortex and the shear layer that feeds it are
both very well defined. The boundary layer on the bottom wall is
fully separated, forming a secondary vortex of opposite rotation.
This secondary flowfield corresponds to region 3 in the oil-flow
visualization of Fig. 5a. The two counter-rotating vortices induce a
region of strong flow jetting and high shearin between. The region of
high shear manifestsitselfclearly at x = 0.6 (Fig. 14) where the sep-
arated boundary layer is stretched severely and wrapped around the
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Fig. 12 Tip-vortex trajectory.
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-00

Fig. 13 Streamwise vorticity contours at x = 0.3: a) treated and
b) untreated.

Fig. 14 Streamwise vorticity contours at x = 0.6: a) treated and
b) untreated.

=50

Fig. 15 Streamwise vorticity contours at x = 1.0: a) treated and
b) untreated.

primary vortex. According to Muthanna’s®® measurements, some

of the most intense turbulent Reynolds stresses and fluctuations are
observed in this region where the boundary layer is lifted off of
the surface. Such intense turbulence production has strong ramifi-
cations, both in terms of rotor self-noise and rotor/stator interaction
noise. The treated vortex at the same location (Fig. 14a) shows a
substantially diffused/weaker vortex and a vorticity layer that feeds
it. Probing of the vorticity field indicated a 30-40% reduction in
peak value when compared to the baseline case. Although difficult
to discern from Fig. 14a, the porous tip treatment leads to a similar
reduction in the peak vorticity of the secondary vortex. Such sig-
nificant reductions in the vorticity levels (or the shear) necessarily
entail comparable reductions in the turbulent Reynolds stress and
fluctuations fields that lead to noise generation.

Development of the tip-clearance flowfield at locations farther
downstream(correspondingto x = 1.0 and 1.4) are shownin Figs. 15
and 16, respectively. In particular, note the dramatic effectiveness
of the porous-tip treatment at locations beyond the trailing edge
(Fig. 16). At these locations, the tip-clearance vortex becomes quite
diffused and is weak in comparison with that in the untreated case.
The importance and ramifications of this reduced strength become
apparentwhen the physical mechanismsbehind rotor/stator interac-
tionnoiseare considered. The reductionin vortex strengthalsoraises

Fig. 16 Streamwise vorticity contours at x = 1.4: a) treated and
b) untreated.
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Fig. 17 Vortex velocity profile; cuts were made through vortex core
parallel to bottom wall.

the question as to whether the rotor lift productionhas been affected
adversely. The effect of porous treatment on the rotor aerodynamic
performance is partly measured by comparing the lift coefficients
for the treated and untreated rotors. Based on the fine-grid simula-
tion, the treated rotor produces a lift coefficient of 0.5388, result-
ing in a difference of less than 0.2% from the corresponding value
of 0.5379 for the untreated case. Such a small difference assures
us that there are no detrimental effects as far as lift production is
concerned.

Rotor/stator interaction noise is similar in nature to the blade-
vortex interaction(BVI) noise generatedby helicopters, particularly
during hover. The noise is produced by the moving helicopter blade
cutting through the vortex core. Because of the lower pressures
inside the core, the presence of the vortex is felt by the blade as a
moving pressure pulse producing a fluctuating (unsteady) lift. For
turbofan engines, of course, it is the vortex that is moving and the
stator blade remains stationary. The overall scenario, however, is
the same as BVI. To diminish the strength of the pressure pulse,
one must reduce the peak rotational velocity in the vortex core. As
shown later, the present porous-tip treatment concept accomplishes
this task very effectively.

Vortex velocity profiles at x/C, = 1.1 and 1.366 for both treated
and untreated tips are shown in Fig. 17. These profiles were ob-
tained from cuts through the vortex core parallel to the bottom wall.
The treated vortex shows a 20-30% reductionin the peak rotational
velocity. Also note that the modified vortex possesses a larger core
and, hence, a lower peak vorticity compared to the unmodified tip
flowfield. Alternatively, one may conclude that, with a porous treat-
ment, the tip vortex is prematurely aged. Once this aging process
begins, there is no reversal of its effect, and, therefore, the reduction
in the peak velocity is permanentand will remain for all stations far-
ther downstream. As mentioned earlier, optimization of the porous
treatment was not attempted in this study. We are confident that a
fine-tuned treatment design will produce an even larger reduction
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in the rotational velocity than the 20-30% reduction just stated. To
form an estimate of potential noise reduction, let us proceed on the
basis of the conservativeestimate correspondingto a 20-30% reduc-
tion in the peak velocity. The pressure field of the vortex, which is
balanced by the centrifugal force, is given by the dominant balance
of radial momentum

where v is the rotational velocity and r is the radial coordinate. The
magnitude of the pressure pulse (or fluctuating lift) is obtained by

e v2
Ap =P€—P(r)=/ p—dr
r

where e signifies vortex outer edge. The pressure difference Ap
scales linearly with vﬁmx. Therefore, a 20-30% reduction in v,y
due to porous treatment would result in 36-49% lower Ap, or a
2-3-dB reduction in the acoustic amplitude.

An important side benefit of the porous-tiptreatmentis associated
with the abatement of unsteady flow activity on the bottom wall (that
is, fan casing). The vortex velocity profiles from cuts normal to the
bottom wall at x/C, =1.1 and 1.366 are shown in Figs. 18a and
18b, respectively. As expected, these cuts show similar reduction
in the magnitude of peak rotational velocity as a result of the tip
treatment. The resulting profiles have a weaker velocity adjacent to
the wall. As indicated earlier, this jetting of the flow in proximity of
the wall is responsible for intense generation of high-level turbulent
fluctuations and Reynolds stresses. The reduced velocities near the
wall relieve much of the turbulence producing activity and, thus,
will be beneficial with regard to broadband sound generation.
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Fig. 18 Vortex velocity profile; cuts were made through vortex core
normal to bottom wall.

V. Computation for Reduced Tip Clearance

Because a reduced tip clearance would also lead to a weaker tip
vortex, it is instructive to compare the associated flowfield modi-
fication with that produced by the porous tip treatment. Whereas
the aerodynamic benefits of reduced tip clearance (in particular, in
terms of increased efficiency) are known, practical considerations
limit the tip clearanceto a finite value. The porous tip treatmentcan,
thus, be used either in conjunction with, or in lieu of, reduced tip
clearance to achieve the acoustic benefits in terms of reduced tip-
clearance noise. To that end, we now describe the results obtained
for a solid (nonporous) tip but with a smaller tip clearance compared
to the baseline case examined in Sec. III.

Although the highest fan aerodynamic efficiency is achieved in
the limit of zero tip clearance, operational considerations dictate
the presence of a finite gap. In Ref. 1, the ratio of clearance to
midchord blade height was varied between 0.5% (small) and 1.1%
(large). According to Ganz et al.,' this range of clearance to mid-
chord blade heightis consistent with typical high-bypassturbofans.
The tip clearance in our baseline simulationis 0.155 in. (0.394 cm).
Based on the present 11-in. (27.94-cm) rotor span, a ratio of 1.4%
is obtained, which falls near the high end of the preceding range. To
form an estimate of effective tip clearance for the porous treatment,
tip clearance for the untreated baseline configuration was reduced
by 50% to 0.7% [0.0775 in. (0.197 cm)], and the computation was
repeated.

Vortex rotational velocity profiles for the reduced tip clearance
are shown in Fig. 19 along with the untreated and treated baseline
profiles. It is apparent that reducing the tip gap has significantly
diminished the rotational velocity. The vortex is weaker, but its core
diameter size remains unchanged relative to the baseline case. The
profile for the reduced gap also indicates that the vortex has shifted
downward, closer to the upper sharp corner at the tip. This is an
undesirableeffect given the nature of the rotor self-generatednoise.
Similar reduction in the vortex rotational velocity can be observed
from the profiles normal to the bottom wall (Fig. 20). In particular,
significant suppressionof velocity adjacentto the wall occurs with a
reductionin clearance. Specifically, the drop in vp,, relative to the
original gap, is approximately 50%. Following the same physical
argument presented in the preceding section, one would expect a
75% lower Ap, or nearly 6-dB reductionin the acoustic amplitude.
When a linear variation between the peak velocities at full and 50%
gaps is assumed, application of the porous treatment provides flow-
field alterations equivalent to approximately 20-25% reduction in
the tip clearance. These percentages will be higher for an optimal
design of the porous treatment. It is emphasized that using a linear
variation for peak velocity is a crude assumption at best, and, in all
likelihood, one must do a direct comparison at the desired gap size
to assess the benefits of the treatment. More important, the present
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Fig. 19 Vortex velocity profile; cuts were made through vortex core
parallel to bottom wall.
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Fig. 20 Vortex velocity profile; cuts were made through vortex core
normal to bottom wall.

treatment can be applied at any design value for the tip clearance to
provide additional desired alterations in the tip flowfield, to further
reduce both rotor/self and rotor-stator interaction noise.

VI. Conclusions

The overall goal of the present study was to demonstrate the ef-
fectiveness of a porous rotor-tip treatment toward the reduction of
tip-clearance noise in a turbofan, including both tip-vortex/stator
interaction noise and rotor-tip self-noise. The viability of the pro-
posed control technique was tested computationally via accurate
Reynolds-averagedNavier-Stokes simulations of the stationary tip-
clearance flowfield, with and without the tip treatment. Detailed
comparison between the computed baseline solution and experi-
mental measurements for the untreated configuration showed good
agreement. Subsequently, extensive analysis of the computational
database for the treated and untreated cases was performed. Rele-
vant features of the gap flowfield, such as primary and secondary
vortex formation, boundary-layer separation, and vortex structure,
were extracted. Computed mean-flow modification as a result of the
treatment was used in conjunction with previously known mecha-
nisms of noise generation to assess the aeroacoustic implications
of the proposed tip treatment. Even without any optimization of
the treatment design, the proposed treatment was able to alter the
acoustically relevant features of the tip-clearance flow, both in the
vicinity of the tip and farther downstream, that is, near the antic-
ipated stator location. We showed that the proposed tip treatment
moves the vortex trajectory away from the tip edge and, hence, sub-
stantially weakens a dominant component of the rotor self-noise.
Strength of the tip-clearance vortex is also diminished as a result
of the treatment, yielding additional noise suppression via reduced
rotor/stator interaction noise. A noteworthy aspect of the proposed
treatment conceptis that the accompanyingchangesin aerodynamic
performance are practically insignificant.
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