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A theoretical and experimental study of sound propagationin a turbofan exhaust duct is presented. The effect of
duct-area change on the propagationof rotor-stator interaction tones is studied. The pressure re� ection coef� cient
and far-� eld directivity shape variations as a result of duct termination, duct-� ow Mach number, and exhaust
hub-to-tip radius ratio are examined. A � nite element method and a modal analysis technique that is employed in
induct mode measurements are used. The computational results show that even with large changes in duct area
there is no transfer of modal power from one mode to another, as it propagates through varying cross-sectional
area. However, as the exhaust hub-to-tip radius ratio increases, higher-order radial modes get cut off. Exponential
horn termination keeps the principal lobe peak angle � xed for the � rst-order radial modes at the design speed.
Increases in � ow Mach number and exhaust hub-to-tip radius ratio move the principal lobe peak angle away
from the exhaust duct axis. This reduces the axial beaming of acoustic energy of low-order spinning modes and
enhances absorption by acoustic liners. The computed axial variation of acoustic power in the duct and phase angle
of acoustic pressure show good agreement with the experimental data.

Introduction

I N modern high-bypass-ratioturbofanengines fan noise is a criti-
cal componentcontrollingthe total noise at takeoff and approach

conditions.A betterunderstandingof the fan noisegeneration,prop-
agation, and radiation will aid in the design of noise suppression
devices to alleviate community noise problems. A typical fan noise
spectrum consists of tone noise [blade passing frequency(BPF) and
its harmonics] superimposed over broadband noise. The fan tone
noise is the result of interactions of periodic disturbances of the
rotor-blade mean wakes with the stator vanes. This is usually re-
ferred to as rotor-stator interaction noise, and it is the component
considered here.

The fan noise generated has a spinning mode structure while
propagating within the inlet or exhaust ducts. Knowledge of the
modal structure is useful in predicting the propagation in the duct
and the radiation directivitypattern. The spinning mode analysis of
the fan noise was � rst introducedby Tyler and Sofrin.1 In any plane
normal to a cylindrical annular fan duct axis, the periodic acoustic
pressure may be represented as the real part of

p(h , r, t) =
1

m = ¡ 1

1

n = 0

Cmn[Jm (kmnr ) + QmnYm(kmnr)]ei(m h ¡ x t)

(1)

Here m speci� es the circumferentialmode number, and n indicates
the associated radial mode number. Jm and Ym are the Bessel func-
tions of the � rst and second kind, respectively;kmn is the transverse
eigenvalue of the (m, n) mode; and kmn and Qmn are functions of
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fan hub-to-tip radius ratio r . h is the circumferential (angular) co-
ordinate, and x is the frequency.Cmn is the modal amplitude, and r
is the radius normalized by the duct radius R:

Qmn = ¡ J 0
m( r kmn) / Y 0

m ( r kmn)

For a given frequency x and circumferential mode order m, the
radial distribution of acoustic pressure in the annular duct reduces
to

p(r) =
1

n = 0

Cmn[Jm(kmnr) + QmnYm (kmnr )] (2)

The acoustic pressure is the physical quantity that can be measured
for comparison between theory and experiment. A spinning mode
of order m and frequency x will propagate through the duct only if
the cutoff ratio n is greater than or equal to unity. The cutoff ratio
is de� ned as

n =
( x /c)R

kmn

p
1 ¡ M 2

(3)

where M is the nominal duct � ow Mach number and c is the speed
of sound.

The noisegeneratedat the statorpropagatesupstreamthrough the
rotor and inlet duct and downstream through the stator and exhaust
duct. The fan inlet and exhaust ducts usually vary in cross-section
area along the duct axis. The effect of moderate area change of
the inlet ducts on sound propagation was the subject of several in-
vestigations (see, for example, Refs. 2–5). The area change of the
fan exhaust ducts along the axis is sometimes more severe than
considered in those studies. In this paper the effects of duct-area
change on the propagation of spinning acoustic modes in fan ex-
haust ducts and radiation to the far � eld are investigated using the
� nite element techniquedevelopedby Eversman.6 A modal analysis
technique that is used to study induct modal structure is employed
to extract the modal content from the � nite element solution.This is
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done to examine the effect of duct-area change on the modal struc-
ture. The effects of duct terminationand duct-� ow Mach numberon
the pressure re� ection coef� cient and far-� eld directivity are also
studied.

The axial variation of acoustic pressure in the duct with area
change is experimentallymeasured for different cutoff ratios of the
mode (2, 0) at BPF. The computed duct power and phase angle of
acoustic pressure are compared with the experimental data.

Propagation in the Exhaust Duct and Radiation
The soundpropagationin the duct and the radiation from the duct

terminationto the far � eldare studiedusingtheEversmancode.6 The
code is based on a frequency-domain, � nite element, formulation
of acoustic propagation. It solves the acoustic � eld (both inside
and outside of the duct) once the internal geometry of the duct
and the in-duct pressure level are speci� ed. The speci� cation of
the internal acoustic � eld is in terms of the amplitudes of the cut-
on modes [Eq. (2)] at the internal boundary (source plane) of the
computationaldomain.The computationaldomain is the region that
starts at the input plane inside the duct—sourceplane, stator leading
edge—and extends outside of the duct between the duct axis and
a suitably chosen baf� e (Fig. 1). Care is taken to keep the baf� e
position far away from the source region so that its effect on the
solution is negligible.On the far-� eld boundary and on the baf� e, a
Sommer� eld radiation condition is speci� ed.

Because the dynamics of the exhaust jet shear layer is highly
complicated,a simpli� ed model is used. The shear layer is modeled
as though the duct extends some distance downstream of the exit
plane. In the extended region the � ow is composed of two parts, an
inner � ow and an outer � ow, and the velocity potential is discon-
tinuous across the layer separating them. But, beyond the extended
region the velocity potential is assumed to be continuous and the
internal and external � ows are allowed to mix on a potential � ow
basis. The extent of the � ctitious duct is chosen as to provide real-
istic acoustic-wave diffraction effects across the shear layer while
at the same time minimizing the in� uence of arti� cial mixing on
the acoustic � eld. This treatment of the shear layer is found to work
reasonably well for the moderate-�ow Mach numbers considered
here. For the acoustic calculations the presence of the shear layer
necessitatesthe speci� cation of two continuity conditionsalong the
interface. These are the continuity of acoustic pressure across the
shear layer and the continuity of displacement of the interface it-
self. The latter is a kinematic conditionarising from the assumption
that the interface acts as an impermeable membrane across which
acoustic perturbationsare transmitted by virtue of its motion.

The geometry and the mean � ow are assumed to be axially sym-
metric, and the mean � ow is taken to be inviscid and irrotational.
The acoustic � eld equations are obtained by consideringsmall per-
turbations superimposed on the mean � ow. The noise source is de-
composed into its circumferential modal content, allowing for a

Fig. 1 Sketch of the computational domain.

two-dimensional representation of the acoustic � eld in an (x , r )
plane through the axis of symmetry.

The sound � eld at the source plane (Fig. 1), stator leading edge, is
speci� ed in termsof ductmodeamplitudesof radialordersin a single
circumferential mode. The acoustic potential � eld is expressed as
a combination of the incident and re� ected (positive and negative)
uniform duct eigenfunctions.The acoustic potential u is written as

u =
N

n = 0

u +
n e ¡ k +

xn x en (r) +
N

n = 0

u ¡
n e ¡ k ¡

xn x en (r ) (4)

Here u +
n and u ¡

n are the incident and re� ected duct mode ampli-
tudes, k §

xn are the axial wave numbers, N is the number of (radial)
modes retainedin the expansion,and en (r ) is the duct eigenfunction
corresponding to each retained duct mode. When the input is given
in terms of speci� ed value of incident ( u + ) modal amplitude, the
re� ected mode ( u ¡ ) amplitude is obtained as a part of the solution.
The re� ection is caused by the duct termination.

The potentialmodeamplitudesare related to the acousticpressure
amplitudes by

p§
n = ¡ i q 0 g r 1 ¡ U f k §

xn
g r u §

n (5)

where q 0 is the mean � ow� eld density, g r = ( x R / c) is the reduced
frequency, and U f is the mass-averagedaxial velocity at the source
plane.The re� ection coef� cient is computed as the magnitudeof the
ratio of re� ected/incident acoustic pressure amplitudes (p ¡ / p+ ).

The Eversman � nite element code was used recently to study
the noise radiation from the NASA Glenn Active Noise Control
Fan (ANCF) geometry7 and to make data-theory comparisons of a
model high-speed fan con� guration.8 In both cases the code was
found to model the spinning acoustic mode propagation in the duct
and radiation to the far � eld reasonably accurately.

Duct Modal Analysis
The � niteelementsolutiongives theacousticpressuredistribution

in the duct. At any axial station (with or without area change), from
the radial distribution of acoustic pressure the radial mode content
can be obtainedin the same way as it is extracted from the measured
radial distribution of pressure from9

pm ,r =
1

n = 0

Pm ,n Emn (kmnr) (6)

where Emn is the radial mode function given by

Emn = Amn W mn (7)

W mn(kmnr) = [Jm(kmnr) + QmnYm (kmnr)] (8)
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Pm,n is the modal pressure coef� cient of mode (m , n), and pm,r is
the physicalpressureof the circumferentialmode orderm at a given
frequency. Jm , Ym , and Qmn are the same as de� ned in Eq. (1).

Amn is a normalizing constant, which ensures that the integral of
power squared across the duct is unity. This means that the square
of the coef� cient of a mode term of the form of Eq. (1) represents
the power in that mode. Amn is given by

1 A2
mn = p 1 ¡ m2 k2

mn W 2
mn(kmn)

¡ r 2 ¡ m2 k2
mn W 2

mn(kmn r ) (9)

In the preceding expression r is the hub-to-tip radius ratio. A � nite
number of radial modes Nm is assumed to exist, and the modal
pressure coef� cient Pm ,n is obtained by a least-squares curve � t by
minimizing total mean square error de� ned as

error2 =
N p

i = 1

Nm

n = 0

Pm,n Emn(kmnr) ¡ pm,r

2

(10)

where N p is thenumberof radialpointsat which pressureis inputfor
this analysis. N p =20 is used in the present study. The radial mode
amplitude, phase angle, cutoff ratio, and mode power are computed
at eachdesiredaxial station.The expressionforpower P appropriate
for a uniform moving medium is given by

P =
Ad

(1 + M2) pu ¤
x + M h pp ¤ i / q c + q c ux u ¤

x (11)

where ux is the axialcomponentof theacousticparticlevelocity, p is
the acoustic pressure, Ad is the cross-sectionalarea of the duct, and
q is the medium nominaldensity.Superscript* denotes the complex
conjugate. The symbol h ¢ i denotes time averaging over one period,
2 p / x .

The presentstudywas doneusingthebasicgeometryof theANCF
that is used for aeroacoustic research at NASA John H. Glenn Re-
search Center at Lewis Field.7,10 The ANCF test bed and the exper-
imental setup for the present investigationare described next.

ANCF Test Bed
The ANCF10 uses a 16-bladed variable-pitch rotor and can be

con� gured with stator vanes to provide speci� c mode generation
and propagation for aeroacoustic research. A unique feature on the
ANCF is the direct attachment of the rotor centerbody to the rig
support column, eliminating the need for struts, which could con-
taminate acoustic measurements. Additionally, an In� ow Control
Device (ICD) allows for static testing. The combination of low tip
speed( » 400ft/s[122m/s]) and the48-in.(121.9-cm)diamproduces
fan tones of the same frequencies produced by full-size advanced
engines.The nozzle-areacontractionis accomplishedby an increase
in the centerbodydiameter to get the desired hub-to-tip radius ratio
at the exit. A schematic of the ANCF is shown in Fig. 2a.

The primary measurement device on the ANCF is the rotating
rake.9 The rotating rake is an implementation of a technique origi-
nally conceived by T. G. Sofrin,11 whereby a rake containing radi-
ally distributed pressure transducers rotates in the circumferential
direction at a precise fraction of the fan rotational speed. Because
each circumferential acoustic mode is known to rotate at a unique
speed1 in the rotor reference frame, a Doppler shift is induced in
the rake reference frame. Further reduction of the data into radial
modes is accomplished through a least-squares curve � t to Bessel
basis functions.

The ANCF is located in the NASA John H. Glenn Research
Center’s Aeroacoustic Propulsion Laboratory (APL), a hemispher-
ical anechoic (to 125 Hz) test facility. Far-� eld measurements are
taken from 28 microphones at 50 ft (15.24 m) in the ANCF hori-
zontal plane. The SPL data from these microphones are corrected
to 40 ft (12.19 m), standard day conditions.

Experimental Setup
The ANCF was con� gured with 14 stator vanes located 1

2 chord
spacing for the present experiment (Fig. 2a). The exhaust duct was
modi� ed to be able to test two exit hub-to-tip radius ratios, r = 0.5
and 0.65. The modi� cations included a removable extended center-
body (Fig. 2b) and an additional 13-in. (33-cm) duct spool piece
for duct extension. The baseline con� guration had a constant-area
annular duct (of fan hub-to-tip radius ratio r =0.307), followed by
a convergingsection,and followed by another constant-areasection
to the exit plane. The hub-to-tip radius ratio at the exit plane is 0.50
for this con� guration. The extended centerbody con� guration ex-
tended the convergingsection all the way to the exit plane such that
the exit plane hub-to-tip radius ratio was 0.65.

Rotating-rake data were obtained at two axial locations (Fig. 2a)
in the exhaust duct for each con� guration. Position #1 was located
just before the ramp section. Position # 2 was located just after the
end of the ramp section, for the nominal con� guration ( r =0.5).
This corresponded to approximately a midconverging section for
the extended centerbody con� guration (r = 0.65). Also, data were
taken with a static axial rake installed at the exit plane.

An array of microphones was used to verify the Eversman code
duct propagation computations. Sixteen hearing-aid type micro-
phones were installed on a single axial line on the outer wall of
the exhaust duct. This line of microphones was at a constant cir-
cumferential angle, i.e., bottom dead center. Table 1 and Fig. 2a
show the axial locationsof these microphones.The time historiesof
each microphone signal were synchronouslyacquired using the fan
shaft encoder (128 samples per revolution). A time history length
of 1250 fan revolutions was acquired and time domain-averaged
(TDA) with an ensemble length of one revolution. An FFT 128
point was performed on the TDA signal to obtain magnitude and
phase of the wall pressure at BPF.

The ANCF is known to generate rotor-stator interaction modes
at least 15 dB above extraneousmodes. Hence, the assumption was
made that the entire signalmeasured by the axial arraymicrophones
was caused by the primary interaction mode or (2, 0) at BPF. This
may cause a slight error. At the locations where wall microphones
exist near the rotating-rake position, the difference is within inter-
polationerror. At the microphoneslocated in the forward part of the
array, which are actually in the plane of the stator vanes, the expec-
tation is that the in� uence of decaying modes may be signi� cant.

a) Schematic of NASA active noise control fan

b) Exhaust duct geometry

Fig. 2 Experimental arrangement.
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Table 1 Axial microphone array and
other critical axial locations

Mic # Loc, in. (cm)

Stator l.e. 1.875 (4.76)
1 3.000 (7.62)
2 6.250 (15.88)
Stator t.e 6.375 (16.19)
3 9.500 (24.13)
4 12.750 (32.39)
5 14.625 (37.15)
6 18.375 (46.67)
7 22.125 (56.20)
8 25.875 (65.72)
Rake pos #1 29.625 (75.25)
Ramp begins 31.500 (80.01)
9 33.250 (84.46)
10 36.500 (92.71)
11 39.750 (100.97)
Rake pos #2 42.625 (108.27)
12 43.000 (109.22)
13 46.250 (117.48)
Ramp ends (nom.) 46.500 (118.11)
14 49.500 (125.73)
15 52.750 (133.98)
Ramp ends (ext.) 55.625 (141.29)
16 56.000 (142.24)
Exit plane 58.625 (148.91)

The pressure measured at the wall was further modi� ed to ac-
count for the area change effects along the duct. This was done so
that the change in pressure magnitude along the wall array caused
by re� ections could be analyzed independently of the change in
area. The formula was similar to the calculations used for power.
This may be termed apparent power because it would be the power
if no re� ection existed. The power reported as measured by the ro-
tating rake is computed in a similar way, without discriminating the
forward going and re� ected components. The primary component
is assumed to be the forward going wave generated by the rotor-
stator interaction. If the re� ection is signi� cantly strong, the power
calculated will be in error.

Results and Discussion
Theoretical Results

In the present study the basic geometry of ANC fan was used
(Fig. 1). The fan stage has 16 rotor blades and 14 stator vanes. At
the design speed of 1880 rpm, the following modes (m, n) propa-
gate: BPF: (2, 0); 2BPF: (4, 0), (4, 1); 3BPF: (6, 0), (6, 1), (6, 2).
The propagationof these modes through the duct with varying area
of cross section was studied. A unit amplitude input is speci� ed at
the source plane. For this study the source plane is moved 1 duct ra-
dius upstream to provide suf� cient duct length to study propagating
modes at low cutoff ratios. The effects of duct-� ow Mach number,
exhaust hub-to-tipradius ratio, and duct terminationon the pressure
re� ection coef� cient, principal lobe angle, and far-� eld levels are
described.The far-� eld levels were computed at the far-� eld bound-
ary located at 20 duct radii.Comparisonswith the experimentaldata
are presented and discussed in the Experimental Results section.

Modal Structure and Mode Power

To study the effect of duct-area change on the acoustic power
distribution in the radial mode orders, the � anged termination is
replaced by an exponential horn termination (Fig. 1). This avoids
the complicationsassociated with changes in mode re� ection coef-
� cient, with exhaust hub-to-tip radius ratio, that may affect modal
power. Three exhaust hub-to-tip radius ratios, 0.50, 0.65, and 0.80,
were considered to examine the effect of area change.For compari-
son, an annularduct with fan hub-to-tipradius ratio of 0.307with no
exhaust area change was also considered(Fig. 1). The duct acoustic
pressuredistributionfor each hub-to-tipradius ratio is obtainedwith
unit modal input at the source plane. From the pressure distribution
the modal characteristics along the duct can be examined in detail

Fig. 3 Effect of duct-area change on duct modal power: 1880 rpm and
M = 0.1.

as explained in the modal analysis section. Modal characteristics
examined are the phase angle of acoustic pressure and power varia-
tions for each mode along the duct. The speci� c question of modal
power variation in each harmonic tone is summarized in Fig. 3 for
the � rst three harmonics. For BPF tone the extracted modal charac-
teristics from radial pressurevariationalong the changing area duct
do not show any variation in mode power with an exhaust hub-to-tip
radius ratio of as high as 0.80. In the case of 2BPF, the � rst radial
(4, 0) is unaffectedgoing through the area change while mode (4, 1)
gets cutoff at an axial distance of 1.25, consistent with the hub-to-
tip radius ratio at that location. However, no discernible transfer of
power from one radial order to another occurs because of reduction
in area. A similar behavior is observed at 3BPF. The power level of
(6, 0) mode is unaffectedby the duct-area change, from a hub-to-tip
radius ratio of 0.3–0.8. Mode (6, 1) is cutoff at the axial station 1.5
for a hub-to-tip radius ratio of 0.8, and the (6, 2) mode is cutoff at
x / R =1.0 for hub-to-tipratios 0.65 and 0.80. That is, with increase
in exhaust hub-to-tip radius ratio, higher radial order modes get cut-
off as they go through a reduction in area of exhaust duct. However,
there is no indication of acoustic power transfer from one radial to
the other because of area change.

Pressure Re� ection Coef� cient

The basic ANCF con� guration with a � ange termination is used
for the results reported in this and the sections that follow. The vari-
ations of the pressure re� ection coef� cient with cutoff ratio n and
reduced frequency g r are shown in Fig. 4. First-order radials have
the highestre� ectioncoef� cients, and they increasewith decreasein
cutoffratio (left columnofFig. 4). The higher-orderradials(4, 1), (6,
1), and (6, 2) also show increaseof re� ectioncoef� cientwith reduc-
tion in cutoff ratio.For mode (6, 1) the increaseis notmonotonic,and
this appearsto be becausescatteringintoneighboringmodes is dom-
inantat certaincutoff ratiosfor this mode.The variationof re� ection
coef� cient with reduced frequency is shown in the right column of
Fig. 4. The results con� rm the belief that the re� ection is generally
insigni� cant, except for the modes near cutoff ratio of unity.
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Fig. 4 Variation of pressure re� ection coef� cient with cutoff ratio and
reduced frequency, ¾ = 0.5. Modes: BPF = (2, 0); 2BPF = (4, 0), (4, 1);
and 3BPF = (6, 0), (6, 1), and (6, 2).

Fig. 5 In� uence of duct termination on the pressure re� ection coef� -
cient, principal lobe angle, and maximumfar-� eld sound pressure level:
¾ = 0.5 and mode (2, 0).

Fig. 6 In� uence of duct termination on the pressure re� ection coef� -
cient, principal lobe angle, and maximumfar-� eld sound pressure level:
¾ = 0.5 and mode (4, 0).

Duct Termination

The mode re� ection coef� cient, principal lobe peak angle, and
the maximum far-� eld sound pressure level (SPL) are compared for
ANCF-� anged duct termination and exponential horn termination
in Figs. 5–7. The results for mode (2, 0) are shown in Fig. 5. With
exponential termination the re� ection coef� cient is negligible at all
cutoff ratios as would be expected. The principal lobe peak angle
moves toward the exhaust duct axis (The far-� eld angle shown is
with respect to inlet axis. Angle 180 deg refers to exhaustduct axis.)
compared to the � anged termination.The maximum far-� eld SPL is
consistently higher for exponential termination, and the maximum
difference of 3 dB occurs at a cutoff ratio of 1.2. The behavior
of mode (4, 0) is shown in Fig. 6. The difference in far-� eld SPL
increaseswith reductionin cutoff ratio. For this mode the movement
of the principal lobe angle towards the exhaust duct axis is also
signi� cant. Figure 7 shows the re� ection coef� cient and far-� eld
shapes for mode (6, 0). The characteristics are similar to that of
(4, 0) mode. The far-� eld directivity shapes for the three modes
are shown in Fig. 8. The observation is made that at the design
speed the peak principal lobe moves toward the exhaust duct axis
for the exponential horn termination. The principal lobe angle is
about 150 deg and is the same for all three modes, (2, 0), (4, 0), and
(6, 0), with exponential horn termination in contrast to the � anged
termination.

Duct-Flow Effects

The effect of duct-� ow Mach numberon the re� ection coef� cient
and far-� eld shapes are shown in Fig. 9. The re� ection coef� cient
decreases with increase in duct Mach number from 0.1 to 0.25 at
all cutoff ratios for modes (2, 0), (4, 0), and (6, 0). Such reduction
in re� ection coef� cient with � ow was also observed in inlet duct
propagation studies.4 The principal lobe angle moves away from
the exhaust duct axis at all cutoff ratios, as the Mach number is
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Fig. 7 In� uence of duct termination on the pressure re� ection coef� -
cient, principal lobe angle, and maximumfar-� eld sound pressure level:
¾ = 0.5 and mode (6, 0).

Fig. 8 In� uence of duct termination on far-� eld directivity: ¾ = 0.5
and 1880 rpm.

Fig. 9 Effect of duct-� ow Mach number on the pressure re� ection
coef� cient and far-� eld directivity. ¾ = 0.5, � ange termination.

increased.This effect is consistentwith that reportedby Nallasamy.7

As stated in that reference, and also, observed in inlet duct studies,4

the principal lobe angle of the inlet radiation is insensitive to the
duct-� ow Mach number.

Effect of Exhaust Hub-to-Tip Radius Ratio

The effects of hub-to-tip radius ratio of the exhaust on the re-
� ection coef� cient and far-� eld directivity are shown in Fig. 10.
The increase in hub-to-tip radius ratio from 0.5 to 0.65 increases
the re� ection coef� cient at all of the reduced frequencies except
for g r = 3.2 and 3.01 where the re� ection coef� cient is lower than
that for r =0.5. For the mode (4, 0) a somewhat different behav-
ior is observed. The re� ection coef� cient for this mode shows little
change with increasedhub-to-tipradius ratio except for reduced fre-
quencies5.81 and 5.39,where the re� ectioncoef� cient for r =0.65
is lower than that for r =0.5. The re� ection coef� cients for mode
(6, 0) is, in general, lower for r =0.65 than that for r =0.5. The
right column of Fig. 10 shows the directivity shapes for the three
modes. The principal lobe peak angle moves away from the exhaust
duct axis for all modes and the far-� eld shapes vary signi� cantly
with hub-to-tip radius ratio.

Experimental Results

The mode (2, 0) pro� le along the duct wall measured by the wall
arraywas comparedto that computedby theEversman� niteelement
code. Experimentally, the basis for comparison was the apparent
power calculated from the wall microphones. Computationally, the
mode (2, 0) power was computed using the complete radial pro� le
at each axial station.

Figure 11 compares the experimentallymeasured apparentpower
to the computed acoustic power for the nominal con� guration
( r ex =0.50). Mode (2, 0) axial pro� les are shown for 3 corrected
fan rpm, 1000, 1400, and 1800. These speeds correspond to mode
(2, 0) cutoff ratios of 1.02, 1.43, and 1.83, respectively. Compar-
isons of magnitude and phase are shown. Mode (2, 0) data from the
rotating rake are also plotted.Because of the � nite element solution
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Fig. 10 In� uence of hub-to-tip radius ratio on the pressure re� ection
coef� cient and far-� eld directivity: mode (2, 0), mode (4, 0), and mode
(6, 0).

Fig. 11 Measured and computed axialvariationof acoustic power and
phase angle of acoustic pressure at 1000, 1400, and 1800 rpm: ¾ = 0.5
and mode (2, 0).

with unit amplitude input, the computed power at the axial station
correspondingto the rotating-rakelocation is matched to the power
measured by the rotating rake. The phase angle from the code was
adjusted to match at the exit plane. Table 1 is useful to compare
axial locations with the data stations.

The acoustic power of the (2, 0) mode is shown on the left side of
Fig. 11, and the phase of the acoustic pressure is shown on the right
side. In general, the computed variation along the duct axis agrees
well with the data.

The data at 1800 rpm, where the (2, 0) mode is well cut on, agrees
very well. The axial wavelength is approximately0.6 times the duct
length. A slight interference pattern is noted with minimums at 14,
35, and 46 in. (35.56, 88.90, and 116.84 cm). The variation in phase
shows the expected cycle and the agreement between code and data
are excellent. In all cases the microphone data near the origin is
suspect.The � rst two microphonelocationsare between the leading
and trailing edge of the stators and are de� nitely subject to errors
such as being in the potential � eld.

At 1400 rpm the axial wavelength is approximately equal to the
duct length,and a sharp interferenceat 43 in. (109.22cm) is noted in
the experimental data. The code accurately predicts the location of
this interference.The predictedpower level is, however,higher than
that measured. The rotating-rakemeasured power level also shows
a milder cancellation, probably because of the point resolution of
wall microphoneseeing a stronger local interference.The code also
predicts another interferenceat 15 in. (38.10 cm). This may be seen
in the data at this location, but at this location the assumption that
the wall mics are measuring only (2, 0) is less accurate. The phase
variation at 1400 rpm shows nearly one complete cycle as would be
expected based on the axial wavelength being nearly equal to the
duct length.

The comparisonsbetween the computed and experimentalresults
at 1000 rpm show a more quali� ed agreement. At distances greater
than 40 in. (101.60 cm), the agreement in magnitude is excellent.
At locations closer to the source plane, a signi� cant error is noted.
This is most obvious in the phase pro� le. The axial wavelength

Fig. 12 Measured and computed axialvariation of acoustic power and
phase angle of acoustic pressure at 1000, 1400, and 1800 rpm: ¾ = 0.65
and mode (2, 0).
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at 1000 rpm is several times the duct length. Also, near cutoff the
variationin axialwavelengthis much more sensitiveto thechangein
cutoff ratio caused by area change.At the rotor-statorplane the axial
wavelength is about 7.3 times the duct length; at the exit 1.7 times.
At these ratios the expectation is that the phase variation would be
small, and this is demonstratedby the code.The data,however, show
a phase shift of approximately90 deg between the source region and
the region further downstream in the duct. Is this phase shift similar
to the phase shift that one observes between the near � eld and far
� eld of a dipole source in free � eld? It is not clear. The complexity
increases because the mode is very near cutoff. Further study is
needed to clarify this. The microphones in the source region are
being strongly in� uenced by the potential � eld of the stators. This
is also seen in the higher magnitude levels near the source.

Figure 12 shows the axial power variation for the extended cen-
terbodycon� guration (r = 0.65) at the same cutoff ratios as already
stated, which are de� ned at the rotor-stator plane. A comparison of
Figs. 11 and 12 shows minimal difference in the pro� les at corre-
spondingspeeds.This indicatesthelengthof theramp,or converging
section, has minimal impact.

Conclusions
Sound propagation in exhaust ducts of varying cross section has

been examined.Even with very large area changes, there is no trans-
fer of modal power from one mode to another. Re� ection has neg-
ligible effect except for modes near cutoff. An increase in exhaust
hub-to-tip ratio produces a mode-dependent variation in pressure
re� ection coef� cient and far-� eld shape. The principal lobe peak
angle moves away from exhaust duct axis with increase in � ow
Mach number at all cutoff ratios, consistent with earlier � ndings.
The computed axial variations of acoustic power and phase angle

of acoustic pressure from the � nite element solution show good
agreement with the experimental data.
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