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Fig. 1 Typical curved waverider (——) and a caret wing (- - -) and
the supporting shock waves: y=1.4; Mx = 10; a=25 deg.; byp=0.1;
by= -2
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Fig.2 Crossflow speeds for a curved waverider: bp=0.1; b= —2;
v=1.4; M =10; =25 deg; A=45 deg.

)

/
06

7/
05 ///

i
0.4 L I 1 ! L L 1
00 0.2 0.4 06 0.8 10

Fig. 3 Surface pressure of a caret wing and curved waveriders: by
=0.1; y=1.4; Mo =10; a=25 deg; A=45 deg.; caret wing (—);
by=—-2(——)b2=—-1(---).

TSLT and can be found by direct integration after introducing
Z into the pressure equations. It suffices here to give the final
results as follows. First, for inverted V-shape wings, p is
uniform and given by p(y, z) =2c¢; — 1 — c2/Q2, where ¢, and ¢,
are constants, and for a caret wing, it is also uniform and
given by p(y, z)=1+2b,. The plane delta wing will have
p=1+1/@—1/9[2+ 1/9]. The pressure has also been cal-
culated in the cases where F(z) is differentiable with F(1)=0
and for curved waveriders, however, the details are omitted.

Results

Now we present some results. Figure 1 shows a caret wing
and a curved waverider and their shock waves. The curved
waverider shock wave has small (convex) curvature for all z.
In Fig. 2, the crossflow speeds v and w on the lines y =0.605
and 0.881 are shown. The figure shows that they remain
almost uniform in the inboard of the flowfield but undergo
some to considerable increase near the leading edges. Also
noted is that the side wash w is almost zero (almost two-di-
mensional flow) in the inboard region. Figure 3 shows the
surface pressure coefficient C, = (pp— Po.)/ 20-U2, Where pj
is the surface pressure and P, po, and U., are the freestream
pressure, density, and speed, respectively. Figure 3 shows the
variation of C, for a caret wing and two waveriders. The
surface convex curvature, though small, has considerable ef-
fect on C, near the leading edges.
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Direct Frequency Domain Calculation
of Open Rotor Noise

Donald B. Hanson*
United Technologies Corporation,
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Introduction

T ESTS of the Propeller Test Assessment (PTA) Aircraft!
provided valuable near-field noise data on a large-scale
(9-ft-diam) propfan operating at its 0.8 Mach number design
condition. The nacelle was designed so that its tilt could be
adjusted to three pitches for the evaluation of angular inflow
effects. A recent paper? described a comparison of noise pre-
dictions from two frequency domain computer codes with
data from the PTA experiment. Unsteady loading for input to
the noise theory was computed using a time-accurate Euler
method sensitive to angular inflow. One of the noise codes,
identified as frequency domain, Hanson (FDH), was based on
Hanson’s near-field frequency domain theory.>* It accounts
for unsteady loading but not angular inflow. The other code,
identified as frequency domain, Envia (FDE), was developed
by Envia based on an unpublished theory that is sensitive to
angular inflow. In Hanson’s theory the tangential integration
over the source volume is done analytically, leading to Bessel
functions in the radiation formulas. From the description
given in Ref. 2, it appears that Envia’s method uses numerical
integration over the tangential source coordinate. This numer-
ical approach offers the advantage that propeller loading,
geometry, and inflow angle can be represented more precisely
for near-field calculations.

Theoretical waveforms and harmonic directivity patterns
were compared in Ref. 2 with data from a series of micro-
phones on a wing-mounted boom outboard of the propeller
parallel to the propeller axis. Unfortunately, an error in the
Envia code’® invalidated the calculations in Ref. 2. However,
predictions with the Hanson code appear to represent correct
use of the axial inflow theory and are the motivation for this
Note. In Fig. 1, the calculations are by Nallasamy et al. using
the Hanson theory, and the data are boom microphone levels
from Ref. 1 with corrections to the free field using the scatter-
ing theory of Ref. 6. (Starting with the forward microphone,
the corrections were 0, 0.4, 0.7, 0.9, and 0.7 dB.) As shown in
the figure, these calculations correlated well with data for two
of the microphones aft of the plane of rotation but overpre-
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Fig. 1 Noise levels at constant sideline distance of 1.12 diameters for
1-deg nacelle downtilt at cruise condition: e, test data corrected to
free field; o, Hanson theory as reported by Nallasamy et al.2
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Fig. 2 Observer and source coordinates. Prop tilt is about the y axis.

dicted substantially at forward locations. The new theoretical
formulation for propeller harmonic noise presented next is
used to investigate the overprediction.

Like the early propeller theories’ and those of Envia, the
new formulation performs the circumferential integration nu-
merically. However, unlike the early theories, sources are on
the camber surface rather than on a disk, and the shaft can be
tilted with respect to the inflow. The theory is evaluated by
comparison with data and is then used to verify predictions
from the earlier theory of Ref. 3, which did not include the
shaft tilt effect. Predictions from the earlier theory tend to be
supported by the new method and also by independent calcu-
lations reported by Farassat et al.?

Noise Theory

The basis of the following derivation is the same as for the
theory developed by Hanson® for far-field noise of propellers
with angular inflow. As shown in Fig. 2, the observer and
propeller position are fixed with respect to the coordinates and
the air flows uniformly from the left at Mach number M.
Action of the blades is accounted for by replacing the blades
with volume source terms representing the force that they
impart to the air and their rate of volume displacement. The
applicable linear wave equation for acoustic pressure is

1 D% Dg
VPp-———5=—pr, +V-F=— 1
14 C()2 th pODt v Q ()

where ¢, is the ambient speed of sound and the convective
derivative, D/Dt =94/3t — V3/dx, includes a minus sign be-
cause the fluid is moving in the negative x direction at speed
V =Moc,. The source term is Q in which p, is the ambient

density, g is the volume displacement/unit time/unit volume,
and F is the force on the fluid. For a propeller with B blades
operating with its axis tilted as in Fig. 2, the disturbance at any
fixed point in the coordinate system is periodic at radian
frequency BQ. Thus, the source can be written as the Fourier
series

o= )05 Qm exp(— imBQt) ()

m== — o

For an observer fixed with respect in the coordinates, the
acoustic pressure has the same periodicity and can be written
as p =L P, exp(—imBQt). Under these conditions, the solu-
tion to Eq. (1) is given by the Green’s function integral

P, (x)={ G(x,x0) Om(xe) dxg 3

with Green’s function

eikma
= 4
47S “
in which k,,, = mBQ/cy. With the definition 82=1-M?,
S =vX2+B%Y2+ Z?, o= (MX + 8)/5? (5)

are called the amplitude radius and phase radius. These can be
expressed in terms of the observer and source coordinates in
Fig. 2 using the following:

X=x—xy=x—(xg cos a—rysin ¢g sin o)
Y=y-yo=y—rocos ¢ (6)
Z=z—27p=2—(xg sin o+ rp sin ¢y cos o)

where, for the source, x;, ¥, and zp are called flight coordi-
nates because x; is aligned with the mean flow and, in the tilted
system, ro, ¢g, Xg are called propeller coordinates.

The volume source Q must be expressed in terms of thick-
ness and loading on the blade surfaces. This is done in propel-
ler coordinates with reference to Fig. 3, which represents the
cylindrical surface of constant ry unwrapped onto a plane. The
curve 7. (ro,xy) is the intersection of the cylindrical surface
with the camber surface of the reference blade. Force per unit
volume F can be expressed in terms of the more physical force
per unit area f as follows:

1
F(r0’¢07x0/ ’t) =f(r0’x0, ’t)r_5(¢0 - ¢c - Qt) (7)
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Fig. 3 Intersection of camber surface and cylindrical surface of ra-
dius ro.
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where the delta furiction places the force on the blade camber
surface. Now, at any source position, the source only exists at
time ¢ = (¢p— ¢.)/2. Therefore, Eq. (7) may be replaced by

1
F(ro,$0.x0 ,1) = r—of [70,X0 5(Po — &c)/Qo(bo— b — Q) (8)

Replacing the delta function by its series representation trans-
forms the source description from one discontinuous at the
blade to a series of terms, each distributed continuously
throughout the source volume:

1
F(ro, 00,0 ,1) = Ew—rof [ro,Xg »(do — &c)/ ]

Y. explin (¢o— b — Q)] )

n=-ow

For axial or angular inflow or for fixed flow distortion, each
blade experiences identical loading history (shifted in time
according to position in the hub) so that Eq. (9) can be made
to represent loading on all B blades together:

B
F(r09¢0’x01 yt) = ~2';r70f[r0rx0, )(¢0 - ¢C)/Q]

Y exp [imB($o— ¢ — Q)] (10)
m— o
Thus by comparison with Eqs. (1) and (2), the blade loading
source for the mth harmonic is

B
Fpy(ro,00,%0) = 2_wa [r0,X0 »(bo — bc)/ ]

exp [imB (¢o— ¢c)] an

where fis just the waveform of loading on the reference blade,
with time expressed in terms of azimuth angle ¢,.

A similar derivation applies to the thickness source. The
volume displacement per unit time per unit volume can be
expressed as

) 1
q(ro,%0,%g 1) = U(ro,d0) . (ro,xd )705(% — ¢~ Q) (12)

where A,/ is the derivative of the airfoil thickness distribution
in the xy direction, and U(ry,¢p) is the blade section relative
velocity, which varies with azimuth in the case of angular
inflow. The same argument used earlier to account for multi-
ple blades leads to

B
qm(ro,%,x()’):EFr—OU (r0,90) hy(ro,xq )exp [imB($o—c)] (13)

for the volume displacement source. The convective derivative
acting on q,, exp (—imBQt) gives

Dg . 9gm
— ] =—-imBQq, - V— 14
<Dt>m impiiqy o (14)

as needed for Eq. (3).

It is now straightforward to insert the sources, just derived,
into the Green’s function integral. If we write separate expres-
sions for the thickness and loading noise harmonics with the
notation P,, = Pr, + P;,,, the thickness component is

3
P =p0j <— imBQq,, ~ V—q—'"->G ax, @15)
6x0

Integration by parts is used to move the partial derivative
from the source to the Green’s function, and since we want to

perform the source integration in the tilted propeller coordi-
nates, we express the volume element dx, as ro d¢y dxy dro.
The final form becomes

Prm =po gjj(— imBQG + VGy)qm 1o do dxg dro  (16)

where G, is 3G /dxy and g, was given in Eq. (13) The deriva-
tive of G is to be evaluated analytically in flight coordinates x,,
Yo, and z; using Eqs. (4-6) and then expressed in propeller
coordinates ry, ¢¢, and xy for use in Eq. (16).

For the loading noise component, insertion of F,, into Eq.
(3) gives

PLm=—jV'FmGdX0=5\Fm'VG dx() (17)

Here, we want to do the dot product in propeller coordinates
because F,, is most easily expressed in this system. Hence,

PLm‘—‘j‘XSFm‘V’G ro d¢g dxg dry (18)

where V ' G is the gradient in propeller coordinates. F,, can be
evaluated either from the loading waveform using Eq. (11) or
by reconstructing the loading waveform using loading har-
monics. Equations (16) and (18) are convenient for direct
computation because the Green’s function derivatives can be
done analytically and the sources can be represented in propel-
ler coordinates. The volume integral requires a triple loop but,
nevertheless, runs only a few seconds on a personal computer,
or at least for the lower harmonics. Without further manipula-
tion, the formulas account for angular inflow, all three com-
ponents of the loading vector, and the unsteady thickness
effect associated with variations in blade section relative veloc-

1ty.

Comparison with Data

Predictions from the new theoretical formulation are com-
pared here with data from Ref. 1 on the basis of directivity,
spectrum, and waveform for the intermediate nacelle tilt.
Then the trend with nacelle tilt is evaluated. Calculations that
had been done some time ago at Hamilton Standard for struc-
tural analysis were used for unsteady blade loading input.
These were based on quasisteady lifting line aerodynamics
with distorted and angular inflow supplied by Lockheed from
an airplane panel method.

The directivity comparison at blade passing frequency
(BPF) is shown in Fig.4. Theory is reasonably accurate for the
middle microphones as with the axial inflow theory. However,
the forward microphone level is still substantially overpre-

~ dicted. This reinforces the calculations of Ref. 2 but does not
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Fig. 4 Directivity along microphone boom at 1-deg downtilt: e and
o, same as Fig. 1; , present (free-field) theory.
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Fig. 5 Spectrum comparison at 0.25 diameter aft: ¢, present theory
corrected for amplification at boom.
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Fig. 6 Waveform comparisons for 1-deg downtilt at 0.25 diameter
aft, not corrected for boom amplification.
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Fig.7 Effect of nacelle tilt at 0.25 diameter aft: B, data correct to
free field; o, present theory.

explain the discrepancy. Possible reasons include nonlinear
propagation, reflection from the fuselage, and inadequate
estimates of loading. Also, Farassat et al.® have noticed that
measured noise directivity patterns on the fuselage suggest
that the level of the forward microphone should be several dB
higher. Since the agreement is good at the 0.25D aft position,
the remaining figures address that microphone. Figure 5
shows that agreement with the upper harmonics at this loca-
tion are excellent. (Here the boom corrections with Ref. 6 for
the first four harmonics were 0.7, 3.1, 3.9, and 3.4 dB. The
higher harmonics had to be estimated at 4.0 The waveform in
Fig. 6 was generated using 15 harmonics. Agreement is good
enough to indicate that the theory represents the physics prop-
erly. Finally, Fig. 7 shows trends with nacelle tilt at BPF. The
new method predicts levels reasonably accurately, although
the trend with tilt is weaker than that of the data.

Conclusions

A new theoretical method has been presented for prediction
of harmonic noise of open rotors. By use of a numerical
source integration, the method can account directly for effects
such as shaft tilt, radial loading, unsteady volume displace-
ment, and placement of the sources on the blade’s actual

camber surface. Fore and aft directivity predictions are mod-
erately good, with deviations attributable possibly to nonlin-
ear propagation or source effects and neglect of effects of
testing on a real airplane such as reflections from the aircraft.
It is hoped that further studies in progress with the new
method will shed light on these issues.
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Advanced Propeller Noise Prediction in
the Time Domain
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Introduction

N a recent paper,’ results from two frequency domain

methods for predicting high-speed propeller noise by Han-
son®? and Envia (unpublished) were presented together with
comparison with measured data. One of the objectives of the
paper was to study the nonaxial inflow effect. The calculations
by Hanson’s method were performed using a computer code
identified as frequency domain, Hanson (FDH) that does not
account for nonaxial inflow effects. The acoustic code based
on Envia’s theory, identified as frequency domain, Envia
(FDE), includes these effects. In Ref. 1, the measured acoustic
data used for comparison with predictions were supplied by
the Propeller Test Assessment (PTA) aircraft. This aircraft
has a 2.74 m (9 ft) diameter, eight-bladed advanced propeller
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