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SUMMARY

TFaNS is the Tone Fan Noise Design/Prediction System developed by Pratt & Whitney under contract
to NASA Lewis. The purpose of this system is to predict tone noise emanating from a fan stage
including the effects of reflection and transmission by the rotor and stator and by the duct inlet and
nozzle. These effects have been added to an existing annular duct/isolated stator noise prediction
capability.

The underlying concept for the system was presented in Reference 1 with application to cascades in
2—dimensional channels. TFaNS extends this to annular geometry with duct terminations and
radiation to the far—field via the following scheme: “Acoustic elements” (e.g. the inlet, the rotor, the
stator, and the nozzle) are first analyzed in isolation to determine their modal reflection and
transmission coefficients (including frequency scattering in the case of the rotor). Then the elements
are coupled as a linear system via the duct eigenmodes at “interface planes” separating the elements.
The linear system is solved to find a “state vector” of mode amplitudes at the interface planes. The
“state vector” then is used to compute upstream and downstream modal sound powers and the sound
pressure directivities in the outside field.

TFaNS consists of:

e The codes that compute the acoustic properties (reflection and transmission coefficients) of the
various elements and writes them to Acoustic Properties Files,

e CUP3D: Fan Noise Coupling Code that reads these files, solves the coupling equations, and
outputs the desired noise predictions,

* AWAKEN: CFD/Measured Wake Postprocessor which reformats CFD wake predictions and/or
measured wake data so they can be used by the system to predict noise.

Acoustic properties can be computed from a variety of codes other than those presently in TFaNS.
For example, rotor and stator reflection and transmission are currently being computed from a
classical, uniform axial flow model with solid body swirl. However, more sophisticated codes (e.g.
linearized Euler codes) are anticipated for future application. CUP3D has been written in a general
form so that acoustic properties from a variety of codes can be handled. To accomplish this, a standard
file format for acoustic properties has been developed and must be followed.

This document provides technical background for TFaNS including the organization of the system and
CUP3D technical documentation. This document also provides information for code developers who
must write Acoustic Properties Files in the CUP3D format.

As described on page 3, technical documentation of the other TFaNS codes may be found in
References 2 to 7. The TFaNS user’s manual may be found in Reference 8. Evaluation of the system
may be found in Reference 9.



1. INTRODUCTION

The TFaNS coupling and noise prediction scheme is explained conceptually with reference to
Figure 1.
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Figure 1: TFaNS Coupling and Noise Prediction Scheme

The fan stage is divided by three interface planes into four acoustic elements (inlet, rotor, stator, and
nozzle). State vector, 4, is in three sections, 41, 42, and 43, whose elements are modal amplitudes that
will be defined in a later section. Source vector, B, has the same structure. B is prescribed
(corresponding, for example, to the output of a stator due to rotor wake input in an uncoupled
environment) and 4 is to be found as a function of B by solving the linear system equations.

Coupling of the elements at the interface planes is specified in terms of the scattering matrix, S, which
is built up from modal reflection and transmission coefficients. In condensed form, the system

equations are represented by
A=84+8B (1)

which is to say that the state vector elements are the sum of the parts from scattering, S4, and directly
from the source, B. These equations are solved formally by

'B 2)

A=01-S5)



Two major forms of noise output are computed from the state vector:

Upstream and downstream propagating sound power level are computed from
A on a mode—by—mode basis. Power is calculated just upstream and just
downstream of the noise source (defined in Figure 1 by interface plane 1
upstream, and interface plane 3 downstream).

Outside far—field directivity is computed from the elements of 4. In this case,
far—field directivity shapes are computed by the radiation codes with unit
amplitude input and stored as part of the acoustic properties files. These
directivities are then multiplied by A4 to get the far—field sound pressure level
directivity.

TFaNS (Version 1.4) consists of the following computer codes:

The following sections present the organization of TFaNS, the technical background behind the
CUP3D code, and the information necessary to write an Acoustic Properties File. The first part of
the document discusses the TFaNS organization. Then the technical documentation for CUP3D is
presented. This includes background on the coupling system, state vector conventions, definitions of
the reflection and transmission coefficients (scattering coefficients) in terms of the state vector, and
the calculation of far—field directivities and mode power levels. Appendix I presents the information
necessary to create Acoustic Properties Files. Changes made to the Eversman inlet and aft radiation

CUP3D: Fan Noise Coupling Code Version 2.1 (Section 3., Appendices I to IV)
SOURCE3D: Rotor Wake/Stator Interaction Code Version 2.5 (Reference 2)
Eversman Inlet Radiation code Version 3.0 (References 3, 4,5 and Appendix V)
Eversman Aft Radiation code Version 3.1 (References 4, 5, 6 and Appendix V)
AWAKEN: CFD/Measured Wake Postprocessor Version 1.0 (Reference 7)

codes to make them part of TFaNS are also presented in Appendix V.



2. GENERAL ORGANIZATION OF TFaNS

The organization of TFaNS is illustrated in Figure 2. This figure identifies the codes which comprise
the system and how they interact with each other.

The central portion of the system is the CUP3D Fan Noise Coupling Code. This code reads Acoustic
Properties Files which contain scattering (transmission and reflection) coefficients from other codes
along with far—field directivity shapes and source vector information (e.g. noise from rotor
wake/stator interaction). This information is used to form a system of linear equations which permit
acoustic elements to reflect and transmit to each other. A System File is also input which determines
the organization of the acoustic elements. Output from this code includes far—field directivities along
with inlet and aft power levels.

Acoustic
AWAKEN ,
CFD/Measured Wake Postprocessor Wake/ %;f”lence
SOURCE3D Input File
(with CFD or Measured Wakes)
Eversman SOURCE3D Eversman
Inlet Radiation Code Rotor W ake/Stator Interaction Code Aft Radiation Code
|_Inlet Radiation | Aft Radiation |

Acoustic Acoustic Acoustic Acoustic

Properties File Properties File Properties File Properties File

N/

CUP3D '
Fan Noise Coupling Code <—— System File

/N

Far Field Directivities Power Levels

Figure 2: Organization of TFaNS Version 1.4

The SOURCE3D Rotor Wake/Stator Interaction Code is a significantly extended and improved
version of the V072 Rotor Wake/Stator Interaction Code (Reference 10, 11 and 12). It has two
functions within TFaNS: firstly, it calculates tone noise from a rotor wake/FEGYV interaction and,
secondly, it determines the scattering coefficients for the rotor and stator then outputs them to rotor
and stator acoustic properties files (Figure 2) for use by CUP3D. This code can either use its own
internal semi—empirical wake model, or it can use CFD or measured wakes processed through the
AWAKEN CFD/Measured Wake Postprocessor.

The AWAKEN CFD/Measured Wake Postprocessor creates a SOURCE3D input file which contains
upwash wake harmonic amplitudes calculated from CFD predictions or measured velocity data. CFD



or measured velocity information is obtained from the Acoustic Wake/Turbulence File which is
generated either by a CFD code (or postprocessor) or during a engine/rig test program.

The Eversman inlet and aft radiation codes are run if far—field directivities are required. These codes
comprise three “modules”. The first module creates a finite element mesh for the calculation. The
second module calculates the potential steady flow field. Finally a radiation module, modified to
interface with TFaNS (see Appendix V), is used to complete the potential steady flow calculation for
a given duct flow condition and calculate the far field radiation and scattering coefficients for a
specified number of blade passing frequency (BPF) harmonics on a mode—by—mode basis.



3. CUP3D FAN NOISE COUPLING CODE

3.1 GENERAL ORGANIZATION OF CUP3D

The CUP3D Fan Noise Coupling Code is the final link in the TFaNS Tone Fan Noise design/prediction
System. Output files from isolated elements are used by CUP3D to “couple” the elements thus
accounting for reflection and transmission of acoustic and vorticity waves throughout the system.

Inlet Rotor Stator Aft
Acoustic Acoustic Acoustic Acoustic
Properties File Properties File Properties File Properties File

System File

Figure 3: CUP3D File Organization

Acoustic Elements (or Regions)

N

Inlet Radiation Rotor Stator Aft Radiation

\ f /

Interface Planes

Figure 4: CUP3D Geometry and Terminology



Figure 3 is a block diagram showing the files required by CUP3D. First, codes such as an inlet
radiation code, rotor code, stator code, and aft radiation code are run. These codes create Acoustic
Properties Files which contain all the acoustic information about an acoustic element. The
information may include geometry and performance, harmonic and mode numbers, scattering
coefficients, source vector coefficients and far—field directivity shapes. Acoustic Properties Files can
be output for any rotor, stator or radiation code. These Acoustic Properties Files and a user generated
System File are then input into CUP3D. The System File contains information on how the various
acoustic elements will be organized to form the total acoustic system. An example of an acoustic
system is shown in Figure 4.

Information about the terminology and geometry used by CUP3D is given in Figure 4. The present
system can be organized with up to four acoustic elements (or regions). These elements are classified
by any of four types: inlet radiation, rotor, stator, and aft radiation. The number and types of elements
used may vary from case to case. However, if radiation elements are not used, they must be replaced
by non—reflecting regions which act to propagate the noise away from the system. Output from
CUP3D includes inlet and aft mode and total power levels and far—field directivities.

Each acoustic element is bounded by interface planes. Rotor and stator acoustic elements are
bounded by two interface planes. Inlet and aft radiation acoustic elements are bounded by one
interface plane and the far—field. These boundaries are non—reflecting and permit waves to be sent
into an acoustic element one at a time. Reflection and transmission scattering coefficients can then
be calculated.

3.2 STATE VECTOR AND COUPLING COEFFICIENT CONVENTIONS

Reference 1 discusses in detail the physics of mode scattering in two dimensional flow. The purpose
of this section is to present the equations needed to create scattering coefficients and source vector
coefficients for the CUP3D code which handles information in three dimensions. This section is
presented for the benefit of the source or radiation code developer who may need to create an
Acoustic Properties File.

“Coupling coefficient” is the collective term which refers to reflection and transmission coefficients.
These are the matrix elements in the scattering matrix, S, that specify how any mode input to an
acoustic element is transmitted and reflected and scatters into other modes. Since these coefficients
are defined in terms of state vector elements, or modal amplitudes, the modal representation is
specified first in this section. Then the coupling coefficients are defined in terms of them.

Figure 5 shows the coordinate systems for CUP3D. Inside the engine the coordinate system is a
cylindrical (r, ¢, x) right handed system where x is positive in the downstream direction. The far—field
uses a polar coordinate system (R, ¢, 6) where 6 is zero in front of the inlet.

As in Reference 1, the flow perturbations are represented by a series of pressure and vorticity waves.
In general, the wave types, W, which are scattered by an acoustic element are affected by the type of
flow through the duct. CUP3D uses a general set of modes based on whatever flow conditions are
assumed at the interface planes (e.g. Reference 14). Though much of this report is written assuming
a specific set of modes (given below), CUP3D is not limited to this set of modes. One exception: Sound
power in CUP3D is presently computed using a specific set of acoustic modes. This calculation may
be generalized in later code versions.
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Figure 5: CUP3D Coordinate Systems

Thus, for the purposes of the present TFaNS system, consider a constant area annular duct with a
uniform axial flow and swirl which takes the form of solid body swirl (i.e. V, = Ir). For this more
limited case the wave types are:

W = 1 Upstream going pressure wave

W = 2 Downstream going pressure wave

W = 3 Vorticity wave 1 (downstream only) “no—w ” vorticity wave
W = 4 Vorticity wave 2 (downstream only) “no—u” vorticity wave

It should be noted that while the above more limited wave set is used by the present version of TFaNS§,
CUP3D can handle a more general set of modes by adjusting the number of wave types, so long as
CUP3D uses the same set of wave types for all acoustic elements.

We will now discuss how the above more limited wave set is represented in the present version of
TFaNS. The concepts presented below also apply to CUP3D with a more general set of modes.

3.2.1 State Vector Conventions

The acoustic pressure modes for coupling are of the general form:

wmﬂ(r)ei(mrp +}?nkﬂx—nBQt) (3)
Where:
Ymu = mode eigenfunction
n = harmonic of blade passing frequency
m = circumferential mode order = nB — kV'
B = number of rotor blades
V = number of stator vanes
u = radial mode order
ﬁnkﬂ = axial wavenumber normalized by the duct radius
X = x in Figure 5 but normalized by the duct radius.



The full expression for perturbation pressure for a given wave type at any interface plane, P, (such as
upstream going or downstream going waves) is;

TN R YD SV N L s B

n=—owk=—o0opu=0

The “no—w” vorticity waves have no radial ("w”) velocity component. The defining velocity
component for this wave is in the axial direction and takes the form:

(7’ ,x,t) = i i iAé’nkMU3ﬂ(r)ei[m¢+}?§nkﬂ(x—xfy)—nBQt] )
1=0

The “no—u” vorticity waves (vorticity with no axial velocity component) are defined with the velocity
component in the radial direction:

W4(7’ @,x,1) i i iAi’nkuW‘Lu(r)ei[mfP+}?fnku(x—xfy)—nBQt] 6)

For coupling purposes these equations are assumed to be valid in the vicinity of each coupling plane,
P. In these equations all lengths are normalized by the duct radius, 7;. The perturbation pressure mode

amplitudes, A%, k> 2T€ normalized by the far—field static pressure, p, (W=1 or 2). The perturbation

velocity for the vorticity modes (W= 3 or 4) are normalized by the far—field acoustic speed, ¢.,. The
acoustic pressure, p, has the same dimensions as p.,. The velocities, u or w, have the dimensions as
Coo- The index n counts harmonics of blade passing frequency, m is the circumferential mode order,
and u is the radial mode index. The superscript, P, denotes the interface plane where this equation
is being applied. The subscript, I, denotes the wave type.

An example of the waves associated with an interface plane is shown in Figure 6 for an isolated stator
element. Consistent with Figure 1 where interface planes are numbered from inlet to aft, interface
plane 2 represents the interface plane between the rotor and stator acoustic elements. The interface
between the stator element and aft radiation element is plane 3. Note that the elements of the state

vector, A%, . shown in this figure have a superscript which denotes the interface plane, P, and a
nku

subscript which denotes the wave type, W. The source vector elements, B, are the mode amplitudes
resulting from a prescribed input (such the response of a stator to an incoming wake).

Interface Plane 2 Interface Plane 3

B3 Source Pressure Wave
B3 Source Vorticity Wave
B Source Vorticity Wave
Incoming Pressure Wave
A3 Scattered Pressure Wave

Source Pressure Wag

Scattered Pressure Waké

Incoming Pressure Wava3
Incoming Vorticity WaveA3 A3 Scattered Vorticity Wave

3 . -
AI Scattered Vorticity Wave

TN
T

Incoming Vorticity Wave.‘\z

I

| |
| |
| Stator |
| |
| |
I I

Figure 6: Mode Scattering through an Isolated Stator



To prevent the amplitudes of decaying waves from becoming too large, the axial origin of Equations
(4) to (6), x4, varies with interface plane and wave type. For a given acoustic element (e.g. Figure 6),
the origin for each wave type is where each wave exits an acoustic element. For example, in Figure 6,
the upstream pressure waves, 42, have their origins at interface plane 2 since the upstream pressure
wave emerges from the element at interface plane 2. Note that 42, for example, is a compressed

notation collecting all of the state vector elements, A%nkﬂ.

Since Equation (4) is the modal representations of acoustic pressure in an annular duct, a form for
the mode eigenfunction, ¥, must be specified. Reference 11 uses the form below for the mode
eigenfunctions for an annular duct with a mean axial flow. These mode eigenfunctions were originally
developed by Tyler and Sofrin (Reference 13) and take the form:

Wmﬂ(r) = Cm/t]my(xmyr) + Dmmey(Kmyr) (7)

where Gy, and Dy, are constants determined by boundary conditions at the duct walls. For this case
Kmyu 1s the mode eigenvalue and the mode eigenfunction is ¥, where these modes are normalized

so that the maximum value of the mode eigenfunction is always a positive one (i.e. Yuqr = +1). The

axial wavenumber non—dimensionalized by 7y, Y Wakgeo 18 therefore found to be:

e — M,(nBM,) F \/ (nBM,)* — (1- Mg){xmﬂ}z

yl,anM = 1 — M)% (8)

where upstream pressure waves (W = 1) use the upper sign and downstream pressure waves (W = 2)
use the lower sign. If Equations (7) and (8) are modified with a kinematic transformation to include
solid body swirl (as in Reference 2), then Equation (7) does not change. Only Equation (8) changes
to become:

2
W, — My(nBM, — mMy) F \/ (nBM, — mMy)* — (1 = M2)[k )
yl,anM = 1 — M)% (9)

where M; = Swirl Mach Number at the fan tip.

In the present version of TFaNS (see Reference 2), the “no—w” vorticity wave radial mode function,
Us, from Equation (5) is formulated as a series of cosine waves:

Us (r) = cos(w) (10)

To prevent this mode function from becoming infinite when m = 0 in TFaNS, the radial mode function
in TFaNS uses the form:

B ua(r — )
mU3M =m COS(W) (11)
Likewise the “no—u” vorticity wave radial mode function takes on the form:
—_m pr(r — ry)
mW4ﬂ(r) = %COS(W (12)

10



The axial wave numbers (non— dimensionalized by r ) associated these waves are:

~P ~P nBM, — mM
y3nku = y4nku = t]Wx > (13)

which corresponds to pure convection of the waves.

The mode eigenfunctions presented in Equations (7), (9), (11), and (13) are presently used by the
SOURCES3D source code (Reference 2) as part of the TFaNS Tone FAn Noise design/prediction
System. The radiation codes utilize Equations (7) and (8) since flow in the inlet and nozzle is swirl
free. Kousen (Reference 14) developed modes which include arbitrary shear and swirl flows. In the
future, these modes, or modes like them, will be utilized in a version of the CUP3D code.

CUP3D assumes that all pressure mode eigenfunctions, no matter how they are formulated, are
consistent with Equation (4). CUP3D also assumes that all vorticity modes are consistent with
Equations (5) and (6). In addition all pressure and vorticity modes are normalized so that the
maximum value of the mode eigenfunction is always a positive one (i.e. Y = +1). Thus, CUP3D
is presently capable of accepting other modes (e.g. Reference 14) assuming that the number of wave
types, W, is finite and a counting system for the wave types can be consistent for all acoustic property
files entering CUP3D.

3.2.2 Scattering Coefficient Conventions

The explanation of the “Kinematics of Modal Scattering” in Reference 1 discusses how modes may
be scattered into other wave types. Briefly in the CUP3D code:

Inlets and Nozzles: n, ku - n k u’
Stators nmku-nk,u
Rotors nku-n,ku

>

The arrow means “is scattered into” so that for example for a stator, an (n, k, 1) mode is scattered into
a (n, k', u’) mode. Therefore stators scatter on circumferential order via k and radial mode order, u.
However, they do not scatter on frequency so that for stators n does not scatter into n’. However,
rotors are seen to scatter on harmonic via n and radial mode order, u, while not scattering on k.

Scattering Coefficients, S, represent the transmission and reflection of waves by an acoustic element.
An example of mode scattering is shown in Figure 6 for an isolated stator element. This figure was
discussed in detail in the previous section. Waves entering the stator acoustic element in this example

are scattered into other waves by the element and then output. For example, the A% wave can be
scattered into the A2 wave per the notation in Reference 1 by:

2 2 2

Alnk’ﬂ’ = Slznk’ﬂ’;nkﬂAznk/A (14)
This is the expression for one of the modes (n, &, 1) being scattered by this acoustic element into the
mode (n, k, u’). All other modes are scattered as well within the rules for wave scattering given above
earlier in this section.

Note that when mode scattering occurs on harmonic (for a rotor element), noise is scattered into both
positive and negative harmonics (i.e. —co < n’ < o). Thus a positive harmonic, 7, may scatter into
a negative harmonic, n’. This must be taken into account in the scattering matrix output.

For the purpose of completeness, the total set of equations for a coupled system of inlet radiation,
rotor, stator, and aft radiation is given by the matrix equation below. This is the same as Figure 4 in
Reference 1 except for an additional vorticity wave type. Dots indicate blocks of zeros.

11
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Each § value includes all harmonics (both positive and negative), and circumferential and radial mode
orders.

As discussed earlier, this equation can also be represented in a condensed form by Equation 15 in
Reference 1:

A=8S4A+ B (16)
Where:

A = State Vector Array
S = Scattering Matrix
B = Source Vector Array

Equations (4) to (6) suggest that all modes and harmonics are being considered in the calculation.
However, solution of Equation (15), requires the truncation of the series for a finite size matrix. This
is partly justified by the fact that acoustic modes are “cut off” above a certain mode order. For the
acoustic modes given by Equation (7) and Equation (8) cutoff occurs when the the term under the
square root sign in Equation (8) becomes negative, i.e.

(nBM)” = (1 = M) < 0 (17)
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Another way of expressing “cut off” is via the cutoff ratio, §, which indicates cut off when § < 1. For
modes in a constant area annular duct with a mean axial flow:

£ = nBM; (18)
K /1 — M2
Likewise for Equation (9):
£ nBM, — mM (19)
K /1 — M2

For the purposes of CUP3D, all the cuton modes up to some sound harmonic, #, should be included
in the Acoustic Properties File. In addition, a certain number of cutoff modes should be included.
The issue of how many modes are actually required, however, will be the subject of further study.
Therefore Equation (4) becomes:

NHT KMAX MUMAX

PR gt =pe > D > ARt (e

n=—NHTk=KMIN u=0

[mfP + 9€Vnkﬂ(x —xb ) - nBQz] 20)

Where:

NHT = number of harmonics being run.

KMIN = minimum value of k being run (different for each harmonic)

KMAX = maximum value of k being run (different for each harmonic)

MUMAX = maximum value of u (different for each harmonic and k—value).

For vorticity waves Equation (13) indicates that there is no cutoff. This creates a question of how many
vorticity waves are required for the solution. In the present system, the, (n,k,u) , modes are used for
pressure and vorticity waves. However, this issue will need to be investigated in the future. Also in
the present SOURCE3D code (Reference 2) only the “no—u” vorticity wave are defined. Thus the
Equation (5) becomes:

. NHT — KMAX MUMAX . <[m¢+}?§k(x—xP)—nBQt]
Wr i) =ce > > > AL U, (e k"3 (21)
n=—NHTk=KMIN u=0

It should be noted, these Fourier series includes both positive and negative harmonics. For cases
where tones are not being scattered on harmonic (i.e. for stators and inlet and aft radiation), only the
positive harmonics need to be used. This is because the negative harmonics are the complex
conjugates of the positive harmonics. However, for rotor scattering, n’ must include both the positive
and negative harmonics. Thus the scattering coefficients for the various types of elements take on the
form:

Inlet Radiation: n > 0,n” > 0: A}V)I;’nk‘u’ -~ S}I;FWnkﬂ';nk/,{Alv)Vnkﬂ (22)
Rotor: n >0, -NHT<n <NHT: Ap, < Syl A, (23)
Stator: n>0,n > 0: A < S Wk Wk (24)
Aft Radiation: n > 0,n’ > 0: Aﬁ}nkﬂ, -~ S}V)I;FWnk‘[,{';nk‘[,{Alv)Vnkﬂ (25)
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These expressions should be used in formulating the scattering coefficients for CUP3D. Scattering
coefficients are found by inputting a unit value for A{,)Vn » and determining how much is reflected and

transmitted through the element including all pressure waves and vorticity waves. Thus by setting
Aﬁ,nkﬂ = 1.0 + i0.0 and finding A7 we can determine S0P by using expressions (22)

Wn'k'u"” W' W'k nku
through (25).

The source vector elements, B{,’Vnkﬂ, are the mode amplitudes resulting from a prescribed outside

influence such as a rotor wake interacting with a stator vane. B is defined by equations (20) and (21)
with A%, o, Teplaced by BL, .
nku nku
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3.3 REMOVING NEGATIVE HARMONICS FROM CUP3D

The purpose of this section is to reduce the size of the scattering matrix, S, in Equations (15) and (16),
by eliminating the need to use negative harmonics in the calculation. The end of the previous section
pointed out the need to include both positive and negative harmonics in Equation (20). However, for
fan tones, the negative harmonics are complex conjugates of the positive harmonics. This is the basis
for the removal of negative harmonics from the calculation. One exception to this as pointed out in

the previous section, is that the rotor can scatter modes with positive harmonics into modes with
negative harmonics. This is shown in Equation (23) where SEF  can have the n’th harmonic

W'Whn'ku' ;nku
scatter into the n’th negative harmonic. This aspect of the problem will be included in the discussion
below.

We begin with Equation (15) and rewrite it so as to separate the positive harmonics (denoted by a “+”
superscript) from the negative harmonics (denoted by a “—” superscript) so that:

4] =[S S [ o6

Note that in this equation a scattering coefficient such as S~ * denotes a positive harmonic, 7,
scattering into a negative harmonic, n’, as is found in a rotor.

It can be shown that first line in Equation (26) is the complex conjugate of the second line in Equation
(26). Consequently only one of these lines is needed to calculate a solution. Thus we can use the
second line:

At =8t A" +St*AT + BY (27)

Note that all the terms in this equation include only positive harmonic except the term S+ ~A4 ~. Also
note that:

*

St==1[s~*) and A~ = |4*] (28)

so that

*

A+ = s~ a4t + §THat + B (29)

Expanding Equation (29) into real and imaginary parts and separating the real parts and imaginary
parts of the equation, we get:

Ag | _ Sk HSRT =SS Ag | 1| Br (30)
A, S _s-t sEr 5o+ |4 B,

The R subscript denotes the real part of the variable whereas the subscript, I, denotes the imaginary
part. Note that in this equation only positive harmonics of BPF are needed as input waves. Also only
arotor will create S~ * coefficients because only a rotor scatters on harmonic. CUP3D uses Equation
(30) in its calculation of the state vector, A.
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3.4 CALCULATION OF POWER LEVELS & FAR-FIELD DIRECTIVITIES

Far—Field
.7 Te Microphone
e . Locations
e | | '
Dy | | s Dy
I
N Py Py [ \
] . . 1 3 . . \
) Inlet Radiation <_| Al A5 _>| Aft Radiation

Al A3 State Vector Elements

Figure 7: Calculation of Far—Field Noise From State Vector

Power levels and far—field directivities are computed from state vector elements at interface planes
just upstream and just downstream of the noise source. To illustrate the application of this
computation, the geometry of Figure 1 is utilized. However, CUP3D is not limited to this geometry.
For the geometry of Figure 1, plane 1 is the upstream interface plane just in front of the fan and plane
3 is the downstream interface plane just aft of the FEGV. Figure 7 shows only the items directly
related to the power level and far—field calculations. The state vector elements in Figure 7 are

denoted by A| for the upstream pressure waves and A% for the downstream pressure waves.
Sound power can be calculated in concept using the equation form below:
Inlet Power Levelll} ~ \A}\Z[Pl] Aft Power LevelT3 ~ \Ag\Z[PA] (31)

where Py and P4 denote inlet and aft power level multiplication factors, respectively.

Likewise, far—field pressure directivities can be calculated in concept by applying the equation form

below:
Inlet Pressure DirectivityP, ~ [A1][D)] Aft Pressure DirectivityP, ~ [A3[D,]  (32)
where Dy and Dy are the inlet and aft far—field directivity shapes (based on unit input), respectively.

The sections which follow will discuss the detailed sound power level and far—field directivity
equations. Derivations for sound power may be found in Appendix II and derivations for far—field

pressure directivities may be found in Appendix IV.
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3.4.1 Power Level Calculation

For purposes of the power level calculation only, the following assumptions are made in the vicinity
of the interface planes where the calculation is taking place:

e Locally constant area annular duct,

e Locally uniform axial flow.

As aresult, for the sound power calculation, the standard Tyler/Sofrin modes (Reference 13) are being
used. A more complicated formulation may be developed in the future. Appendices II and I1I go into
further detail on the equations below.

From Equation (31) and Appendix II, upstream and downstream sound power take on the form:

., = i ‘ZPP (33)
Whiku Wnku| © Wnku

~P
where 11y, is the non—dimensional sound power for each acoustic mode and harmonic of blade

2
passing frequency (BPF). This form of the power is non—dimensionalized by p«c oo(Zrd) or
2
P o JYalRaT (Zrd) . AIV)Vnk/,{ is a state vector element where, for the example in Figure 7, P = 1, W =1

for upstream pressure waves, and P = 3, W = 2 for downstream pressure waves. The power level
. . . P . . .
multiplication factor, PWnk/A’ is given by:

2

T ~ ~
_naP«x p 2 \HP P
Pl;’VnkM = o T (1 + MXP)RWW + My, + My, Ry [Co (34)
where the axial Mach Number at plane P, M, , is positive downstream and:
AP
AP Y Waku
(nBMtP - MXPVWnkM)
AP
Y Waks is the axial wavenumber as given by Equation (8) but repeated here as:
2 2
. — MnBM, F [ (nBM,) - (1 - M%P){xmﬂ} o
YWoku = 36
Wi k/l 1 _ M)%P

Gy is the radial integral which includes modes of the form given by Equation (7) such that:

1

Jw;%wrdr = Cmy (37)

g
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where r is the radius non—dimensionalized by 7. Using the assumptions above, G, can be integrated
analytically (see Equation (I11.13) in Appendix III) as:

2 2
Cou = %[(1 B KmTW)W%w(”mu) - (02 - Kme)‘/"zﬂﬂ(”mﬂ")] (38)

where (1) and (16,0 ) are the tip and hub mode eigenfunction values respectively. Note that
each mode eigenfunction, ¥, is normalized such that ynax = +1.

The total harmonic sound power level is the sum of the modal powers:

HW

n Z Z}AWnkﬂ‘ Wiku (39)

k=—o0u=0

2
To redimensionalize this non—dimensional power multiply by: p « /YaRaT « (Zrd) . The units in the
CUP3D code are: (Ibg/in2)(ft/sec)(in?) = ft—Ibgsec. To convert to Watts, multiply by 1.3558. Then
to calculate sound power level, reference this power to 10~12 Watts. This is shown as:

AP 2 ft—Ib Watts
HWn<Poo YaRaT o (zrd) sec )(1'3558 ft—lbf/sec)

Sound Power = 10log

40
10— 12 Watts (40)

Where R, = (53.35 ft Iby/'R 1by,)(32.174 Iby, ft/sec? Ibs) = 1716.5 ft¥/sec? 'R and y, = 1.4. Note that
Do is in Ibg/in?, T, is in R and 7y is in inches.

3.4.2 Far-Field Directivity Calculation

The purpose of this section is to present the equations used by CUP3D to calculate far—field
directivities using the state vector solution (i.e. mode amplitudes) from CUP3D. A derivation of these
equations may be found in Appendix IV. Appendix V documents the changes which were needed to
the Eversman inlet and aft radiation codes to make them compatible with CUP3D. Appendix V
provides an example of how the radiation equations in this section are applied to actual radiation
codes so they can interface with CUP3D.

The CUP3D code has been formulated to permit multiple upstream or downstream pressure wave
types to exist in the duct. This is done in order to accommodate mode sets such as those in Reference
14. Modes in Reference 14 are formulated in radially dependent axial and swirl flows and are
therefore more general than the modes we are currently using in TFaNS. The equations below for
far—field directivities apply to these more general modes thus allowing them to be included in the
far—field solution.
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To calculate the far—field directivity two parameters are required:

1. The solution to the state vector, A{,’Vn far? at the interface plane where a radiation acoustic element

is connected to the noise source.

2. Directivity shapes for each propagating pressure wave type and mode from an inlet radiation
calculation, D IWnk/,t(R’ 0) and an aft radiation calculation, D , Wnkﬂ(R, 0). These are determined

by inputting unit waves into a radiation code and then having the radiation code calculate
far—field directivities.

The following far—field pressure directivities are calculated by CUP3D:

e Total far—field sound pressure level (SPL) directivity for each harmonic
e Inlet SPL directivity for each harmonic
* Aft SPL directivity for each harmonic

e Inlet, aft and total SPL directivities for each circumferential mode order at each
harmonic (summed over all radial mode orders)

e Inlet, aft and total SPL directivities for each circumferential and radial mode
order at each harmonic

To calculate far—field directivities, start with Equation (IV.24) from Appendix I'V, which calculates the
total far—field pressure directivity for each BPF harmonic:

2

Py(R,0) = Z Z \/Ep[nkﬂ + Z \/EpAnk‘M (41)
u=1

k=—00/,{=0

This equation gives the root mean square of the total harmonic pressure pattern averaged
circumferentially. Circumferential averaging is required so that the azimuthal location of noise
measurement relative to a circumferential origin on the engine is not needed to perform the
calculation. Multiple circumferential mode orders will cause azimuthal variations in the far—field
directivity which are averaged by this equation.

To calculate the far—field SPLs, note that P, (R,0) are normalized by the far—field static pressure, p,.

Therefore:

(42)

ntotal —

SPL,, .. = 20log P=Pn(R,0)
Pref

where P = 20uPa.
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In Equation (41), pj,,(R,0) refers to the inlet complex pressure directivity for each (m,u) mode at

the interface plane, P, where an inlet is connected to the noise source (e.g. in Figure 7, P = I). This
is calculated as:

N UPSTR

PriR,0) = > A% Dy (RO) (43)
w=1

Where:

A{,)Vn e = Upstream propagating pressure wave amplitudes from the state vector at interface plane, P

D IWnk/,t(R’ 0) = Mode inlet directivity shape functions

CUP3D is configured to use multiple upstream pressure wave types so that these pressures are added
together to obtain the complex pressure directivity for each (m, u) mode, p,,(R,6). The number

of forward propagating pressure wave types is given as Nyps7r. Note that for all modal representations
developed to date (e.g. Reference 14) only one type of forward propagating mode has been found (i.e.
Nupstr = 1). However, CUP3D uses Equation (43) as shown to permit more upstream pressure wave
types to be added, if necessary.

In Equation (41), p Ank,u(R’ 0) refers to the aft complex pressure directivity for each (m,u) mode at

the interface plane, P, where the nozzle is connected to the noise source (e.g. in Figure 7, P = 3). This
is calculated as:

N PRESDIR

PaneR0) = > Al Dy (R,0) (44)

W=Nypsrr+1

Where:

A{,)Vn = Downstream propagating pressure wave amplitudes from the state vector at interface plane, P
D, Wnkﬂ(R, 0) = Mode aft directivity shape functions

CUP3D is configured to use multiple downstream pressure wave types so that these pressures are
added together to obtain the complex pressure directivity for each (m,u) mode, p Ank,u(R’ ). The

number of propagating pressure wave types is assumed below to be Nprespir. For the modes presently
in TFaNS and discussed in Section 3.2, NpReSDIR = 2.

Using Equation (41), the other types of directivities calculated by CUP3D can be formulated. To
calculate the total inlet directivity (circumferentially averaged), set p  Anku = 0 in Equation (41). This

yields the summation over all inlet modes to get the inlet pressure directivity where:

2

e}

PR, 0) = >

k=— o

(45)

Z ‘/Eplnkﬂ

u=0
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The same can be done with aft directivity where:

Py (R, 0) = > (46)

To determine total, inlet, and aft pressure directivities for each circumferential mode, Equations (41),
(45), and (46), respectively, may be applied without the summation over the circumferential mode
orders to get the root mean square pressure directivity for each circumferential mode order. Thus
total, inlet, and aft circumferential mode pressure directivities become:

2
Pnk(Rae) = Z \/Eplnk‘u + Z \/EpAnk‘M (47)
=0 u=0
nkmlet(R 0) = (48)
Pg(R0) = (49)

Note that these results are not circumferentially averaged since there is no circumferential variation
of a single circumferential mode order.

The same process may be used to get total, inlet, and aft pressure directivities for particular (n,u)
modes Where equations (47), (48), and (49) become respectively:

2
nkﬂ(R 0) \/“/Eplnk[u + ‘/EpAnk[u‘ (50)
2
nkﬂ nle I(R 0) “/Eplnk[u‘ (51)
2
nkﬂ f(R 0) “/EpAnk[u‘ (52)

SPLs can then be calculated for these cases by inserting these pressure directivities into Equation (42).

CUP3D uses Equations (41) to (52) to calculate the various far—field directivities.
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4. CONCLUDING REMARKS

A Tone Fan Noise Design/Prediction System (TFaNS) was developed. The purpose of this system is
to predict tone noise emanating from a fan stage including the effects of reflection and transmission
by the rotor and stator and by the duct inlet and nozzle. These effects have been added to an existing
annular duct/isolated stator noise prediction capability.

TFaNS consists of:

e The codes that compute the acoustic properties (reflection and transmission coefficients) of the
various “acoustic elements” (e.g. inlet, rotor, stator, nozzle). These properties are written to
Acoustic Properties Files,

e CUP3D: Fan Noise Coupling Code that reads these files, solves the coupling problem, and outputs
the desired noise predictions,

* AWAKEN: CFD/Measured Wake Postprocessor which reformats CFD wake predictions and/or
measured wake data so they can be used by the system.

This report discussed the organization of TFaNS and then provided the technical documentation for
the CUP3D Fan Noise Coupling Code. It also documented for code developers the file format for
Acoustic Properties Files required as input to CUP3D. The Eversman radiation codes (which are
presently part of TFaNS) were made available as an example to show how information for the Acoustic
Properties Files could be created. This last portion of the report also acted to document the changes
to the Eversman codes in order to make them part of TFaNS.
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LIST OF SYMBOLS

PARAMETERS

A = State Vector

A{,’V = State Vector Element
nku

B = Source Vector

B{,’V = Source Vector Element
nku

B = number of blades

c = acoustic speed

Dy, = inlet directivity from an inlet radiation code at radius, R in the far—field given unit input.
nku
D, Witku = aft directivity from an aft radiation code at radius, R in the far—field given unit input.

1 = instantaneous acoustic intensity

I = time average intensity of I

J = Bessel Function of the first kind

k = circumferential mode number from m = nB — kV where —co < k < +oo0

ky = axial wavenumber in the Eversman radiation codes

ky = axial wavenumber non—dimensionalized by ry in the Eversman radiation codes
m = circumferential mode order where m is positive in the direction of rotor rotation
My = mean axial Mach Number at the input plane (interface plane) of the Eversman radiation codes
M = tip swirl Mach number

My = tip rotational Mach number

M, = mean axial Mach number

n = harmonic of blade passing frequency

Ny = uncorrected fan speed (rpm)

Nic = corrected fan speed (rpmye Equation (V.5)

Ny = number of BPF harmonics being calculated (see Appendix II)

N, = numbef’ of interface planes

p = acoustic pressure

Poo = reference pressure (static far—field pressure)

Pp = mean static pressure at interface plane, P

p{,’Vn ity modal acoustic pressure in the Eversman radiation codes

Dnku (R, 0) = far—field pressure directivity for a given mode and harmonic non—dimensionalized by p,
Plagy = inlet far—field pressure directivity for a given mode and harmonic non—dimensionalized by p,,
Panky = aft far—field pressure directivity for a given mode and harmonic non—dimensionalized by p.,

P(R, 6, ¢, t) = time dependent pressure at a given point in the far—field non—dimensionalized by p,
P, (R,0) = Harmonic far—field pressure directivity non—dimensionalized by p,

r = radial direction non—dimensionalized by r;

r = dimensional radius (inches)

7] = Quter Duct Radius (inches)

m = Hub Duct Radius (inches)

R =Radial distance from the engine origin to some location in the far—field.

R, =Ideal gas constant for air = (53.35 ft lbg/’R lby,)(32.174 Iby, filsec? Iby) = 1716.5 ft’/sec? °R

R{,)Vn = relates acoustic velocity modes to acoustic pressure modes as in equation (I11.5)

~P
R Wik = relates acoustic velocity modes to acoustic pressure modes (non—dimensional). see eqn. (11.6)

S = Scattering matrix
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S{,)Ian Kk Scattering Coefficient where “primed” subscripts denote the wave which is scattered into.
t time (sec)

T mean static temperature (°R)

To1 total temperature in the far field or in the inl¢R)

u acoustic velocity

acoustic velocity in the axial direction

mean flow axial velocity

Radial Mode Shape (mode eigenfunction) for the axial component of the acoustic velocity
= number of vanes

= swirl flow velocity

= acoustic velocity in the radial direction

= Radial Mode Shape (mode eigenfunction) for the radial component of the acoustic velocity
axial direction (positive downstream) non—dimensionalized by r;

axial direction (dimensional)

Bessel Function of the second kind

axial wavenumber

&
[T T TR T

axial wavenumber non—dimensionalized by 14
ratio of specific heats = 1.4 for air
constant used to calculate solid body swirl
= Reduced frequency in the Eversman Radiation codes, see Equation (V1)
= directivity angle of the far—field location where data is to be measured.
i @,t) = (nB — kV)p — nBQt (See Appendix IV)
= unknown constant in Bessel’s equation (Appendix I1I)
Mode eigenvalue non—dimensionalized by ry
radial mode order
acoustic sound power level

|

2 QO N
I

g
B3
I

= acoustic sound power level non—dimensionalized by p «c oo(Zrd)
= mean flow static density
’
=7, hub to tip ratio of the duct
= circumferential direction (positive in the direction of rotor rotation)
P _ . . . . . . .
Pk = perturbation velocity potential mode amplitude in the Eversman radiation codes

S Q2 D4R
[

~P . . . . . ..
PWks = perturbation velocity potential for a single mode in the Eversman radiation codes

q?an » (R,0) = far—field perturbation velocity potential mode directivity in the Eversman radiation codes

Y = Radial Mode Shape (mode eigenfunction) for the pressure waves normalized by Yyax
Ymax = Maximum value of each radial mode shape (mode eigenfunction) which is defined as +1
) = rotational frequency (rad/sec)

Q = rotor rotational speed (rad/sec)
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SUBSCRIPTS AND SUPERSCRIPTS

aft = Aft radiated direction

f = At the input plane (interface plane) of the Eversman radiation codes

inlet = Inlet radiated direction

k = circumferential mode number from m = nB — kV where —co < k < +oo0

m = circumferential mode order where m is positive in the direction of rotor rotation
n = harmonic number

P = Interface Plane Number

w = Wave type, e.g. for modes in a uniform axial flow with solid body swirl:

= ] (upstream pressure), 2 (downstream pressure), 3 & 4 (downstream vorticity)
= radial mode order

= reference value (i.e. in the far—field)

8‘:
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APPENDIX I: CREATING A CUP3D ACOUSTIC PROPERTIES
FILE

.1 ACOUSTIC PROPERTIES FILE GENERAL INFORMATION

Acoustic Properties Files are output by rotor, stator, inlet radiation and aft radiation computer codes
for input into CUP3D. An Acoustic Properties File is required for each reflecting acoustic element
in the system. No Acoustic Properties File is needed for a non—reflecting element.

For a code to create an Acoustic Properties File, the following information should be placed in a file
in the order shown below. Note that the code generating this file is designated by a specific type
(ICODE). Based on the type of code, the information required by CUP3D will vary.

The parts of the Acoustic Properties File are:

e Header Cards: Contain information about the run including the code which created the file, the
acoustic modes contained in the file, and certain geometry and performance of the acoustic
element. This information is split into information which is common to all elements and
information which is common to a specific type of element.

e Scattering Coefficients: These are the reflection and transmission coefficients of the acoustic
element. Definitions for these coefficients are given in Sections 3.2 along with a method for
creating them.

* Source Vector: The source vector is output if the acoustic element is influenced by an outside force
such as a wake interacting with a vane or blade. In this case acoustic mode amplitudes and vorticity
waves are created which form the source vector and are placed in the Acoustic Properties File.
Definitions for these coefficients are given in Sections 3.2.

o Far—field Directivities: If the acoustic element radiates noise to the far—field, then far—field
directivities are placed in the Acoustic Properties File. Pressure directivities result from unitinput
for each duct mode into a radiation code. These directivities are given at a constant radius, R, (See
Figure 5) from a user specified origin.

Multiple cases can be placed in the same file. In this situation, the first case contains all of the cards
given below as defined by the type of acoustic element being considered. All of the cases which follow
will then omit Card 1. The cases are then stacked one below the other. See stator example 2 in Section
1.3.7.

The following terminology is utilized by the system (see Figure 3 and Figure 4):

* An acoustic element (or region) refers to a part of the system with acoustic properties such as a
rotor, stator, inlet radiation or aft radiation. An Acoustic Properties File must be created for any
acoustic element with acoustic reflection properties. An Acoustic Properties File is not needed
for a non—reflecting region.

* An interface plane is the plane where two acoustic elements meet.

¢ Scattering coefficients correspond to reflection and transmission coefficients for a particular
region (see Section 3.2).

e The Source vector corresponds to the mode amplitudes resulting from a prescribed outside
influence such as a rotor wake interacting with a stator vane.
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Variables in this file are non—dimensionalized using the following conventions:

Lengths: Non—dimensionalized by fan tip diameter at fan leading edge (inches), DFAN.

Temperature: Non—dimensionalized by the far—field static temperature (R) (far from the
nacelle), TINE

Pressure: Non—dimensionalized by the far—field static pressure (psia) (far from the nacelle),
PINF.

Vorticity : Non—dimensionalized by ¢ » where ¢« = /y,R,{TINF}

.2 ACOUSTIC PROPERTIES FILE ASSUMPTIONS

Waves are assumed to be given to the code in the following order: upstream propagating waves
first, then downstream propagating waves. Pressure waves are input before vorticity waves.
Vorticity waves only propagate in the downstream direction. NWAVETYPE denotes the total
number of waves which can propagate. NUPSTRE = number of upstream propagating pressure
waves. NPRESDIR = the total number of propagating pressure waves. In the present code:

NWAVETYPE = 4, NUPSTRE = 1, NPRESDIR = 2.

All source vector information in the Acoustic Properties Files should be expressed as peak
complex modal amplitudes.

The code assumes that all acoustic elements were created with the same number of blades
(NBLADE), vanes (NVANE), and fan rotational tip speed (VTIPC). Hub to tip ratios at the
interface planes should be the same for the two connecting acoustic elements for the modes to be
passed correctly between regions. The code, however, does not prevent hub to tip ratios from
differing from region to region.

The code presently assumes that all acoustic elements are in a single duct (such as in Figure 1).
The concept of a core engine duct and bypass duct is not implemented in the code.

The code is written so as to assume that all cases are being run in a user defined order by CUP3D.
The same order is assumed for all acoustic elements. Therefore, if multiple cases were run by a
stator code for example using a different order than was used for a rotor code, then CUP3D will
not run correctly.

Far field angles are assumed to be stored in the Acoustic Properties Files with the smallest angle
first and the largest angle last. Zero degrees is assumed to be in front of the inlet.

It is assumed that the user has chosen an origin for the entire calculation and that the origin is
consistent for all Acoustic Properties Files being input into CUP3D. Far—field directivities
should utilize this origin to specify distance from the engine and angles around the engine.

.3 ACOUSTIC PROPERTIES FILE FORMAT

The discussion of the Acoustic Properties File format will be as follows. First the header cards
common to all cases will be discussed in Section 1.3.1. After that all other cards will be discussed based
on the type of computer code which is outputting this file (i.e. inlet radiation code in Section 1.3.2,
rotor code in Section 1.3.3, stator code in Section 1.3.4, aft radiation code in Section 1.3.5). Details
of the scattering coefficient and source vector formats is found in Section 1.3.6. Examples of Acoustic
Properties Files are found in Section 1.3.7. Also the method used to modify the Eversman radiation
codes is given in Section V.2, Appendix V. Appendix V may be helpful towards the understanding of
the process for creating files.
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The input data file structure has distinct blocks of data referred to as cards. Each card begins on a
new line and the input data is either free format or formatted as given in the card.

Note that a > denotes parameters which must have the same value from element to element for the
CUP3D code to run correctly. It is imperative that these parameters be defined exactly as given in
this document.

Except where noted, all input is free format.

For all complex numbers the following format statement is used:

999 FORMAT(10E13.6)

1.3.1 Header Cards for all Acoustic Properties Files

All Acoustic Properties Files contain the header cards below.

Card 1: (for multiple cases this card is output only once with the first case)

e ICODE: Computer Code which created this file

Note: ICODE is designed so that the first number denotes the type of code which created this
file. The second number refers to which code created this file. For example: ICODE = 11:
The first 1 refers to inlet radiation codes, the second 1 refers to the Eversman inlet radiation
code.

=10 Other Inlet Radiation Code
=11 Eversman Inlet Radiation Code
=12 Caruthers Inlet Radiation Code
=20 Other Aft Radiation Code

=21 Eversman Aft Radiation Code
=22 Caruthers Aft Radiation Code
=30 Other Rotor Code

=31 SOURCE3D Rotor Code

=40 Other Stator Code

=41 SOURCE3D Stator Code

e NCASE: Number of “cases” where a case is defined as all harmonics for a given condition or
configuration. Acoustic Properties Files are read in the order ICASE = 1, NCASE (see Card 2).

Card 2: ICASE: Case Number: FORMAT(1X,’Case Number’,I3)

Card 3: CODETITLE: Title Card — identifying the case. Use the title from the code which was run.
FORMAT(AS80).
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Card 4:

e NHT: Number of blade passing frequency harmonics run.

>k VTIPC: Corrected fan rotational tip speed (ft/sec).

where: VTIPC = 7—’210N10( DFAN )

DFAN = Fan tip diameter (inches) at the fan leading edge

N
*
ol

518.67

N,. = Corrected Fan Rotational Speed (rpm) =

N; = Fan rotational speed (rpm)

To1 = reference temperature ("R) used to correct the fan speed to a “standard day”.
For zero Mach number in the far—field, this temperature is the static
far—field ambient temperature, TINE.

Card 5:

sk NBLADE: Number of rotor blades
sk NVANE: Number of stator vanes.
Card 6: (KMIN(N,IWAVE), KMAX(N,IWAVE), N=1,NHT), IWAVE = |, NWAVETYPE

Where for the case which was run:

KMIN = Minimum circumferential mode number, K, run for each harmonic,
KMAX = Maximum circumferential mode number, K, run for each harmonic where:
m = n*NBLADE — K*NVANE

n = harmonic number

m = circumferential mode order.

Card 7: ((M(N,K,IWAVE), K=KMIN(N,IWAVE), KMAX(N,IWAVE) ), N=1,NHT), IWAVE =
LLNWAVETYPE): Circumferential mode order, m, where m is positive in the direction of rotor
rotation.

Card 8: ((MUMAX(N,K,IWAVE), K=KMIN(N,IWAVE), KMAX(N,IWAVE) ), N=1,NHT),
IWAVE = I,NWAVETYPE): Largest Value for u for each circumferential mode order and
harmonic. u refers to the radial mode order where 0 <=y < MUMAX.

Card 9: WRITE(IUNIT,999) ((((GAMMA(N,K,MU,IDIR), MU=0MUMAX(N,K,IDIR)),
K=KMIN(N,IDIR), KMAX(N,IDIR)), N=1,NHT), IDIR = 1,NPRESDIR): Complex Axial
wave numbers for acoustic pressures directed upstream (IDIR=1) or downstream (IDIR=2)
normalized by the duct radius. This parameter is presently input as one set of values per region.
It is anticipated that at some time in the future, separate upstream and downstream GAMMA’s
will be input for each interface plane.
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1.3.2 Inlet Radiation Code: 10 < ICODE < 20
1.3.2.1 Header Cards

Information in Cards 11 through 16 are only used to confirm for the user which Acoustic Properties
File the user has chosen. These parameters are not used in code calculations. While parameters in
Card 10 are not presently required for code calculations, this information expected to be required for
code calculations in the future.

Card 10:
e SIGMAR: Hub to tip ratio of the duct at XINTER. This number should, strictly speaking, be the

same for two codes meeting at a given interface plane.

e XINTER: Axial location of the interface plane relative to the origin (non—dimensionalized by
DFAN) as specified by the user.

e MINF: Far—field axial Mach number (far from the nacelle, positive downstream)

*  MDUCT: Mass averaged axial Mach number at the interface plane (positive downstream)

Card 11: NLINO: Number of acoustically lined elements (outer wall). Set this value equal to zero if
there is no outer wall liner.

If (NLINO .GT. 0 ) THEN

Card 12:

¢  MBEGO: Outer wall element number for start of liner.

e XBEGO: Axial location where outer liner begins relative to the origin (non—dimensionalized by
DFAN) as specified by the user.

* XENDO: Axial location where outer liner ends relative to the origin (non—dimensionalized by
DFAN) as specified by the user.

Card 13: WRITE(IUNIT,999) ZIMPO(I),I=MBEGO,NLINO+MBEGQO: Liner impedance
(Resistance, Reactance) for each element on outer wall non—dimensionalized by local oc (i.e.
density x acoustic speed).

ENDIF

Card 14: NLINI: Number of acoustically lined elements (inner wall). Set this value equal to zero if
there is no inner wall liner.

If ( NLINI .GT. 0 ) THEN
Card 15:

e MBEGI: Inner wall element number for start of liner.

* XBEGTI: Axial location where inner liner begins relative to the origin (non—dimensionalized by
DFAN) as specified by the user.

e XENDI: Axial location where inner liner ends relative to the origin (non—dimensionalized by
DFAN) as specified by the user.
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Card 16: WRITE(IUNIT,999) ZIMPI(I),I=MBEGINLINI+MBEGI: Liner impedance
(Resistance, Reactance) for each element on the inner wall non—dimensionalized by the local
oc (i.e. density x acoustic speed).

ENDIF

1.3.2.2 Scattering Coefficients (see Section 1.3.6)

Card 17: Write: FORMAT(1X,’Scattering Matrix and Source Vector’)
Card 18: Write: FORMAT(1X,’Scattering Matrix’)

Card 19: Scattering coefficients are written as follows:

WRITE SCATTERING MATRIX INFORMATION, S,;, AT THE INTERFACE
PLANE DOWNSTREAM OF THIS REGION. THESE SCATTERING
COEFFICIENTS CORRESPOND TO UPSTREAM PROPAGATING WAVES
SCATTERED INTO DOWNSTREAM PROPAGATING WAVES. NOTE THAT
S37 & S47 ARE NOT WRITTEN SINCE THEY ARE VORTICITY WAVE BASED.
THERE ARE NO VORTICITY WAVES EMANATING FROM THE INLET
RADIATION CODE. THUS S$3; AND S4; ARE ZERO.

aoaoaoaoaoaoaaan

DO 10 IW = 1,NUPSTRE
DO 20 IWP = NUPSTRE+1,NPRESDIR

a

WRITE(IUNIT,999)(((( ShA(N, K, MU, MUP),
MUP = 0,MUMAX(N,K,IWP)), -
MU = 0,MUMAX(N,K,IW)), —u
K = KMIN(N,IW),KMAX(N,IW)), <k
N =1, NHT) en

R oo e

C
20 CONTINUE
10  CONTINUE

1.3.2.3 Source Vector (see Section 1.3.6)

Card 20: IFORCE = 0 No Source Vector is Input
= 1 Source Vector is input

IF IFORCE = 1:
Card 21: Write: FORMAT(1X,’Source Vector’)
Card 22: Upstream propagating pressure mode amplitudes normalized by PINF

DO 10 IW = 1,NUPSTRE
READ(IUNIT,;999) ((( BY(MU,K,N),

& MU =0, MUMAX(N,K,IW)), - u
& K = KMIN(N,IW),KMAX(N,IW)), ck
& N =1, NHT) -n

10 CONTINUE
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Card 23: Downstream propagating pressure mode amplitudes normalized by PINF

DO 10 IW = NUPSTRE + 1,NPRESDIR
READ(IUNIT,999) ((( BY(MU,K,N),

& MU =0, MUMAX(N,K,IW)), - u
& K = KMIN(N,IW),KMAX(N,IW)), ck
& N =1, NHT) -n

10 CONTINUE
Card 24: Downstream propagating vorticity waves normalized by c.

DO 10 IW = NPRESDIR + 1, NWAVETYPE
READ(IUNIT,;999) ((( BY(MU,K,N),

& MU =0, MUMAX(N,K,IW)), - u
& K = KMIN(N,IW),KMAX(N,IW)), ck
& N =1, NHT) -n

10 CONTINUE

ENDIF

1.3.2.4 Farfield Directivities

Card 25: Write: FORMAT(1X, Farfield Directivities’)
Card 26:

¢ NANGLE: Number of polar angles (6 in Figure 5) in the directivity pattern. The code will
interpolate these angles to form an array every 19 from 0°< ANGLE < 180°. In the present code,
any angle which is within 25° of the aft most computational boundary will be discarded. This is
consistent with the baffle boundary condition which presently is found in the Eversman Inlet
Radiation code.

* DARRAY: Radial distance (R in Figure 5) from the origin non—dimensionalized by DFAN
(origin specified by the user) of the polar directivity array.

Card 27: Far—field polar angle in degrees (0 is in front of the inlet)

WRITE(IUNIT,*)( ANGLE(IANGLE), IANGLE = 1, NANGLE)
Card 28: Write: FORMAT(1X,”COMPLEX PRESSURE DIRECTIVITIES’)

Card 29: Complex pressure directivities (real and imaginary parts of the directivities for each mode):

DO 10 IW = 1,NUPSTRE

C
WRITE(IUNIT,999) (((( DIRECTIN(N,K,MU,IANGLE),
IANGLE = 1, NANGLE),
MU =0, MUMAX(N,K,IW)),

K = KMIN(N,IW), KMAX(N,IW))
N =1, NHT)
10 CONTINUE
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1.3.3 Rotor Code: 30 = ICODE < 40

1.3.3.1 Header Cards

Information in Cards 12 through 16 are only used to confirm for the user which Acoustic Properties
File the user has chosen. These parameters are not used in code calculations. Parameters in Cards
10 and 11 (with the exception of X1 and X2) are used to calculate power in the code. X1 and X2 are
not presently used for calculations in the code, but are expected to be needed in the future.

Card 10: Geometry and performance at the interface plane upstream of the region

SIGMART1: Hub to tip ratio of the duct at X1. This number should, strictly speaking, be the same
for two codes meeting at a given interface plane.

X1: Axial location of the interface plane upstream of the acoustic element relative to the origin
(non—dimensionalized by DFAN) as specified by the user.

DIA1: Outer duct diameter of the interface plane upstream of the acoustic element
(non—dimensionalized by DFAN).

MX1: Mass averaged axial Mach number at the interface plane upstream of the acoustic element.
MTIP1: tip rotational Mach number at the interface plane upstream of the acoustic element.

PS1: Mass averaged static pressure at the interface plane upstream of the acoustic element
(non—dimensionalized by PINF).

TS1: Mass averaged static temperature at the interface plane upstream of the acoustic element
(non—dimensionalized by TINF).

Card 11: Geometry and performance at the interface plane downstream of the region

SIGMAR?2: Hub to tip ratio of the duct at X2. This number should, strictly speaking, be the same
for two codes meeting at a given interface plane.

X2: Axial location of the interface plane downstream of the acoustic element relative to the origin
(non—dimensionalized by DFAN) as specified by the user.

DIA2: Outer duct diameter of the interface plane downstream of the acoustic element
(non—dimensionalized by DFAN).

MX2: Mass averaged axial Mach number at the interface plane downstream of the acoustic
element.

MTIP2: tip rotational Mach number at the interface plane downstream of the acoustic element.

PS2: Mass averaged static pressure at the interface plane downstream of the acoustic element
(non—dimensionalized by PINF).

TS2: Mass averaged static temperature at the interface plane downstream of the acoustic element
(non—dimensionalized by TINF).

Card 12: NDAT: Number of streamlines where geometry is specified

Card 13: DIA(I),I=1,NDAT: Streamline diameter (non—dimensionalized by DFAN)

Card 14: RSOLIDITY(I),I=1,NDAT: Rotor solidity (rotor chord/rotor pitch)

Card 15: RALPHCH(I), I=1,NDAT: Rotor stagger angle relative to the circumferential direction

(degrees). This is normally considered to be a number between 0 and 110 degrees.
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Card 16: SSOC(I), I=1,NDAT: Upstream stator trailing edge to rotor leading edge aerodynamic
Spacing to upstream stator aerodynamic chord for each streamline (Set equal to zero if there
is no upstream stator cascade).

1.3.3.2 Scattering Coefficients (see Section 1.3.6)

Card 17: Write: FORMAT(1X,’Scattering Matrix and Source Vector’)
Card 18: Write: FORMAT(1X,’Scattering Matrix’)

Card 19: Scattering coefficients as follows

C

C  WRITE SCATTERING MATRIX INFORMATION Sj2, S13, 874, AT THE

C INTERFACE PLANE UPSTREAM OF THIS REGION. THESE SCATTERING
C COEFFICIENTS CORRESPOND TO DOWNSTREAM PROPAGATING WAVES
C ENTERING THE UPSTREAM INTERFACE PLANE AND BEING REFLECTED
C BY THE ELEMENT BACK OUT AS UPSTREAM WAVES.

C

DO 30 IW = NUPSTRE+1,NWAVETYPE
DO 40 IWP = 1, NUPSTRE

WRITE(IUNIT,999)((((( Shry(N, NP, K, MU, MUP),

& MU =0, MUMAX(N,K,IW)), -
&  MUP =0, MUMAX(IABS(NP),K,IWP)), -
& K = KMIN(N,JW)KMAX(N,IW)), —k
& N =1, NHT), “n
& NP = —NHT, NHT) -n

40 CONTINUE
30 CONTINUE

C

C  WRITE SCATTERING MATRIX INFORMATION, S;;, AT THE INTERFACE

C PLANE UPSTREAM OF THIS REGION. THESE SCATTERING COEFFICIENTS
C CORRESPOND TO UPSTREAM PROPAGATING WAVES AT THE

C  DOWNSTREAM INTERFACE BEING TRANSMITTED THROUGH THE

C  ACOUSTIC ELEMENT TO THE UPSTREAM INTERFACE

C

DO 50 IW = 1, NUPSTRE
DO 60 IWP = 1, NUPSTRE

WRITE(IUNIT,999)((((( Syhy(N, NP, K, MU, MUP),

& MU =0, MUMAX(N,K,IW)), -

&  MUP =0, MUMAX(IABS(NP),K,IWP)), -

& K = KMIN(N,JW)KMAX(N,IW)), —k

& N =1, NHT), “n

& NP = —NHT, NHT) -n
C

60 CONTINUE
50 CONTINUE
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WRITE S5, S32, S42, 823, 833, S43, S24, 834, S44. THESE COEFFICIENTS
CORRESPOND TO DOWNSTREAM PROPAGATING WAVES INPUT INTO THE
REGION AT THE UPSTREAM INTERFACE PLANE WHICH ARE
TRANSMITTED THROUGH THE ELEMENT TO THE DOWNSTREAM
INTERFACE PLANE

aoaoaoaoaaan

DO 50 IW = NUPSTRE+1,NWAVETYPE
DO 60 IWP = NUPSTRE+1,NWAVETYPE

WRITE(IUNIT,999 SPU (N, NP, K, MU, MUP),
W

& MU =0, MUMAX(N,K,IW)), yy
&  MUP =0, MUMAX(IABS(NP),K,IWP)), -
& K = KMIN(N,JW)KMAX(N,IW)), —k
& N =1, NHT), “n
& NP = —NHT, NHT) -n

60 CONTINUE
50 CONTINUE

C
C  WRITE SCATTERING MATRIX INFORMATION, S»;, 837, S47, AT THE
C INTERFACE PLANE DOWNSTREAM OF THIS REGION. THESE SCATTERING
C  COEFFICIENTS CORRESPOND TO UPSTREAM PROPAGATING WAVES
C  REFLECTED BY THE ACOUSTIC ELEMENT AS DOWNSTREAM
C  PROPAGATING WAVES.
C
DO 70 IW = 1,NUPSTRE
DO 80 IWP = NUPSTRE+1,NWAVETYPE
WRITE(IUNIT,999)((((( Spry(N, NP, K, MU, MUP),

& MU =0, MUMAX(N,K,IW)), -n

&  MUP =, MUMAX(IABS(NP),K,IWP)), -w

& K = KMIN(N,IW) KMAX(N,IW)), <k

& N =1, NHT), en

& NP = —NHT, NHT) en

80 CONTINUE
70 CONTINUE
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1.3.3.3 Source Vector (see Section 1.3.6)

Card 20: IFORCE = 0 No Source Vector is Input
= 1 Source Vector is input

IF IFORCE = 1:
Card 21: Write: FORMAT(1X,’Source Vector’)
Card 22: Upstream propagating pressure mode amplitudes normalized by PINF

DO 10 IW = 1,NUPSTRE
READ(IUNIT,;999) ((( BY(MU,K,N),

& MU =0, MUMAX(N,K,IW)), - u
& K = KMIN(N,IW),KMAX(N,IW)), k
& N =1, NHT) -n

10 CONTINUE
Card 23: Downstream propagating pressure mode amplitudes normalized by PINF

DO 10 IW = NUPSTRE + 1,NPRESDIR
READ(IUNIT,;999) ((( BY(MU,K,N),

& MU =0, MUMAX(N,K,IW)), - u
& K = KMIN(N,IW),KMAX(N,IW)), ck
& N =1, NHT) -n

10 CONTINUE
Card 24: Downstream propagating vorticity waves normalized by c.

DO 10 IW = NPRESDIR + 1, NWAVETYPE
READ(IUNIT,;999) ((( BY(MU,K,N),

& MU =0, MUMAX(N,K,IW)), - u
& K = KMIN(N,IW),KMAX(N,IW)), ck
& N =1, NHT) -n

10 CONTINUE

ENDIF
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1.3.4 Stator Code: 40 < ICODE < 50

1.3.4.1 Header Cards

Information in Cards 12 through 16 are only used to confirm for the user which Acoustic Properties
File the user has chosen. These parameters are not used in code calculations. Parameters in Cards
10 and 11 (with the exception of X1 and X2) are used to calculate power in the code. X1 and X2 are
not presently used for calculations in the code, but are expected to be needed in the future.

Card 10: Geometry and performance at the interface plane upstream of the region

SIGMART1: Hub to tip ratio of the duct at X1. This number should, strictly speaking, be the same
for two codes meeting at a given interface plane.

X1: Axial Location of the interface plane upstream of the acoustic element relative to the origin
(non—dimensionalized by DFAN) as specified by the user.

DIA1: Outer duct diameter of the interface plane upstream of the acoustic element
(non—dimensionalized by DFAN)

MX1: Mass averaged axial Mach number at the interface plane upstream of the acoustic element.
MTIP1: tip rotational Mach number at the interface plane upstream of the acoustic element.

PS1: Mass averaged static pressure at the interface plane upstream of the acoustic element
(non—dimensionalized by PINF).

TS1: Mass averaged static temperature at the interface plane upstream of the acoustic element
(non—dimensionalized by TINF).

Card 11: Geometry and performance at the interface plane downstream of the region

SIGMAR?2: Hub to tip ratio of the Duct at X2. This number should, strictly speaking, be the same
for two codes meeting at a given interface plane.

X2: Axial location of the interface plane downstream of the acoustic element relative to the origin
(non—dimensionalized by DFAN) as specified by the user.

DIA2: Outer duct diameter of the interface plane downstream of the acoustic element
(non—dimensionalized by DFAN).

MX2: Mass averaged axial Mach number at the interface plane downstream of the acoustic
element.

MTIP2: tip rotational Mach number at the interface plane downstream of the acoustic element.

PS2: Mass averaged static pressure at the interface plane downstream of the acoustic element
(non—dimensionalized by PINF).

TS2: Mass averaged static temperature at the interface plane downstream of the acoustic element
(non—dimensionalized by TINF).

Card 12: NDAT: Number of Streamlines where geometry is specified

Card 13: DIA(I),I=1,NDAT: Streamline diameter (non—dimensionalized by DFAN)

Card 14: SSOLIDITY(I),I=1,NDAT: Stator Solidity (stator chord/stator pitch)

Card 15: SALPHCH(I), I=1,NDAT: Stator Stagger Angle relative to the circumferential direction

(degrees). This is normally considered to be a number between 0 and 110 degrees.
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Card 16: SSOC(I), I=1,NDAT: Upstream rotor trailing edge to stator leading edge aerodynamic
Spacing to upstream rotor aerodynamic chord for each streamline (Set equal to zero if there
is no upstream rotor).

1.3.4.2 Scattering Coefficients (see Section 1.3.6)

Card 17: Write: FORMAT(1X,’Scattering Matrix and Source Vector’)

Card 18: Write: FORMAT(1X,’Scattering Matrix’)

Card 19: Scattering coefficients as follows

C
C  WRITE SCATTERING MATRIX INFORMATION S5, §;3, S74, AT THE
C INTERFACE PLANE UPSTREAM OF THIS REGION. THESE SCATTERING
C  COEFFICIENTS CORRESPOND TO DOWNSTREAM PROPAGATING WAVES
C ENTERING THE UPSTREAM INTERFACE PLANE AND BEING REFLECTED
C  BY THE ELEMENT BACK OUT AS UPSTREAM WAVES.
C
DO 70 IW = NUPSTRE+1,NWAVETYPE
DO 80 IWP = 1, NUPSTRE
WRITE(IUNIT,999)((((( S¥H(N, K, KP, MU, MUP),

& MU =0, MUMAX(N,K,IW)), —u

& MUP = 0, MUMAX(N,KPIWP)), o

& K = KMIN(N,IW), KMAX(N,IW)), —k

& KP = KMIN(N,IWP),KMAX(N,IWP)), -k

& N =1, NHT) en

80 CONTINUE
70  CONTINUE

C
C  WRITE SCATTERING MATRIX INFORMATION, S;;, AT THE INTERFACE
C PLANE UPSTREAM OF THIS REGION. THESE SCATTERING COEFFICIENTS
C  CORRESPOND TO UPSTREAM PROPAGATING WAVES AT THE
C DOWNSTREAM INTERFACE BEING TRANSMITTED THROUGH THE
C  ACOUSTIC ELEMENT TO THE UPSTREAM INTERFACE
C
DO 90 IW = 1, NUPSTRE
DO 100 IWP = 1, NUPSTRE
WRITE(IUNIT,999)((((( S¥Py(N, K, KP, MU, MUP),
& MU =0, MUMAX(N,K,IW)), - u
&  MUP =0, MUMAX(N,KPIWP)), -
& K = KMIN(N,IW), KMAX(N,IW)), <k
& KP = KMIN(N,IWP),KMAX(N,IWP)), -k
& N =1, NHT) en

100 CONTINUE
90 CONTINUE
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WRITE S5, S32, S42, 823, 833, S43, S24, 834, S44. THESE COEFFICIENTS

CORRESPOND TO DOWNSTREAM PROPAGATING WAVES INPUT INTO THE
REGION AT THE UPSTREAM INTERFACE PLANE WHICH ARE
TRANSMITTED THROUGH THE ELEMENT TO THE DOWNSTREAM
INTERFACE PLANE

aoaoaoaoaaan

DO 90 IW = NUPSTRE+1,NWAVETYPE
DO 100 IWP = NUPSTRE+1,NWAVETYPE

WRITE(IUNIT999 SDU (N, K, KP, MU, MUP),
W

& MU =0, MUMAX(N,K,IW)), - u
&  MUP =0, MUMAX(N,KPIWP)), -w
& K = KMIN(N,JW), KMAX(N,IW)), —k
&  KP = KMIN(N,IWP),KMAX(N,IWP)), -k
& N =1, NHT) “n

100 CONTINUE
90 CONTINUE

C
C  WRITE SCATTERING MATRIX INFORMATION, S»;, 837, S47, AT THE
C INTERFACE PLANE DOWNSTREAM OF THIS REGION. THESE SCATTERING
C  COEFFICIENTS CORRESPOND TO UPSTREAM PROPAGATING WAVES
C  REFLECTED BY THE ACOUSTIC ELEMENT AS DOWNSTREAM
C  PROPAGATING WAVES.
C
DO 110 IW = 1,NUPSTRE
DO 120 IWP = NUPSTRE +1,NWAVETYPE
WRITE(IUNIT,999)((((( Shhy(N, K, KP, MU, MUP),

& MU =0, MUMAX(N,K,IW)), - u

& MUP = 0, MUMAX(N,KPIWP)), -

& K = KMIN(N,IW), KMAX(N,IW)), <k

& KP = KMIN(N,IWP),KMAX(N,IWP)), s

& N =1, NHT) en

120 CONTINUE
110 CONTINUE
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1.3.4.3 Source Vector (see Section 1.3.6)

Card 20: IFORCE = 0 No Source Vector is Input
= 1 Source Vector is input

IF IFORCE = 1:
Card 21: Write: FORMAT(1X,’Source Vector’)
Card 22: Upstream propagating pressure mode amplitudes normalized by PINF

DO 10 IW = 1,NUPSTRE
READ(IUNIT,;999) ((( BY(MU,K,N),

& MU =0, MUMAX(N,K,IW)), - u
& K = KMIN(N,IW),KMAX(N,IW)), k
& N =1, NHT) -n

10 CONTINUE
Card 23: Downstream propagating pressure mode amplitudes normalized by PINF

DO 10 IW = NUPSTRE + 1,NPRESDIR
READ(IUNIT,;999) ((( BY(MU,K,N),

& MU =0, MUMAX(N,K,IW)), - u
& K = KMIN(N,IW),KMAX(N,IW)), ck
& N =1, NHT) -n

10 CONTINUE
Card 24: Downstream propagating vorticity waves normalized by c.

DO 10 IW = NPRESDIR + 1, NWAVETYPE
READ(IUNIT,;999) ((( BY(MU,K,N),

& MU =0, MUMAX(N,K,IW)), - u
& K = KMIN(N,IW),KMAX(N,IW)), ck
& N =1, NHT) -n

10 CONTINUE

ENDIF
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1.3.5 Aft Radiation Code: 20 < ICODE < 30
1.3.5.1 Header Cards

Information in Cards 11 through 16 are only used to confirm for the user which Acoustic Properties
File the user has chosen. These parameters are not used in code calculations. While parameters in
Card 10 are not presently required for code calculations, this information expected to be required for
code calculations in the future.

Card 10:
e SIGMAR: Hub to tip ratio of the duct at XINTER. This number should, strictly speaking, be the

same for two codes meeting at a given interface plane.

e XINTER: Axial location of the interface plane relative to the origin (non—dimensionalized by
DFAN) as specified by the user.

e MINF: Far—field axial Mach number (far from the nacelle, positive downstream)

e MDUCT: Mass averaged axial Mach number at the interface plane (positive downstream)

Card 11: NLINO: Number of acoustically Lined Elements (outer wall). Set this value equal to zero
if there is no outer wall liner.

If (NLINO .GT. 0 ) THEN

Card 12:

¢  MBEGO: Outer wall element number for start of liner

* XBEGO: Axial location where outer liner begins relative to the origin (non—dimensionalized by
DFAN) as specified by the user.

* XENDO: Axial Location where outer liner ends relative to the origin (non—dimensionalized by
DFAN) as specified by the user.

Card 13: WRITE(IUNIT,999) ZIMPO(I),[=MBEGO,NLINO+MBEGO: Liner impedance
(Resistance, Reactance) for each element on outer wall non—dimensionalized by local gc (i.e.
density x acoustic speed).

ENDIF

Card 14: NLINI: Number of acoustically lined elements (inner wall). Set this value equal to zero if
there is no inner wall liner.

If ( NLINI .GT. 0 ) THEN
Card 15:

e MBEGI: Inner wall element number for start of liner

e XBEGTI: Axial location where inner liner begins relative to the origin (non—dimensionalized by
DFAN) as specified by the user.

e XENDI: Axial Location where inner liner ends relative to the origin (non—dimensionalized by
DFAN) as specified by the user.
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Card 16: WRITE(IUNIT,999) ZIMPI(I),I=MBEGINLINI+MBEGI: Liner impedance

ENDIF

(Resistance, Reactance) for each element on the inner wall non—dimensionalized by local oc
(i.e. density x acoustic speed).

1.3.5.2 Scattering Coefficients (see Section 1.3.6)

Card 17: Write: FORMAT(1X,’Scattering Matrix and Source Vector’)

Card 18: Write: FORMAT(1X,’Scattering Matrix’)

Card 19: Scattering coefficients as follows

aoaoaoaoaoaoaaan

a

C

20

WRITE SCATTERING MATRIX INFORMATION, S;>, AT THE INTERFACE
PLANE UPSTREAM OF THIS REGION. THESE SCATTERING
COEFFICIENTS CORRESPOND TO DOWNSTREAM PROPAGATING WAVES
SCATTERED INTO UPSTREAM PROPAGATING WAVES. NOTE THAT

S13 & S14 ARE NOT WRITTEN SINCE THEY ARE VORTICITY WAVE BASED.
VORTICITY WAVES ARE NOT MODELED AS INPUT TO THE AFT
RADIATION CODES. THUS S;3 AND S74 ARE ZERO.

DO 10 IW = NUPSTRE+1,NPRESDIR

R o e e

DO 20 IWP = 1, NUPSTRE

WRITE(IUNIT,999)(((( SH9(N,K,MU,MUP),

MUP =0, MUMAX(N,K,IWP)), -

MU = 0, MUMAX(N,K,IW)), -

K = KMIN(N,IW),KMAX(N,IW)), k

N =1, NHT) “n
CONTINUE

10 CONTINUE
1.3.5.3 Source Vector (see Section 1.3.6)

Card 20: IFORCE = 0 No Source Vector is Input

= 1 Source Vector is input

IF IFORCE = 1:

Card 21: Write: FORMAT(1X,’Source Vector’)

Card 22: Upstream propagating pressure mode amplitudes normalized by PINF

DO 10 IW = 1,NUPSTRE

READ(IUNIT,;999) ((( BY(MU,K,N),

& MU =0, MUMAX(N,K,IW)), - u
& K = KMIN(N,IW),KMAX(N,IW)), ck
& N =1, NHT) -n

10 CONTINUE
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Card 23: Downstream propagating pressure mode amplitudes normalized by PINF

DO 10 IW = NUPSTRE + 1,NPRESDIR
READ(IUNIT,;999) ((( BY(MU,K,N),

& MU =0, MUMAX(N,K,IW)), - u
& K = KMIN(N,IW),KMAX(N,IW)), ck
& N =1, NHT) -n

10 CONTINUE
Card 24: Downstream propagating vorticity waves normalized by c.

DO 10 IW = NPRESDIR + 1, NWAVETYPE
READ(IUNIT,;999) ((( BY(MU,K,N),

& MU =0, MUMAX(N,K,IW)), - u
& K = KMIN(N,IW),KMAX(N,IW)), ck
& N =1, NHT) -n

10 CONTINUE

ENDIF

1.3.5.4 Farfield Directivities

Card 25: Write: FORMAT(1X, Farfield Directivities’)

* NANGLE: Number of polar angles (6 in Figure 5) in the directivity pattern. The code will
interpolate these angles to form an array every 19 from 0°< ANGLE < 1800. In the present code,
any angle which is within 25° of the forward most computational boundary will be discarded. This
is consistent with the baffle boundary condition which presently is found in the Eversman Aft
Radiation code.

* DARRAY: Radial distance (R in Figure 5) from the origin non—dimensionalized by DFAN
(origin specified by the user) of the polar directivity array.

Card 26: Far—field angle in degrees (0 is in front of the inlet)

e  WRITE(IUNIT,*)( ANGLE(IANGLE), IANGLE = 1, NANGLE)
Card 27: Write: FORMAT(1X,”COMPLEX PRESSURE DIRECTIVITIES’)

Card 28: Complex pressure directivities (real and imaginary parts of the directivities for each mode):

DO 10 IW = NUPSTRE + 1,NPRESDIR
C
WRITE(IUNIT,999) (((( DIRECTIN(N,K,MU,IANGLE),

IANGLE = 1, NANGLE),
MU =0, MUMAX(N,K,IW)),
K = KMIN(N,IW), KMAX(N,IW))
N =1, NHT)

10 CONTINUE
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1.3.6  Format for Scattering Coefficient and Source Vector Output

Section 3.2 discusses the conventions for the scattering coefficients and source vector information in
CUP3D. Further discussion of the “Kinematics of Mode Scattering” may also be found in Reference
1. The discussion in this section will center on how scattering coefficients and source vectors are
non—dimensionalized and represented in CUP3D.

A two sided Fourier transform is utilized where the complex scattering coefficient and source vector
amplitudes represent values of the coefficients in this series. Equations (20) through (25) in Section
3.2 give further details. Only the positive harmonics of the source vectors and scattering coefficients
are input. Because the code works with tone noise, the negative harmonics are assumed by the code
to be the complex conjugates of the positive harmonics with the exception of rotor scattering. In the
rotor case, positive harmonics scatter into negative harmonics thus requiring scattering coefficients
to be input.

All scattering coefficients, source vectors and far—field directivities are read in with format given by:
999 FORMAT(10E13.6)
where this format will include five coefficients (i.e. real and imaginary parts) per line.

The scattering coefficients, S, are effectively the reflection and transmission coefficients for each
acoustic element. The scattering coefficients take on the form S;fW where the scattering coefficient

subscripts denote the wave type, W, being scattered into the wave type, W’. The superscripts denote
interface plane, P, scattering into the interface plane, P’.

All source vector information should be non—dimensionalized by:

* The ambient pressure, PINF for pressures waves,

e The ambient acoustic speed, ¢, = /¥.R,T«» where T, = TINEF, for vorticity waves.

TINF and PINF are defined as the static temperature and pressure far from the nacelle.

In the present code, the following wave types are in use:

W = 1 Upstream going pressure waves

W = 2 Downstream going pressure waves

W = 3 “no—w” vorticity wave (downstream only)
W = 4 “no—u” vorticity wave (downstream only)

In Sections 1.3.2 to 1.3.5, FORTRAN comment statements are shown which refer only to these four
wave types. However, the number of wave types can be changed by changing NUPSTRE,
NPRESDIR, and/or NWAVETYPE in the parameter statements in the CUP3D code.

For scattering coefficient and source vector input formats discussed in Sections 1.3.2 to 1.3.5, the
superscripts (P and P’) are given by:

U = interface plane upstream of acoustic element = [UPSTR(IREGION) in CUP3D System File

D = interface plane downstream of acoustic element = IDWNST(IREGION) in CUP3D System File
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For scattering coefficient and source vector input formats discussed in Sections 1.3.2 to 1.3.5 the
subscripts (W and W) are given by:

W=1IW = Wave type of the wave travelling into the acoustic element
i.e. right hand side of Equation (15)

W = IWP = Wave type for the wave leaving the acoustic element (i.e. the scattered wave)
i.e. left hand side of Equation (15)

NUPSTRE = Number of upstream travelling pressure wave types (= 1 in the present code)
NPRESDIR = Total number of pressure wave types (= 2 in the present code)

NWAVETYPE = Total number of wave types: pressure + vorticity (= 4 in the present code)
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APPENDIX Il: POWER CALCULATION IN CUP3D COUPLED
CASCADE CODE

The objective of this appendix is to develop the equations being used to calculate power in CUP3D.
The sound power level is calculated at interface planes just upstream and just downstream of the noise
source. The following assumptions are made at those interface planes:

e Locally constant area annular duct,
* Locally uniform axial flow

As a result, for the sound power calculation, the standard Tyler/Sofrin modes (Reference 13) are used.
A more general formulation may be developed in the future.

From Equation (4), the perturbation pressure is assumed to be of the form:
PhX.r 1) = Z S S Al (e (et bex)oma] gy
=—owk=—oou=0
Perturbation velocity may be related to perturbation pressure by:
uplX,r,9,1) = Z Z Z RWnk,M Wnkﬂmeﬂ( rle [m¢+yw WX ) nBQt] (IL.2)
=—owk=—oou=0
R{,)Vnkﬂ may then be found using the small perturbation, unsteady axial momentum equation for a

uniform axial mean flow (consistent with Equation C.11 in Reference 11):

ou 19p
St UP pp o =0 (IL.3)

Substituting Equations (II.1) and (I1.2) into Equation (II.3) we get:

e
ic m( — nBQ + UPVIV)Vnk‘M )R{,’Vnkﬂ =~ ip, yWnk/,{ (IL.4)

r,
Multiply through by — o ” and solve for RY, nk 1O EEL:

~P

P _ P=
RWnk/A - CoopPCPRWnk/A (IIS)
Where:
P
P Y Wik

~P
nBM;, — M.y y, »

Note that for propagating waves, R{,’V is real. This expression is consistent with Equation C.14 in
nku
Reference 11 except that Reference 11 non—dimensionalizes differently.
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The equation for time dependent intensity in a uniform axial flow is used i.e. Equation C.4 in
Reference 11 or Equation 101 in Reference 1:

IpX.r.p.t) = (1 + M Jpjuy, + 5 pc (pP) xp(ul;’V)z (I1.7)

Upstream acoustic power will be calculated at the interface plane, P = I using upstream propagating
acoustic waves (for a uniform axial flow there is one upstream going acoustic pressure wave type: W
= 1). Downstream acoustic power needs to be calculated at the last interface plane, P = N}, using
downstream acoustic pressure waves (for a uniform axial flow there is one downstream going acoustic
pressure wave type: W = 2). Acoustic power is expressed by:

Tq 27 1 2n

I, = J J I rdpdr = rﬁj J I prdepdr (I1.8)

0 g 0

where 7 is the dimensional radius and I, is the time average intensity of /,. To get I, realize that only
cuton modes contribute to the sound power level. In Equations (II.1) and (II.2) the perturbation
pressure, ph, and perturbation velocity, uf, are real. This means that pf, = p}, and uf, = uf, .
If Nj, is given as the number of BPF harmonics being calculated and only cuton modes are included

in the summation, then substitution of Equations (II.1) and (IL.2) into Equation (I1.7) leads to:

IP(Xr ¢7t) -
N
ZN ;z ZN kzzwmu’/) elr= 'V)X XP) —iln—n")BQuyi(m~ m)¢A€VnkyA€Vnku Ilnk/m'k'y' (119)
==y won'=-=N, u

where:

M :
— 2 x P
Lo = [(1 + M3, Jp wc RW ww tp PC; + ppepMyc% WnkMRWn,k,M,] (IL.10)

To get the time average intensity at interface plane, P, note that:
e Tin=mIBA = 5 | (IL11)
so that Equation (I1.9) becomes:
XP’r ¢ Z Z Z Z ZAWnk/A Wak'u' 1nk/4k/4 wmﬂwmﬂ elr=v L XP) =k (I1.12)
n=-N, k

where the subscripts on /; in Equation (I1.10) has been contracted in the obvious way. Substitute this
equation into Equation (IL.8):

1 27

P - rd z z z z ZAWnku Wank'u" lnkyk'y’ei(yy,)(XXP)j j wmywm'ﬂ'ei(kik,)w)rdq&dr (1113)

n=-N
h a0
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The integral over ¢ yields a Kronecker delta:
2w
J e~ 1k=KVoqp = 270, (IL.14)
0

so that:

n=-N, k

1
Zﬂrd Z ZZZAWnk/A Wnky’llnk/m (y V- XP)me/ﬂ/)mM dr (HlS)

The orthogonality condition for the radial eigenmodes is:

1

J Yol A = 0 Cry (IL.16)
o
Thus when u' = u:
1
J Yiyrdr = Cpy (I11.17)

g

This integral is evaluated in Appendix I1I to determine the value of Gy, In addition, since negative
harmonics are equal to positive harmonics, use positive harmonics only and multiply Equation (II.15)
by 2. The Kronecker delta in Equation (I1.16) enables the 4’ summation and eliminates the final
exponential in Equation (II.15) since all of the implied subscripts ony and y’ are now equal. Therefore
Equation (II.15) becomes:

= dor? Z Z ZAWW Wnkﬂllnkﬂcmﬂ (I.18)

Equation (II.10) can now be substituted back into Equation (II.18):

- 4JTI’d Z Z ZA Wnkﬂ Wnky

M,
[(1 +M%P)pooc RWnk/,{ Pir ——Pp2 o+ chprPcz WnkMRgVnkM]Cm‘u (I1.19)

2
Non—dimensionalize power by p «C » (2r d) so that:

=7 Z Z ZAWnk/A Whnku

M,
p°° C
[(1 + M2 )R{,’Vnkﬂ 5 PC; et ppepMe, = Rl;’VnkMRl;’VnkM]CmM (11.20)
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Substitute Equation (I1.5) into Equation (I1.20) to get:

~

HP ppCpCoo Z Z ZAWnk/A Whnku

n=1k u

~p ~p  ~p’
[(1 + ME )Ry, + My, + Mx,,RWnkMRWnkM]CmM (IL.21)

Since the y’s are real for propagating modes, Equation (II.6) shows that éé’y = éé’y and Equation
(I1.21) becomes:

~

2
Op = ngees pc o Z Z Z}Awnk Il [ 1+ M2 )R + M, + Mxp(éé’ynkﬂ) ]Cmﬂ (I1.22)

2 _ VaP
19

2
1Ip = Vapp /Tp Z Z Z}Awnk ‘ [ 1+ M? )ngnkﬂ + M., + Mxp(éé’ynkﬂ) ]Cmﬂ (I1.23)

This equation gives the sound power for blade passing frequency harmonics combined up to harmonic,
Nj,. The limits for k and ¢ are set by the number of cuton modes.

Since ¢

= v,R,T where P = mean static pressure, Equation (I.22) can be written:

This equation can also be expressed as the sum of modal power levels, I1 Pk where:

N, A
= > > >, (IL.24)
n=1k u

and:

/ 2
e — p TP 2 P ~p

This equation is equivalent to Equations (33) and (34). éi’yn,w is found in Equation (II.6) consistent
with Equation (35), and Cyy, is found in Appendix II1.

Thus, sound power level for a particular harmonic is:
p, = > > Mp,, (I1.26)
k u
where the summation is over propagating modes.

57



APPENDIX Ill: NORMALIZATION OF THE UNIFORM FLOW
DUCT MODES

The purpose of this appendix is to evaluate the integral in Equation (I1.17) analytically. Start with the
expression for Bessel’s equation for the radial direction. This equation is developed by applying the
method of separation of variables to the convected wave equation in a mean axial flow. The equation
related to the radial direction corresponds to Equation 4.4 in Reference 11.

fdii;(ff) + dw;;f) + (Kzf - m?z)w(xf) =0 (II1.1)

where «x is the separation constant and 7 is the dimensional radius. It will later be shown to also be
the mode eigenvalue.

With the notation ' = 62—1/;:

The boundary conditions for this equation for a hardwalled annular duct are:

W'(ry) = 0 (I1L.3)
W'(ir,) = 0 (I1L4)

Multiply Equation (I11.2) by 27’ (x7):
2y + 27y ) + 2(%272 - mz)z/)z/)’ =0 (11L5)

!

Noting that [(ﬁp’)z] = 2/ "y + 27(1/)’)2 and (zpz), = 2yy' Equation (IIL.5) becomes:

[(ﬁp’)z] = — (%7 = m?)y?) (IIL6)
Integrate both sides of this equation across the duct:
Ta Ta
J [(ﬁ/}')z] dr = — J (Kzfz - mz)(zpz)'df (I1L.7)
Ty Ty

- {fh‘/"(’%)}z] = - f(’czfz — m?)(y?) dr (I11.8)

T

2

[{fd‘/"(”rd)}

By applying boundary conditions Equations (I11.3) and (II1.4) to Equation (III.8), the left hand side
of this equation becomes zero and the 1 on the right hand side becomes the eigenfunction wmﬂ(xmﬂr),
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within a constant. However, we do not apply the subscripts until the normalization is defined below.
Therefore:

Ta
0= — J (KZfZ - mz)(zpz)'df (IIL9)
Tn
Integrating the right hand side by parts and rearranging:

r
ry d

%(fz _ %2)1/,2‘ _ J w2rdr (111.10)
4
or:
Ta
3 (3= 2ot - (3 - 22 ot = [ o anin

"n

Factor out rﬁ, normalize x by 7; and normalize 7 by ;. Also normalize ¥ by ¥4 Where YPmax is the
maximum value of each mode eigenfunction (Ymax = 1 in CUP3D). Thus: #x,, = xr,

r . . 7o . . .
o= % = hub/tip ratio of the duct, and r = ”Ld is the non—dimensional radius. Therefore:

mu mu

1
%[(1 - ZTz)zp,%lﬂ(xmﬂ) - (02 — g_z)wgw(xmﬂa)] = J Yiyrdr (IIL.12)

The integral on the right hand side of this equation is the same as the left hand side of Equation (11.17).
Thus Gy, is:

1 2 2
Co = 5 [ (1 - —7’3 )zp,%w(;cmﬂ) - (02 - _7?; )wgw(;cmﬂa)] (111.13)
mu mu

This equation applies to a locally constant area hardwall annular duct with locally uniform axial flow.

Kmu are the mode eigenvalues and 9y, are the mode eigenfunctions. Note that to calculate power
only the mode eigenfunctions at the hub and tip locations are required.
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APPENDIX IV:CALCULATING THE TOTAL ACOUSTIC
FAR-FIELD PRESSURE

The purpose of this section is to derive the equations for the far—field directivity using the state vector
solution (i.e. mode amplitudes) from CUP3D. CUP3D assumes that the system is formulated in the
frequency domain where acoustic pressure is represented by the superposition of (/m, 4) modes for
each blade passing frequency harmonic. In polar coordinates of Figure 5 acoustic pressure can be
expressed by:

P(R,6,¢,1) Z Z Z Pt (R, 0)e (=152 (IV.1)

:—ook_—oo/,{ 0

where Py A€ the complex pressure mode amplitude coefficients obtained at the desired far—field
points from a radiation code. Since negative harmonics are the complex conjugate of positive
harmonics (i.e. p_,_y, = DPrk):

P(R,6,¢,t) = 2Re{z > PR e)e“mfﬁ—"BQf)} (IV.2)

n=1k=—00[u=0

Equation (IV.1) as applied to the far—field can also be expressed as the combination of pressure waves
propagating from the inlet and nozzle. Thus:

where pp,.,(R,0) is the inlet complex pressure directivity for each (m, ) mode, and p Ank,u(R’ 0) is
the aft complex pressure directivity for each (m,u) mode. These complex pressure directivities can
also be expressed as a superposition of state vector amplitudes, A%, nhst? multiplied by directivity shape

functions, Dy, , at interface planes just upstream and just downstream of the noise source, for each
radial mode order.

For inlet noise the interface plane, P, where the inlet is connected to the noise source is used (e.g. in
Figure 7, P = 1) to obtain the upstream propagating pressure waves from the state vector, A{,’Vnkﬂ and
the mode inlet directivity shape functions, D IWnkﬂ(R’ 0). The CUP3D code is configured to permit

multiple upstream pressure wave types so that these pressures are added together to obtain the
complex pressure directivity for each (m, u) mode, pj,,(R,6). The number of forward propagating

pressure wave types is given as Nypsyr. Thus:
UPS'TR

plnky(R7 0) = Z A DIWnky(R’ 0) (IV4)

Note that for all modal representations developed to date (e.g. Reference 14) only one type of forward
propagating mode has been found (i.e. Nyps7r = 1). However, CUP3D uses Equation (IV.4) as shown
to permit more upstream pressure wave types to be added in the future, if necessary.

For aft noise the interface plane where the aft radiation code is connected to the noise source is used
(e.g. in Figure 7, P = 3) to obtain the downstream propagating pressure waves from the state vector,
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Aﬁ,nkﬂ and the mode aft directivity shape functions, D Ak (B> 0)- The CUP3D code is configured

to permit multiple downstream pressure wave types so that these pressures are added together to
obtain the complex pressure directivity for each (m,u) mode, p 4, ky(R’ 6). The number of propagating
pressure wave types is assumed below to be Npresprr so that the aft pressure directivity for each (m,u)
mode becomes:

N PRESDIR

PanaRO) = > Ay D i (R>0) (IV.5)

W=Nypsrr+1

For the modes presently in TFaNS and discussed in Section 3.2, Nprespir = 2. However, CUP3D uses
Equation (IV.5) as shown to permit more downstream pressure wave types to be added in the future,
if necessary.

Thus, to calculate the far—field directivity the following items are needed for each pressure wave type:

1. The solution to the state vector, A{,’Vnkﬂ, at the interface plane where a radiation acoustic element
is connected to the noise source, inlet and aft.

2. Directivity shapes for each propagating pressure wave type from an inlet radiation calculation,
D IWnk/,t(R’ 0) and an aft radiation calculation, D , Wnkﬂ(R, 0). These are determined by inputting
unit mode amplitudes into a radiation code and then calculating the far—field directivities.

Also, CUP3D calculates the following far—field pressure directivities:

* Total far—field sound pressure level (SPL) directivity (inlet and aft combined)
for each harmonic

e Inlet SPL directivity for each harmonic

» Aft SPL directivity for each harmonic

e Inlet, aft and total SPL directivities for each circumferential mode order at each
harmonic (summed over all radial mode orders)

e Inlet, aft and total SPL directivities for each circumferential and radial mode
order at each harmonic

For this derivation we will concentrate on total directivities which can be represented as the
combination of the inlet and aft directivities. Then more simplified forms of the equations will be
derived. Given Equations (IV.1), (IV.3), (IV.4), and (IV.5), the acoustic pressure in the far—field at
a given directivity angle in CUP3D is:

e} e} e}

P(R, 0,¢,t) _ Z Z ZplnkM(R’e)ei(m(p—nBQt) + pAnkM(R’Q)ei(mrp—nBQt) (IV.6)
n=-—o0wk=—o0oyu=0

Or given that m = nB — kV-

R 0 ¢, i i i [plnkﬂ + pAnkM]ei[(nB—kV)(p—nB.Qt] (IV7)
=0

Let ©,,(¢,t) = (nB — kV)¢p — nBQt so that Equation (IV.7) becomes:

PIR,0,¢,) Z Z Z[plnkﬂ +pAnk/4]ei@nk(¢J) (IV.8)

= =—°°/,4=0
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This equation now needs to be processed to obtain the root mean square acoustic pressure as follows:

P(R,0) = /P*(R,6,,t) (IV.9)

The notation implies the following operations: first square P, then time and circumferentially average
P2, and then take the square root. A circumferential average is being calculated because we rarely
know the engine azimuthal angle relative to the location of engine circumferential origin. Thus:

i i i zplnky +pAnk elonk(¢t)[P1 k! +pAnk ] IO 94) (IV°10)

Substituting back in for @, (¢,t) and rearranging the exponent gives:

The magnitudes in the above equation can also be expressed as the summation over all 4’s. Thus
rearrange this equation to get:

P2 = i i i i {i[plﬂkﬂ +pAnk/4]}{ i plnky +pAnkM]}ei{[(nn')B(kk')V]¢(nn')BQt}(IV12)

Now average over time. It can be seen that when n = n’, then the acoustic pressure is sinusoidal and

acoustic pressure over time averages to zero. Thus we get ¢!t ="' }B9 = 0, and Equation (IV.12)
becomes:

PZ(R7 97¢7t) = z i i [i[pmkﬂ +pAnk/4 ][iplnky +pAnk;4 ] 7i[(k7k')[/]¢ (IV13)

n=—ok=—o0ok'=— u=0
Let:
nk = {Z[plnkﬂ + pAnk/A]} (IV14)
u=0
and:

k' = {Z [p;nk’// + p:lnk’ﬂ’]} (IVlS)
u'=0

So that Equation (IV.13) becomes:

PRO.¢.0) = D> > D pupwe 1ETENY (IV.16)

n=—owk=—owok'=—wx

This can also be expressed as a one sided series on n where:

PAR,O.0,1) = > > > pupme HETKMP 4 p pT e HEZKVIO (1v17)
n=lk=—-—ok'=—w
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where we have dropped the n = 0 term. In the second term note that: p_, = p, . and
P = Pn—k SO that:

PRO.$.0) =2 > > pupuce (69 (IV.18)

n=lk=—owk'=—w

Equation (IV.18) shows that the root mean square acoustic field is spatially periodic in the ¢
(circumferential) direction with the same number of lobes as vanes. Substituting back Equations
(IV.14) and (IV.15):

PZ(R 9 ¢’ ) =2 z z z [z plnky + pAnky]] [ Z[p;nk'y' + p:lnk'y']]ei[(kk,)‘/]d) (IV19)
—1k=— =— u=0 u'=0
For our purposes we want the mean square pressure directivity for each harmonic separately so that:
PZ(R 9 ¢’ t) =2 z z [z plnky + pAnky]] [ z [p;nk'y' + p:lnk'y']]ei[(kk,)vw (I\/‘zo)
k=—o0k'=—o0 | u=0 u'=0

The square root:

0

\/PZ(R 9 ¢7 - [plnky + pAnky]] [ Z[p;nk'y' + p:lnk'ﬂ']]ei[(kk,)vw (I\/‘zl)
k—fook =— ;4 0

u'=0

is the general equation for the root mean square pressure directivity at an arbitrary circumferential
angle. This equation is useful if the engine azimuthal angle is known relative to a known
circumferential origin. In general the circumferential origin and the azimuthal angle may be known,
but the effect of phase shifting in the noise measurement equipment is not known accurately. Thus,
it is desirable to average Equation (IV.20) circumferentially. In Equation (IV.20), whenk # k’, then

the pressure is sinusoidal and averages to zero circumferentially. Therefore e k=% = ¢ ., so
that:

—0

PXR,60,$,0) = PuPy =2 > {Z[p,n,w +pAn,w]}{ > [Pt +pj;,,kﬂr]} (IV.22)
u

Since the summation over u is the complex conjugate of the summation over u':

2

Z ‘/E I:plnkﬂ + pAnk/A]

u=0

Pi(R,0,0,t) = i

k=— o

(IV.23)

To get Equation (IV.9) take the square root of Equation (IV.23) and rearrange to get Equation (41)
in Section 3.4.2:

2

P.(R,6) = Z

k=—

Z /2 2P 1k + Z /2 2D gk

u=0

(IV.24)
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This gives us the root mean square of the total harmonic pressure pattern averaged circumferentially.

Note that pressure as input to CUP3D is normalized by a reference pressure, p.,. Since % =/ P=,21,
to get far—field SPL Levels:

SPL o = 2010g p=Pr(R.6) (IV.25)
P ref
where P = 20uPa.

Simplified versions of Equation (IV.24) are discussed in Section 3.4.2.
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APPENDIX V: MODIFYING EVERSMAN INLET AND AFT
RADIATION CODES TO INCORPORATE THEM
INTO TFaNS

The Eversman Inlet and Aft Radiation Codes have been incorporated into TFaNS to calculate far—
field noise and provide internal reflections from inlets and nozzles. The purpose of this appendix is
to discuss the modifications to these codes and to derive the equations used in the modified codes.
Modifications to the radiation codes include:

* Capability to run multiple modes and harmonics with unit input.

e Dimensional input format based on standard geometry and performance param-
eters.

* An Acoustic Properties File output for use by CUP3D.

In the sections which follow, these modifications will be further discussed.
V.1 MULTIPLE MODE RUNNING & CHANGES TO THE INPUT FORMAT

The capability to run multiple modes and harmonics was added by creating a mode search routine.
This routine decides which mode and frequencies to run through a radiation module and then runs
the module with unit input for each (m,u) mode.

As part of the creation of TFaNS versions of the inlet and aft radiation modules, the input file format
was changed to be more consistent with standard design parameters. Two parameters are now calcu-
lated instead of being input: The reduced frequency, ETAR (#,) and the circumferential mode order,
m. The reduced frequency is defined by:

wr
= (V1)
. 2nN
Since w = nBQ, cw = JYiRsT », and Q = 60 1.
N
Ny = ngi (V.2)
360 ,/y.R,T
where:
Ny = fan rotational speed (rpm)
4 = fan duct radius (inches)
R, =Ideal gas constant for air = 1716.5 ft*/sec? 'R
YVa = ratio of specific heats = 1.4 for air

In an adiabatic flow the total temperature and static temperature can be related to the axial Mach
number far from the nacelle as:

1 Ya 2
T 1+ 3 M; ., (V.3)

Therefore substituting Equation (V.3) into Equation (V.2):

12
nr = BN (1 $ e 1M%m) (Vi)

360 [yaRaTy, 2
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A common design parameter is the corrected fan rotational speed, N,,:

N, = (V.5)
1lc Tol
518.67
Substituting Equation (V.5) into Equation (V.4):
nr = nBMy, (V.6)
where:
N . 1/2
M, = TN Ty (1 4 Va : M%m) V.7
360 \/y.R.(518.67)

Equations (V.6) and (V.7) are used by both the inlet and aft radiation codes. N, 7; and B are input

by the user. M, . is the Mach number far from the nacelle and is available from the radiation code
mesh generation output file.

Also calculated by the TFaNS radiation modules is the circumferential mode order, m = nB —kV. This
is accomplished by having the user input the number of stator vanes, }'into the code. The mode search
routine then determines the modes it needs to calculate by varying k and u for a user specified number
of BPF harmonics, 7.

V.2 MODIFYING RADIATION CODES TO OUTPUT ACOUSTIC
PROPERTIES FILES

To correctly output information to an Acoustic Properties File, two major items must be output from
the radiation codes:

* Scattering Coefficients

e Far—field directivities
A method for creating this output is discussed below.

V.2.1 Scattering Coefficients

Both the inlet and aft radiation codes are formulated from the same theory using the same basis for
a coordinate system and exponential notation (see Reference 3). The inlet and aft radiation codes
are formulated in terms of the perturbation velocity potential. Acoustic pressure can then be calcu-
lated from this velocity potential. For a single acoustic mode at the radiation code input plane, the

perturbation velocity potential, ¢, is given by Equation 34, Reference 3:

@;nkM(X, rg,t) ~ w%mﬂ(r)ei(wt_m‘i"kvankf() (V.8)

where the notation has been made consistent with this report except for k, which is the axial wavenum-
ber in the Eversman radiation codes. Also, an equal sign has not been used here because in the actual
Eversman codes a perturbation velocity potential mode amplitude, ¢, is also included for each mode
but does appear in Equation 34, Reference 3. Thus, including the perturbation velocity potential
mode amplitude in the above equation:

~P S o P
(ankM(X7r7¢7t) = ¢€Vnkﬂw€VmM(r)el(wt me kankﬂX) (V9)
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The perturbation potential relates to the acoustic pressure through Equation 16 of Reference 3:
P Xorgt) = —p| 22+ (6 -6*) (V.10)
ankf“rad [ pf ot gof 4 '

where pr)Vnk/,l ., is the modal acoustic pressure in the Eversman radiation codes.
ra

Substituting Equation (V.9) into Equation (V.10) results in Equation 122 in Reference 3. A form of
this equation which includes the exponential is:

Ukt
. f ank il wt — _ xP
Pt g XoT:951) = = ippo| L = == A (o s L] B\ GR)

Non—dimensionalize this equation by 7; and c, to get:

~P
PrC o 1% kank i[nBQt—m(p—k;P ]
P - _ _ “l p P Wonked®
ankad(x,r,qb,t) =1 T, nr 1 nr ¢Wnkﬂmeﬂ(”)e (V12)

Note that the perturbation velocity potential mode amplitude, ¢, the local static density, pj, the duct
radius, 77, and far—field acoustic speed, ¢, are dimensional so that p{,’Vn it is dimensional. Compare
ra

this expression to Equation (20) which is the expression for the acoustic pressure in CUP3D. For a
single mode Equation (20) is written as:

. P
p{/)Vnk[u(xa I, t) =P wAgVnkﬂw{/)Vmﬂ(r)el[mqj+yW"k”(x —xfy)—nBQl] (V13)

Comparing Equation (V.12) to Equation (V.13) it is observed that:

* The axial origin of the Eversman Radiation codes may be different from that of CUP3D.

* One equation appears to be the complex conjugate of the other, i.e. {p{’)Vnk/Amd] = p{/’VnkM.

Regarding the axial origin, in CUP3D the axial location of the origin is given explicitly as the interface
plane so that at the interface plane, x%, x — x;, = 0. In the Eversman radiation codes, the axial origin

at the input plane is set to be at the interface plane, x/}, so thatx = xf, = 0. As a result, the axial loca-
tions are forced to be the same for CUP3D and the radiation codes.

Now we check the complex conjugate observation by taking the complex conjugate of Equation (V.12):
AP

* R ~P
06C o A/gckank ‘l_"BQHm‘PJF(kXWnkM) x:|
P _ T M P P
o =%t =52 a5, 0) ¢ (V14)

Note that the complex conjugate observation above is not true for cutoff modes. Instead, we must
compare Equation (V.13) with Equation (V.14). These two equations cannot be considered the equal
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~P ~P ) ) . ) )
to each other unless y = | k, . With some analysis (which will not be covered here), this
Wnku Wnku Y

expression has been found to be true for both the Eversman inlet and aft radiation codes. In the case
of the inlet radiation code, a difference in the definition of positive x and My complicates this result
slightly, but does not impact on the equivalence of the two equations.

For consistency, make the expression in the exponential common between CUP3D and the radiation

codes. Also, ¢ is a real number. Thus:

*
~p "

! OfC kaWn i| —nBOt+mp+7h,  x
P = (P =127 |1 = =52 [ o 1] v el e el (v1s)

By setting the amplitudes of Equation (V.13) equal those of Equation (V.15) and solving for AIV)Vnk/,t:

prc MkAP %
. o XWnk
Al = iy 1 = [gogVnkﬂ(r)} (V.16)

Thus this expression for A{,’Vn » is used to calculate the scattering coefficients for the radiation codes.

V.2.1.1 Inlet Radiation Code Scattering Coefficients

Referring to the scattering coefficients for the inlet radiation code in Section 1.3.2 of Appendix I, we
note that only the PP scattering coefficient is needed where D refers to the interface plane where the
noise source and the inlet meet (e.g. in Figure 7, D = I).

Equation (22) shows how scattering coefficients may be calculated for the inlet radiation code. Thus,
knowing that radiation codes only scatter on u, and assuming a unit amplitude pressure wave input

(ie. 4P =10 +i0.0):

A7
DD __ cnku
521 nku'snku AD (V17)
1 nku
Substituting Equation (V.16) into Equation (V.17):
~D 7 *
k
_ T2 niu’ D
1 n: {§02 nku ’]
Sngnky’;nky = - % (V18)

~D 7] *
1 _ kal nku D
n. §01 nku

Since this is a ratio, non—dimensional perturbation velocity potentials can be used in this equation.
Equation (V.18) is the expression used to calculate scattering coefficients in the inlet radiation code.
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V.2.1.2 Aft Radiation Code Scattering Coefficients

Referring to the scattering coefficients for the aft radiation code in Section 1.3.5 of Appendix I, note
that only the S¥Y scattering coefficient is needed where U refers to the interface plane where the noise
source and the nozzle meet (e.g. in Figure 7, U = 3).

Equation (25) shows how scattering coefficients may be calculated for the aft radiation code. Thus,
knowing that radiation codes only scatter on u, and assuming a unit amplitude pressure wave input

(ie. 4Y,, = 1.0 +i0.0):

A?

uU _ nku'

ST nkit' k. Ag ; (V.19)
nku

Substituting Equation (V.16) into Equation (V.19):
/\U 7
Kot
- = {‘P? ]

S12 i = = (v20)

/\U 7
1 — kaz nku
n.

V.2.2 Radiation Pressure Directivities

To correctly output far—field directivities from the Eversman codes, examine Equation 83 in Refer-
ence 3. Putting this equation into the notation of this report:

P 7 put) = Py (1)) (V21)

We can convert the coordinate system from cylindrical to spherical coordinates and change notation
so that:

gE;)Vnk‘M(Ra 07 ¢7t) = aWnkM(Ra Q)ei(a}t—m(p) (V22)
The acoustic pressure for a given mode can be written in the same form:

P (R6.0,1) = py, (R,0)" ™) (V.23)

kit rad

When comparing this equation to Equation (IV.1) in Appendix IV we observe that:

PuaRO) = b1, (RO)] (V24)

For a given wave type, Equations (IV.4) or (IV.5) give the directivity calculation. In the Eversman radi-
ation codes where there is only one upstream going pressure wave and one downstream going pressure
wave:

Puieu(R,0) = A{,’VnkﬂanM(R,O) (V.25)
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So that in the radiation codes:

pnkfumd(R’ 0) = AgVnkﬂraank/‘md(R’ 0) (V26)
or:
P R0) = [A{,’Vnkﬂmd] [Dn,wmd(R,e)] (V27)

When the radiation codes are run, the input value is A}V)Vnk‘u .= 1.0 + i0.0. Thus for this case:
ra

{A gVnk‘umd] = AgVnk‘u (V28)

Since A{,’Vn » is calculated by CUP3D after coupling, the radiation codes only need to output the direc-
tivity shapes based on the above unit input. Therefore:

DIRECTIN(n,k,u,IANGLE) = [Dn,wmd(R, 0)} (V.29)

where DIRECTIN may be found in Appendix I as an Acoustics Properties File parameter for inlet
and aft radiation codes.
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