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Analytical Study of Wind-Tunnel Acoustic Testing
of Propellers

Walter Eversman*
University of Missouri-Rolla, Rolla, Missouri 65401

An analytical study based on finite element models is made of the acoustic testing of propellers in a
wind-tunnel environment. Features that are considered are the subsonic mean flow, including the effect of a
boundary layer; acoustically absorbing wind-tunnel walls; and a lifting line representation of the propeller. The
boundary layer is approximated by several layers of uniform mean flow with interlayer boundary conditions
forcing continuity of particle displacement. Results are presented as simulated acoustic measurements made at
various locations around the propeller in the wind tunnel. Comparisons are made with similar simulated
measurements generated by a free-field, finite element model of the same propeller. In the present study, the
tunnel Mach number is limited to M = 0.5, only purely resistive wall treatment is used, and relatively thick
boundary layers are considered. It is found that acoustic pressures near the propeller and removed from the walls

compare well with pressures in a free-field environment.

Introduction

HE motivation for the present study is the acoustic test-

ing of model scale propellers in wind-tunnel facilities. It
was found in previous investigations!-3 that, to a considerable
degree, it is possible to obtain near-field measurements of
both directivity and level, provided the tunnel is acoustically
treated and provided that the measurements are not made near
the duct wall. The implication is that successful acoustic test-
ing requires the model to be considerably smaller in disk area
than the tunnel cross-sectional area. .

Previous modeling left unanswered the effect of the
boundary layer on the wind-tunnel wall on the success of
acoustic measurements. The primary interest here is the effect
that the boundary layer has on acoustic measurements both at
the wall and at a large distance from the wall.

In this investigation, we consider parameters representative
of the testing of an eight-blade advanced turboprop in the
NASA Lewis Research Center 8 X 6 wind tunnel and draw
conclusions about the success that can be expected in obtain-
ing acoustic measurements that are representative of free-field
measurements, and particularly on the influence of the
boundary layer on these measurements. The mathematical
model is based on a finite element formulation.

Finite element methods have proven to be effective for
solving field equations in a variety of applications in aeroa-
coustics. Included in recent developments are the modeling of
acoustic transmission in ducts without mean flow,* trans-
mission in ducts with a nonuniform mean flow,’ and radiation
from duct inlets without® and with mean flow.”-® These appli-
cations have been supported by studies of the fundamental
characteristics of the solution methods employed.>!0 Efficient
computer programs using rapid access external disk storage
and frontal solution methods!! have been developed. In these
applications, both interior and exterior types of acoustic prop-
agation problems have been addressed.

Ducted propeller noise sources have also been investigated
using a direct numerical approach to a lifting line propeller
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theory, originally presented in analytical form by Gutin.!?
This has involved the extension of finite element modeling
techniques to the acoustic field equations with sources and
body forces. The result has been models for propeller acoustic
radiation in the free-field and in a circular duct wind tunnel.!-?
In the wind-tunnel case, both rigid walls and acoustically
absorptive walls have been considered.?? The work reported
here extends the model to include the boundary layer at the
wind-tunnel wall. This has been accomplished by approximat-
ing the boundary layer, which is a continuous profile from
zero velocity at the wall to freestream velocity outside the
boundary layer, by a stepped approximation in which the
velocity profile is piecewise constant in layers.!? In the limit of
infinitesimally thin layers, the profile of the stepped approxi-
mation coincides with that of the continuous profile.

The new model has been incorporated in a computational
code originally written for the case when uniform flow is
assumed in the wind tunnel. Several innovations in the appli-
cation of the finite element procedure have been introduced to
account for the stepped velocity profile and the particle dis-
placement continuity that must be enforced at the shear-layer
interfaces.

Modeling of the Boundary Layer

The model of the propeller in the wind tunnel developed in
Refs. 2 and 3 has been expanded to include the effect of the
tunnel wall boundary layer. This has been accomplished by
using the nondimensional acoustic field equations for sheared
flow
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with suitable wall boundary conditions in the cylindrical duct
geometry shown in Fig. 1. The acoustic particle velocity is
defined in the cylindrical coordinate system as V = v,e, +
v,e, + vyeq. The pressure is scaled by pge?, velocity by ¢, and
body force by ¢2/R; pg is the ambient density, ¢ the ambient
speed of sound, and R the duct radius. Time is scaled by R/¢
and lengths by R. The body force per unit mass is used to
introduce the propeller loading as described in Refs. 1-3. In
Eq. (2), the term v, (AM/0r) e, appears because the boundary
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Fig. 1 Geometry of the circular wind tunnel.

layer is assumed to introduce a radial variation of the mean
flow Mach number M. The flow is uniform axially.

As is well known, Eq. (1) and (2) can be cast in the form of
a sheared flow convected wave equation

VPtV f-2—-=0 3)

and a subsidiary relation
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Yet another form can be obtained by combining Eqs. (3) and
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As discussed in some detail in Ref. 13, [Eqs. (3)-(5)] are not
attractive forms for the acoustic field equations because of
considerable difficulties and uncertainty anticipated in the
finite element model. The ideal model would be one that
requires only modest changes in the finite element implemen-
tation used when the mean flow is uniform, described in Refs.
2 and 3. )

Reference 13 introduced the idea of representing the contin-
uous boundary-layer profile by a stepped approximation in
which the velocity is piecewise constant in layers, as shown in
Fig. 2. The acoustic field equation reduces to the convected
wave equation
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with the Mach number constant in the core flow and piecewise
constant in the boundary layer. In addition, it is required that,
at interfaces between layers of uniform flow of different ve-
locity, the condition of continuity of particle displacement be
enforced. For the layers j and j + 1 this condition is
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Since M; and M; , ; are not equal, the radial pressure gradient
must be discontinuous at the N interfaces, j =1, ... N.

As shown in Ref. 13, the natural boundary conditions for
the finite element formulation of the convected wave equation
provide a mechanism for enforcing this condition. It is shown
that the weighted residuals formulation in the weak form seeks
solutions for the acoustic pressure p from the class of continu-
ous functions that satisfy the requirement that
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for all weighting functions W also chosen from the class of
continuous functions. Equation (8) is written for the case of
harmonic excitation at the nondimensional frequency n = wR /
c. The formulation here has made use of the fact that we treat
a specific angular mode for which poe ~# and the weighting
function is chosen so that Wae™®, reducing the volume inte-
gral in the weighted residual to the surface integral over the
region  in a plane of constant # in the cylindrical coordinate
system. In the present problem, the region Q is a rectangle (the
duct has a uniform cross-sectional area) of length / (nondi-
mensional with respect to the duct radius), which is considered
to be the interior region in which the propeller and duct lining
are contained. The boundaries x = 0 and x = / are the outflow
and inflow boundaries (flow is considered in the negative x
direction) on which nonreflecting boundary conditions are
imposed using the modal matching procedure.>?

In Eq. (8), the jump terms arising from the natural
boundary conditions are contained in the summation, where
the notation [|dp/dr|] denotes the jump

[lap/or|] = (@p/dr); .1 — (@p/or); 9)
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This is the difference in the radial gradient in pressure above
( + 1) and below (j) the shear layer at r = r;.
Equation (7) can be used to determine that
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where the derivative (9p/0r); +, is to be taken from within the
larger j + 1 and the derivative (9p/dr); is to be taken from
within the layer j, both at the radius r;, which is the interface

between the layers for unequal velocity. This gives rise to one
of the jump contributions of Eq. (8) at the jth interface.
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In principle, these integrals are easily computed in the finite
element context. However, the second integral requires a sec-
ond derivative in x and this has been replaced in the spirit of
the weak formulation, which only requires piecewise continu-
ity of first derivatives, by introducing an integration by parts
to yield the alternative form
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Fig. 2 Approximation of the boundary-layer profile with layers of
uniform flow.

The first two integrals are formed along the shear-layer inter-
face at r =r; and the last two terms are formed on the outflow
and inflow boundaries at x =0 and x =/. These outflow and
inflow boundary terms supplement the two natural boundary
conditions on these boundaries described by the integrals on
these boundaries in Eq. (8). The boundary condition at the
duct outer wall, r =1, is introduced through the final integral
of Eq. (8). The use of the natural boundary conditions for
modal matching and wall impedance is described in Refs. 2
and 3.

The formulation of Eq. (8) is similar to the formulation for
the case with uniform flow described in Refs. 2 and 3, but with
the addition of the jump terms, which ultimately introduce
contributions to the element stiffness matrices defined by Eq.
(12). Implied, but not explicitly stated, is the fact that the
natural boundary conditions on x = 0 and x = / must be im-
plemented to account for the fact that acoustic modes that
include the boundary-layer effect must be used. Certain ana-
lytical formulations previously used that took advantage of
eigenfunction orthogonality when the flow is uniform are not
valid, and the integrals are now evaluated on an element basis
rather than globally.”

Code Verification

By using the formulation of Eq. (8), a new computer code
has been written that includes the boundary-layer approxima-
tion described. With the exception of some extra data required
to define the boundary-layer profile, the new program appears
the same to the user as the old one that was valid only for
uniform flow. All aspects of the propeller model*-? have been
retained unchanged because it is assumed that the propeller is
not within the boundary layer. In the region of the duct
containing the propeller, the flow is uniform and the original
formulation applies.

In Ref. 13, a preliminary assessment of the accuracy of this
approximation was made by using it to construct the finite
element model for the acoustic eigenfunctions of uniform
circular ducts containing a sheared mean flow. When the
sheared flow is modeled as a continuous profile, the finite
element procedure can also be used to compute accurate eigen-
values that can be used as a baseline against which to check the
approximation.'* In Ref. 13, it was concluded that a good
approximation to the acoustic eigenvalues and eigenfunctions
can be obtained by using the stepped boundary-layer approxi-
mation. In Ref. [13], arguments were also presented for treat-
ing the hydrodynamic modes introduced by the shear layers on
the same basis as acoustic modes.

A second verification of the approximation concept and the
computer code was made by modeling the propagation of an
isolated sheared flow duct mode through the unlined duct. For
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Fig. 3 Contours of sound pressure level in the radiated field for the example propeller (free field).

modes that are cut on, a mode launched with unit amplitude at
x = 0 should arrive at the far end of the computational region,
x =1, with unit amplitude. Furthermore, there should be no
scattering so that neither reflected modes nor additional prop-
agating modes should appear. As an example, in the case

= — 0.5, the first radial mode at an angular mode m = 8
and frequency » = 21.8 satisfies all of the required conditions
to within scattered modal amplitudes of order 10 4.

Free-Field Calculations

The intent of the present investigation is to assess the degree
of success that can be achieved in making acoustic measure-
ments near propeller models in the wind-tunnel environment.
Success is defined as the near duplication of results that would
be obtained in a true free-field environment. In order to
approach this question with the numerical modeling proce-
dure, a free-field representation of the propeller was also
constructed to provide the required baseline data. This finite
element model is described in Ref. 1.

The propeller considered in this investigation has eight
blades with an approximately triangular spanwise load distri-
bution. The propeller radius is R, = 1.02 ft. The propeller
speed is 7175 rpm, corresponding to a tip Mach number of
M, = 0.68125. The loading is set so that a total thrust of 100
Ib is produced. The forward velocity is M = 0.5. Based on
blade passage frequency and propeller radius, the nondimen-
sional frequency is = 5.45. The propeller defined in this way
is representative of a model that has been tested in the NASA
Lewis Research Center 8 X 6 wind tunnel.

The results of the free-field calculations are shown in Figs.
3-5. Figure 3 is a plot of lines of constant acoustic pressure
magnitude superimposed on the computational grid. Shown
here is a plane through the propeller axis, containing the axis
X/R, and any radial axis R/R,. Both axes are scaled on the
propeller radius. The propeller is located near the origin on the
R /R, axis. Note the deformed grid that is an essential feature
of the infinite element scheme used to create the far-field
radiation boundary condition. This is an essential feature of
the finite element model described in Ref. 10. This map of the
propeller radiated acoustic field yields a good picture of the
directivity that is dominated by a strong lobe behind the
propeller disk and a weak lobe ahead of the disk. Figure 4
shows the result of a linear traverse along a line parallel to the
X/R, axis and at a height R/R, = 2, that is at two propeller
radii above the propeller axis. This is a near-field sideline
directivity that simulates the type of measurements that might
be made in the wind tunnel. The scales of this plot require
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Fig. 4 Sound pressure level on a traverse at two propeller radii from
the axis (free field). Axial distance in multiples of measurement
radius.

some explanation. The vertical scale is normalized so that the
maximum level is 100 dB. The actual maximum level is shown
in the legend to be 111.5 dB. The horizontal axis is not scaled
by the propeller radius but rather by the radius at which the
simulated acoustic measurement is made. This is done to make
the comparison of directivities easier in the subsequent discus-
sion. Figure 5 shows a similar sideline directivity obtained at
four propeller radii above the propeller. This case will simu-
late measurements on the wind-tunnel wall. The maximum
level for this traverse is 104.3 dB.
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The NASA Lewis Research Center 8 X 6 wind tunnel is
modeled as an equivalent circular tunnel that has a radius four
times that of the model propeller, that is R,; = 4.08 ft. At the

blade passage frequency corresponding to the rotational speed

FLOW MACH NUMBER: -0.50 110.ol REDUCED FREQUENCY:  5.45 1 L )
of 7175 rpm for the eight-blade propeller, the nondimensional

NUMBER OF BLADES: 8 ANGULAR MODE: 8 frequency based on the tunnel radius is n= 21.8. For the
calculations discussed here, the tunnel Mach number is

105.01 REFERENCE LEVEL: 104.31 M = 0.5, the same as in the free-field calculations. Two simu-

lated measurement radii are considered; one on the tunnel wall
and one at two propeller radii from the axis of the tunnel, or
one propeller radius from the propeller tip. Acoustic measure-
ments are assumed to be made on a linear traverse at these two
radii. Measurements on the tunnel wall are of course made
within the boundary layer, whereas those at two propeller

radii are well outside the boundary layer.

For this investigation, two boundary-layer situations are
considered. In one case, computations are made for uniform
flow with no boundary layer. In the other case, a very thick
boundary layer of thickness 20% of the duct radius is simu-
lated. The profile is assumed to vary linearly from zero veloc-
ity at the wall to the core flow velocity at the edge of the
boundary layer. The purpose here is to emphasize the
boundary-layer effect. Thinner boundary layers with other

profiles are just as easily modeled.

Calculations have been carried out for a range of wind-tun-
nel wall acoustic treatments applied in a test section that
extends one duct radius upstream and downstream of the
propeller. In this investigation, only purely resistive linings
ranging from vanishing admittance (hard wall) to unity admit-

-1.00 -0.75 -0.50 -0.25 0.25

POSITION ON AXIS X/R

Fig. 5 Sound pressure level on a traverse

the axis (free field). Axial distance in multiples of measurement ra-

0.50  0.75 1.00

tance (reflection free for normal incidence) have been consid-
ered. This is consistent with the type of acoustic treatment that

has been applied in other facilities. In the NASA Lewis 8 X 6

at four propeller radii from

facility, the walls are not treated specifically for acoustic test-
ing. However, the test section walls are perforated, producing

dius. an impedance that is both resistive and reactive. In the present
study, this natural acoustic impedance is not considered. The
wind tunnel is assumed to be of infinite length so that there are
Table 1 Computational examples no reflections introduced by bends or due to the closed circuit.
“Measurement distance However, there are reflections introduced by the transition
Boundary layer Admittance Rm/R, from hard walls to treated walls in the test section.
5-00 4 -00 20 In this discussion, eight cases are considered to study the
’ ’ 4.0 effects of boundary layer, wall treatment, and measurement
A=009 2.0 distance on the quality of acoustic measurements in the wind
) 4.0 tunnel. The cases are organized as shown in Table 1.
5=0.20 A=0.0 2.0 Figures 6-9 show the radiated acoustic field in the wind
4.0 tunnel, both without and with the boundary layers, for the
A =09 2.0 two wall admittances. These figures are analogous to Fig. 3
4.0 and show contours of constant radiated acoustic pressure
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Fig. 6 Contours of sound pressure level in the radiated field for the example propeller in the wind-tunnel environment. Unlined wind tunnel with

no boundary layer.
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Fig. 8 Contours of sound pressure level in the radiated field for the example propeller in the wind-tunnel environment. Lined wind tunnel with
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amplitude in an X/R, Y/R plane in the cylindrical coordinate
system associated with the wind tunnel of circular cross sec-
tion. Figures 6 and 7 are for the case when the wind-tunnel
walls are untreated. When these radiated fields are compared
to the free-field pattern of Fig. 3, little similarity can be seen,
even near the propeller. Figure 6 shows the radiated field when
the boundary layer is absent. There is a strong standing wave
pattern above and behind the propeller. The range of contours
is chosern to correspond to pressure levels 15 dB above and

below the maximum pressure on the wind-tunnel wall. In Fig. dius.

6, it'is apparent that the radiation pattern is predominantly
behind the propeller. In the case when the boundary layer is
present (Fig. 7), there is evidence of a standing wave pattern
ahead of the propeller associated with the refractive effect of
the boundary layer, which tends to bend acoustic rays travel-
ing upstream away from the duct wall. Figures 8 and 9 show
the case when the tunnel wall admittance is 4 = 0.90. It is seen
that, in the vicinity of the propeller, a radiation pattern similar
to that seen in the free field of Fig. 3 is beginning to emerge.
This occurs because of the attenuation of acoustic waves re-
flected from the duct walls and the resulting reduction in the
formation of standing waves. The boundary layer effect is well
illustrated in Fig. 9 where it is apparent that ahead of the
propeller the effect of boundary-layer refraction has been to
push the radiation pattern toward the tunnel axis. These fig-
ures provide qualitative evidence that wall treatment enhances
the acoustic test environment near the propeller and that the
boundary layer tends to reduce the. fidelity of the radiated
field, particularly ahead of the propeller.

A more quantitative assessment of the effects of boundary
layer and wall treatment is shown in Figs. 10 and 11. These
figures show simulated acoustic measurements made by
traversing a microphone parallel to the duct axis either on the
wind-tunnel wall or at a distance of two propeller radii from
the duct axis. These two cases are identified by the ratio of the
measurement distance to the propeller radius. On the duct wall
thisis R/R, = 4.0 and near the propeller it is R/R, = 2.0. The
horizontal axis is scaled with respect to the measurement ra-

Figures 4 and 5 showed simulated acoustic measurements in
the free field. Figure 10 superimposes the free-field measure-
ments at R/R,, = 4.0 on those obtained in the duct for the two
impedances, both without and with the boundary layer. The
most strikinig observation is that, for untreated tunnel walls,
the measurements on the wall compare very poorly with the
free-field measurements. In the free field, the maximum sound
pressure level (SPL) on the traverse is 104.3 dB, whereas on
the wall of the tunnel it is nearly 115 dB. This is noticeably
larger than the 6 dB increase one might expect from the
blocked pressure effect of normally reflected waves. The ex-
planation for this occurrence is the highly reverberant charac-
ter of the untreated wind tunnel and the possibility of ex-
tended regions in which the acoustic field is reactive. The
boundary layer does not strongly affect the peak level but it
noticeably shifts the radiation pattern forward and locates the
peak magnitude just about in the propeller plane.

When the test section is acoustically treated, the directivity
pattern compareés much more favorably with the simulated
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free-field measurement. The peak level on the tunnel wall is
103.8 without the boundary layer and 103.0 dB with the
boundary layer, compared with 104.3 in the free field. The aft
radiated lobe is reproduced reasonably well in the absence of
boundary layer but is broadened somewhat when the
boundary layer is present. The forward lobe is underpredicted
as compared to the free field when the boundary layer is
absent. The most distinct effect of the boundary layer is the
complete suppression of the forward lobe. This is consistent
with the refraction effect of the boundary layer that turns
acoustic rays away from the duct wall upstream and, hence,
should reduce the measured acoustic levels.

ACOUSTIC TESTING OF PROPELLERS 857

Figure 11 shows simulated acoustic measurements taken on
the traverse at two propeller radii from the tunnel axis or one
propeller radius from the propeller tip. It is noticed that the
free-field directivity forms a much narrower peak than when
measurements are made at four propeller radii. It is again
found that when the duct test section is not acoustically
treated the measurements are in. poor agreement with the
free-field results. In the untreated case, there is a significant
difference between the measurements made when the
boundary layer is present and when it is absent. The most
notable difference is a 5 dB increase in the magnitude of the
peak acoustic pressure in the lobe behind the propeller. The
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free-field level in this lobe is 111.5 dB whereas with the un-
treated walls the level is 109.8 dB when the boundary layer is
absent and 114.5 dB when the boundary layer is present. Even
though the boundary layer is relatively thick it is difficult to
relate this simply to the usual picture of waves refracting into
the boundary layer downstream because the measurement ra-
dius is well outside the boundary layer. From Figs. 6 and 7 it
is concluded that the boundary layer affects the standing wave
pattern in a very complex way and it is the pattern created by
reflections from the hard wall that makes measurements unre-
liable.

The picture is quite favorably changed when the test section
is treated. As shown in Figure 11, the directivity at two propel-
ler radii when the wall admittance is 4 = 0.90 + 0.0 is a good
approximation of the free-field directivity, even to the peak
level in the aft radiated lobe. The levels of 112.1 dB in the
absence of the boundary layer and 111.9 when the boundary
layer is present compare well with the 111.5 dB free-field level.
The aft lobe is duplicated well whereas the small forward lobe
of considerably lower level is seen in both the free-field and
duct measurements, though slightly more pronounced in the
duct results. The effect of the boundary layer is minimal, and
only appears at very low acoustic levels ahead of the propeller.

There can be little doubt that the best measurement environ-
ment of those investigated is near the source in an acoustically
treated test section. Under these conditions there is little effect
of standing waves and boundary-layer refraction.

Observations and Conclusions

It has been found that an approximation based on the
representation of the boundary layer by lamina of uniform
flow with appropriate interlayer boundary conditions is accu-
rate and efficient and compatible with finite element formula-
tions. The approximation has been implemented within the
framework of existing codes to produce a model with which
the acoustic environment in an acoustically treated wind tun-
nel can be assessed.

A conclusion that can be immediately drawn is that, for the
configuration simulated, the untreated test section is not suit-
able for reliable acoustic measurements. The standing wave
pattern that is established by reflection from the wind-tunnel
walls is significantly affected by variations in the environment
such as introduced by the boundary layer and probably also by
other factors such as the characteristics of the source and the
tunnel speed. The presence of the strong standing waves
makes it highly unlikely that successful comparisons with free-
field measurements can be reliably achieved. However, when
the wind-tunnel test section is acoustically treated, the stand-
ing wave pattern is significantly reduced and, as shown in
Figs. 8 and 9, a radiation pattern like the one seen in the free
field begins to emerge near the propeller. With the reduction
in the standing waves, the sensitivity of the radiated field to
disturbances created by the boundary layer is greatly reduced
and the success of the measurements becomes nearly indepen-
dent of the presence of the boundary layer.

J. AIRCRAFT

In the case of the NASA Lewis 8 X 6 wind tunnel, there is
actually a natural wall admittance associated with pressure
relief holes in the test section. At the time of this investigation
this had not been quantified; however, actual test results sug-
gest that it is effective in reducing wall reflections and in
creating an acceptable environment for measurements.
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