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Computation of Sound Radiating from Engine Inlets

Yusuf Ozyériik* and Lyle N. Long!
Pennsylvania State University, University Park, Pennsylvania 16802-1401

A hybrid method has been developed to calculate sound radiation from turbofan engine inlets. Given the acoustic
source at an interface near the fan, the method solves the full three-dimensional, time-dependent Euler equations in
the near field and passes the solution to a moving-surface Kirchhoff method for far-field predictions. The Kirchhoff
method enables one to limit the size of the computational domain where the essential acoustic signals are captured
accurately by a high-order accurate flow solver and then to extrapolate these signals to the far field exactly only
within the discretization error on the Kirchhoff surface. The steady flowfield is required by the hybrid approach and
a high-order accurate multigrid method has been implemented to enhance convergence of steady-state calculations.
The computations are all carried out on parallel processors using essentially high-performance Fortran language.
Results indicate very good agreement with available numerical and analytical solutions.

Nomenclature

= Fourier coefficients
= number of rotor blades
= speed of sound
= functions of Q
= frequency
=/(=1)
= Jacobian
= Bessel function of order m
= wave number
=radial wave number
= Mach number, Mach number vector
= rotor tip Mach number
= circumferential mode order
= number of Kirchhoff surface elements
n = time step level; or time harmonic index
n = normal vector
= discretized integrand; Eq. (12)
= pressure, mean pressure
= vector of dependent variables
R = source-observer distance vector
S = source vectors, functions of @
=time
= velocity components
= number of stator vanes
= velocity
= axial distance
= Cartesian or cylindrical coordinates, (x, y, z) or
(x,r,0)
= observer position vector
= surface element position vector
= Kirchhoff surface element area
= time increment
= polar angle, or angle from inlet axis
= angle between 7 and R
= radial mode order
= coordinate system switch, O for Cartesian
coordinates and 1 for cylindrical coordinates
&, n0 = curvilinear coordinates
Emu = cutoff ratio
0 = density
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pe = total energy

T = retarded time, source time
Dnmp = phase angle

1) = circular frequency
Subscripts

e = Kirchhoff surface element
f = fan stage

00 = freestream

Superscripts

nx = emission time step level

! = acoustic quantity

* = emission time

I. Introduction

AN noise has a pronounced role in the overall noise signature

of ultrahigh bypass ratio turbofan engines. These engines will
power future, large, advanced subsonic transport aircraft. Reduction
of fan noise is necessary to meet the stringent community noise
regulations. There exists ongoing research activity to develop fan
noise prediction systems.!~7

At high power settings of a turbofan engine, the flow Mach num-
berin the inlet can be significantly high. In addition, the acoustic per-
turbations can be large. Consequently, nonlinear and aerodynamic-
acoustic coupling effects on the acoustic propagation and radiation
process can be important. However, most of the fan noise analysis
systems are based on the linearized methods.

One important method utilizes the combination of the finite
element (FE) and wave envelope (WE) techniques with two-
dimensional (axisymmetric) velocity potential formulations.! 2 The
aerodynamic and acoustic field equations are decoupled in this
method. Therefore, the FE-WE method does not account for
aerodynamic-acoustic coupling and nonlinear effects. Also, because
of its two-dimensional formulations in the frequency domain, cal-
culations with multiple circumferential modes are performed sepa-
rately for each individual mode.* Nonetheless this method is one of
the most widely used methods in fan noise prediction systems.*:>

Boundary element methods (BEM) have recently gained popu-
larity for their speed and effectiveness in the computation of ducted
fan noise.>®* However, the flow and acoustic field equations are
decoupled in these methods as well, and the background flow is
assumed uniform. Another fast technique is based on ray tracing,’
which works well at high frequencies.

The current research concentrates on the development of a hybrid,
high-order accurate, time-domain method that can address all of the
aforementioned important issues. The nonuniform background flow
and aerodynamic-acoustic coupling effects are all accounted for by
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solving the full nonlinear Euler equations in the time domain on
a curvilinear coordinate system with which fully three-dimensional
engine nacelles can be treated. The method can accept, as the source,
superposition of multiple modes and harmonics of the blade passing
frequency. Computations are carried out on parallel processors that
offer high computational power.

As the solution of the Euler equations is obtained, it is passed
to a Kirchhoff method to obtain the far-field noise. This method is
based on the moving surface Kirchhoff’s formula of Farassat and
Myers.? It essentially needs the past-time histories of the acoustic
pressure and its temporal and spatial derivatives on a closed surface.
Previous numerical implementations!'®:!! performed the Kirchhoff
surface integrations at the retarded times. In this paper, a recursive
summation of the acoustic pressure contributions from Kirchhoff
surface elements is performed as soon as the Euler solution becomes
available. This procedure prevents having to save large spectra of
past-time data on the Kirchhoff surface.

In the following, the Euler solver is briefly described, and the
acoustic source model is discussed. Then the Kirchhoff method and
its coupling with the flow solver are described. Finally, results for
some realistic problems are presented and compared with available
numerical and exact solutions. It is shown that the hybrid method
is capable of accurately solving problems with various kr as high
as 25.

II. Algorithms

A. Flowfield Solver and Fan-Face Conditions

The three-dimensional Euler equations are solved in the inte-
rior of the computational domain, and nonreflecting boundary con-
ditions are solved on the far-field boundaries using a temporally
and spatially fourth-order accurate, finite difference, Runge—Kutta
(R-K) time integration scheme. The nonreflecting boundary condi-
tions used are based on the B; operator of Bayliss and Turkel'? on
the inflow boundaries and the B; operator and the linearized Euler
equations on the outflow boundaries, similarly to Tam and Webb.'?
To use the same integration scheme across the entire domain, the
interior and the far-field boundary equations are all written in the
same differential form, with a choice of the Cartesian or cylindrical
coordinate system:

3Q OE OF
ot 8)(,'1 axz

N
X3 dx3 xy

The vector of state variables for the interior points is Qi =
[p, pui, pus, pus, pe]” and for the radiation and outflow boundary
points Qg = L0, u), uy, 45, p'}7, where a prime indicates the
deviation from the undisturbed (freestream) value of the associated
quantity. The pressure is given by the equation of state as p =
(y — Dlpe — 3o} + u3 + u3)]. The terms E, F, G, and S for
the Euler equations can be found in many standard fluid dynamics
text books, and these terms for the far-field boundary conditions are
given in the Appendix of Ref. 14.

The physical domain is mapped onto a uniform computational do-
main using a three-dimensional, body-fitted, curvilinear coordinate
system:
x3 =x3(6,7,¢) (2)

X1 =)C1(§, 7, g)a x2=-x2(gar]s g)’

With this transformation, the governing equations [Eq. (1)] take the
following form:
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The Jacobian of the coordinate transformation is given by

I =10(x1, X2, X3)/3(E, 0, ©)I (5)
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The metric quantities are
-1
sxl Exz Sx;; [xlg xlr, xl;
7le nxz n,\t3 = xlg x2,, -x2; (6)
gxl Cx2 ng x3§ x3,, x3;~

The spatial derivatives of Eq. (3) are computed using fourth-order
accurate finite differences, as central in the interior, and biased at or
near the boundaries. These derivatives are evaluated simultaneously
at the interior and far-field boundary points, taking advantage of the
parallel processing capability. To avoid zero Jacobians in the equa-
tions, the grid system is constructed such that no grid points exist at
the singular positions. Equation (3) is then integrated in time using
the classical, four-stage R-K technique, with addition of artificial
dissipation to the residuals of the governing equations to suppress
spurious oscillations. The acoustic pressure field is obtained by the
subtraction of the mean field. The required steady-state computa-
tions are carried out using a spatially fourth-order accurate multigrid
method. More detail on the current algorithm for the flow solver can
be found in Refs. 14 and 15.

Only one characteristic enters the inlet domain from the fan-face
(source plane). This characteristic is associated with the acoustic
waves that are induced mostly by the fan blade loadings and rotor-
stator interactions.!® Therefore, the specification of either the pres-
sure or mass flux is sufficient for the boundary condition closure.
The other dependent variables are solved from the interior equations.
Most often the time-dependent fan-face pressure is modeled** 17
and used as the input to the available inlet radiation codes.! Direct
aerodynamic computations are sometimes performed® to determine
the source as well. In this paper we model the source using the stan-
dard eigensolutions of the convective wave equation for infinitely
long cylindrical ducts. However, because of the current method’s
time-domain approach, there is no restriction to the specification of
any arbitrary external source.

The source plane acoustic pressure as represented by the super-
position of the circular duct eigensolutions is given by

o o0
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p'f(x, r,0,t) = Eﬁ(

n=1m

where
ﬁnmu = Anmu Jm (kmur) exP[i (kx,my,x + mo + ¢nmu)] (8)
with the axial wave number

—Mpk— \Jk2— (1 — M3) k2,

2
- M

&)

kx,mu =

In the preceding source model, only the upstream-propagating
(negative x direction) wave components are considered, and the
downstream-propagating components are ignored. However, should
there be any downstream propagating modes because of the various
impedance mismatches because of the changing local conditions
in the duct, these modes should pass the fan-face boundary without
any reflections. This is true when the Euler equations are discretized
properly at the boundary. Only here is it assumed that the down-
stream propagating waves do not interact with the fan and therefore
do not produce noise.

Anindividual wave is usually characterized by its circumferential
and radial mode orders as the (m, 1) mode. It is clear from Egs.
(8) and (9) that whether the (m, 1) mode will propagate (cut on) or
exponentially decay (cut off) is determined by its axial wave number
ky,my» more specifically by the terms of the radical in Eq. (9). A
single parameter is usually defined for this. It is called the cutoff
ratio and given by

_ ?’lBMT (10)

gmu—
rfk,m“/l ""M}

Thus, the (m, ) mode is cut on if &,,, > 1.
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A detailed theory of the modes that are generated in and radiated
from an engine inlet is given by Tyler and Sofrin.'® Their analysis
of rotor-stator interactions indicates that the circumferential order
m is related to the number of rotor blades and the number of stator
vanes by the equation

m=nB+sV, s=...,—1,0,1,... an
Thus the summation over the circumferential mode m in Eq. (7) is
usually performed only for those modes given by Eq. (11).

The pressure at the fan is then given by p; = py + p’;, where
the mean pressure p is obtained using the one-dimensional ideal
gasdynamics relations given the engine operating conditions (mass
flow rate, freestream Mach number, etc.) described in Ozyoriik.'?

B. Coupling with Kirchhoff Method

In the far-field prediction of an aeroacoustics problem, it is almost
always essential to use a far-field extrapolation technique. This is be-
cause a direct simulation requires an extremely large computational
domain that in turn implies enormous computational resources and
perhaps most importantly very large numerical error because of dis-
sipation and dispersion. Therefore, Kirchhoff methods have recently
found increasing use in flow-induced far-field noise predictions. '#1°
In the current method, the near-field Euler solution given on a closed
Kirchhoff surface is extrapolated to the far-field observer point as-
suming that the field between the two regions is governed by the
linear wave equation.

A review of the Kirchhoff methods used in the literature is given
by Lyrintzis.?’ Here the Kirchhoff formula developed by Farassat
and Myers® for arbitrarily moving and deforming surfaces is used
and coupled with the Euler solver of the current method. For a nonde-
forming Kirchhoff surface that is in rectilinear motion, the Kirchhoff
formula for the acoustic pressure p’ at the observer location x and
observer time ¢ takes the following form:

dp'(x t)=/f E__,_rE } s (2
: S RO M)~ Rl = Mp) ..

where R = |[R|,R=x—y(t), Mg =M -R/R, and

Ei=—-A-Vp'+M-A)(M-Vp)

cosz?—M-ﬁ_Mﬁ ip_’ (13)
Coo(l — Mpg) Coo | OT
E 1- M (cos® —M - 7) (14)
= — —_ n
2T = My

The E, term was originally given in a somewhat complicated
form in Farassat and Myers® but later was found by Myers and
Hausmann?! to reduce to the form of Eq. (14). The integrand of
Eq. (12) is to be evaluated at the Kirchhoff surface point emission
time 7*, which is given by the root of

T—t+ R(T)/¢ =0 (15)

The Kirchhoff surface is constructed out of the computational
fluid dynamics (CFD) grid by specifying constant £, , and/or ¢
surfaces. For example, Fig. 1 shows a constant-£ surface of the
CFD grid, which can be used as the Kirchhoff surface. Equation
(12) requires the surface parameters, such as the normal vector
and surface element area. This information is directly related to
the metrics given by Eq. (6). The computational mesh for the flow
solver is generated using a sequence of conformal transformations,
and the resulting grid system is orthogonal everywhere.'* Thus, the
normal vector on the Kirchhoff surface or a constant-§ surface is
given by # = V§/|V&|, and a surface element area is given by
AS = x J7UVE|.

In most problems the observer and the Kirchhoff surface are
fixed relative to each other. Also the coordinate system is attached
to the moving surface rather than the fluid. In this case the fluid
passes both the observer and the Kirchhoff surface at the same
speed, M. Thus, the Kirchhoff surface and the observer are seen
to travel at —M,, and the elapsed time for a signal to travel from a

Surface element, dS, 7

Fig. 1 Configuration for the hybrid inlet radiation method with mul-
tiple far-field observers. The Kirchhoff surface terminates at the cowl
wall near the leading edge.

Kirchhoff surface element to the observer will always be the same.
This greatly simplifies the numerical coupling of the flow solver
and the Kirchhoff method. Thus, the emission time for a Kirchhoff
surface element ¢ is given by

T, =t—R./Cx (16)
where
=G —y)Mu + R

R, 52

an

with 82 = 1 — M2 and

R= -5+ Bl -3 + G- 597 (18)

in which X, and ¥, are the projected components of the vectors x and
y on the Mach number vector M, respectively, at the observer time.
The components X3, X3 and ¥,, y; are the transverse components to
X and y;, respectively.

The Kirchhoff surface integrations are performed assuming that
the integrand in Eq. (12) is constant over a Kirchhoff surface ele-
ment, and the time is discretized in the same manner as in the flow
solver. The acoustic pressure required by Eq. (12) in the vicinity
of the Kirchhoff surface is obtained from the flow solver by sub-
tracting the mean pressure from the instantaneous pressure. In most
cases the time increment of the flow solver, A¢, from one time step
to the next is sufficiently small to calculate the time derivative of
the acoustic pressure on the Kirchhoff surface using a first-order
backward difference. Then,

’ n% mx—1
dp.| _ P —p”

ot At 1%

T*
where the superscript 7 is the time level such that, when multiplied
by At, it gives a discrete time that is the closest to the emission time
;. This is only an approximation provided that At is sufficiently
small. Hence we do not perform interpolations for the exact emis-
sion time data. No difficulties have been experienced with this, The
gradient of the acoustic pressure is calculated using the same finite
difference formulas as the flow solver. At this point the observer
time is considered the same as the flow solver. Hence, for the dis-
crete acoustic pressure at the observer point and time, we can write

, 1 NE
P, nAf = =3 Pln —int(R./cx)]A1} AS,  (20)

e=1

where the operator int() rounds the real argument to the closest
integer. The time level n — int(R, /cs ) in Eq. (20) is identical to the
time level nx that appears in Eq. (19).

It is possible to realize that each surface element e at time ¢ of
the Euler solver will contribute to the total acoustic pressure at the
observer location a time period of R,/c. later. In other words, a
signal of element e produced at time ¢ will arrive at the observer at
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t + R,/cw. Thus for the discretized acoustic pressure at the ob-
server we can rewrite Eq. (20) as a recursive sum, where for
e=1,2,...,NE,

Pl X, [n 4 int(R, /coo) 1AL} = (1/47) P,[n At]AS,
+ Plalx, [n +int(R, /co) 1AL} @1

Passing from Eq. (20) to Eq. (21), we have in effect modified
the time level n — int(R,/c) = n* on the right-hand side of the
former equation to be the time level n of the flow solver, so that
the contributions of the Kirchhoff surface elements are integrated
as soon as the Euler solution becomes available. This prevents long
time histories of the acoustic pressure and its derivatives on the
Kirchhoff surface from saving. Earlier, the Kirchhoff integrations
are assumed to start at n = ngg and end at n = ngg, and the
initial values of pressure at the observer are set to zero, i.e., for
n Snks,ande= 1,2,...,NE,

p'{x, [n +int(R,/cy)]AL} = 0 (22)

The time increment A¢ is sometimes too small because of the
numerical stability restrictions of the flow solver. Therefore, per-
forming the Kirchhoff surface integrations at every time step may be
unnecessary for a desired accuracy and consequently computation-
ally expensive. Then to perform the integrations at every Kth time
step, we rewrite Eq. (21) in the following form for mod(n, K) =0
ande=1,2,...,NE:

p;,ew{x, [n 4+ Kint(R,/Kcy)]At} = (1/4m) P,[nAt]AS,
+ plafx, [n + Kint(R, /K co )] At} (23)

By using this form of the integration we essentially lump the
pressure contributions from surface elements in a time interval of K
steps to be in a single bin. Furthermore, one can change the integer of
the time argument of p’ in this equation from {n + K int(R,/ K cs)}
to {s + int(R,/Kcs) — int(R,/KCeo)min}, Where s is an integer
counter that is advanced by 1 at every Kth step, starting from zero.
During the postprocessing of the data, this argument is set back to
{ngs + s K + Kint(R,/K cy)}. This manipulation enables one to
use the minimum possible memory for the observer pressure array
in the code.

Equation (21) or (23) will give a transient field for some time
periods after n = ngs and before n = nxg. This is because we are
essentially predicting future acoustic pressure contributions at the
observer from each Kirchhoff surface element, which progressively
sum up to the total acoustic pressure at the observer. The Kirchhoff
results are then usable only in the range ngg + Anyy <n < ngp —
ANy, where Anyy = int(R/Co0)max — INt(R/Co0)min-

An example result showing this is given in Fig. 2, where the
Kirchhoff prediction and the exact solution at an upstream observer
are shown together for a monopole placedina M, = 0.2 stream. For
this example the acoustic pressure on a 192 x 128 element spherical

600

| STARTUPREGION | CONVERGED REGION |

|

E'S

(=]

[=]
-
>

1
1
]
1
\
200 \
|
I\
|

Acoustic pressure, Pa
o

0.046 0.(‘)48 0.050 0.052 0.054 0.056
Time, seconds

Fig. 2 Transient results of Kirchhoff integration. Moving monopole,
M = 0.2, and f = 1000 Hz; - - - -, Kirchhoff solution and ——, exact
solution.

Kirchhoff surface was obtained using the exact solution at discrete
times (200 time levels per period), as if the solution had been given
by the flow solver. The time derivative was obtained using Eq. (19),
the pressure gradient was obtained using the same finite difference
schemes as the flow solver, and the Kirchhoff integrations were
performed at every fifth time level (K = 5 above). Because of the
reason explained earlier, the Kirchhoff solution indicates a transient
region after the start of the integrations.

The developed and coupled Kirchhoff code can accept multi-
ple observer points and can perform integrations using multiple
Kirchhoff surfaces for comparison purposes. Calculations for each
Kirchhoff surface and observer point are carried out in a sequential
manner. However, the integrand evaluations and summations over
the discrete retarded times and surface elements are performed in
parallel for each surface and observer.

III. Results and Discussion

In this section we present several test cases to validate the hybrid
code. The first case is a radiation problem where a monopole-like
source is placed in an open, finite length, circular duct with flow.
Next, the method is tested against realistic noise sources in an engine
inlet with and without mass flow, and results are compared with
theory.

A. Radiation from an Open, Finite Length, Circular Duct

In this section, a rather simple yet significant problem is solved.
A finite length, both-end-open, infinitely thin-walled, circular shell
(duct) is placed in a uniform flow parallel to its axis. Therefore,
the presence of the duct alone does not distort the flow. The duct
is 1 m in both length and diameter (L = D = 1m). A spatially
distributed but very narrow, time-periodic mass source is placed at
the geometrical center (origin) of the duct and generates spherical
waves. This source is defined in cylindrical coordinates by

i = 10 exp[—80 b2 (x% + 1)) sin(2m f1) (24)

For the computations, a frequency of f = 750 Hz, a uniform mesh
with a cell spacing Ax = Ar = 0.0125m, and a flow Mach num-
ber of 0.5 are used. These parameters imply a grid resolution of
approximately 18 cells per wavelength in the upstream direction,
The current scheme usually needs about 12 cells per wavelength
to give results without significant dispersion and dissipation. Since
the mass source is symmetric about the duct axis, the equations are
solved in the axisymmetric mode, i.e., in a two-dimensional do-
main. The domain has flat outer boundaries that are only at about
2.7D distance in both +x and r directions. The acoustic pressure
is obtained by subtracting the mean pressure (p,,) from the total
pressure. The comparisons of only the Euler results are made here.
We use the BEM solution of Myers® as the benchmark data. The
BEM solution used 16 elements (rings) per wavelength and 15 s of
Cray CPU time.

Because of the difficulty in matching the source strength of the
finite difference algorithm to that of BEM, it was necessary to cal-
ibrate the results. Using the no-flow case with the same source
parameters a single scaling factor was established by matching the
peaks of the BEM solution and the current solution on the inner side
of the duct wall. The scaling factor is p.us sem/ Prs, corrent = 7.75.

Figure 3 illustrates the rms acoustic pressures along constant
r=05-05Ar andr = 0.5+ 0.5Ar m grid lines between which
the duct wall is located at » = 0.5 m. The shielding effect of the
duct wall is predicted very well when compared with the solution of
BEM. This is clearly evident from Fig. 3. Note that the current solu-
tion is multiplied by the scaling factor 7.75. Therefore, the acoustic
pressure predicted outside the duct wall has extremely low levels
that were resolved by the current algorithm perfectly. There exist,
however, some difference between the current result and that of
BEM towards the edges of the duct wall. This is probably because
in the current method the singular points are avoided using a cell-
centered finite difference scheme. Consequently, it turns out that the
edges of the duct are actually located at x = —(0.5 + 0.5Ax) m,
and x = +(0.5 £ 0.5Ax) m; i.e., there is an uncertainty of one cell
size in the duct length. The difference between the results can also
be attributed to the difference between the source definitions. The
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Fig.3 RMS pressures along the inner and outer side of the duct wall,
My = 0.5, andf = 750 Hz; - - - -, current solution and ——, boundary
integral solution.5
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Fig. 4 Sound pressure level at R = 2.5 m in the x—r plane, M, =
0.5, and f = 750 Hz; - - - -, current solution and ——, boundary integral
solution.®

current solution was obtained using the source given by Eqg. (24),
whereas that of Myers used a monopole. The sound pressure level
(SPL) comparison at a distance of R = 2.5D in the x—r plane from
the source location, however, indicates an excellent agreement at all
angles, as shown in Fig. 4. This R = 2.5D curve is in fact a circular
arc that is very close to the outer boundaries. Therefore, this com-
parison is significant to show that the far-field boundary conditions
work effectively.

B. Radiation from JT15D Engine Inlet Configuration

We present realistic ducted fan radijation results. The configura-
tion chosen is the small JT15D turbofan engine inlet that has been
extensively investigated both experimentally and numerically.'-22-23
Rotor-bypass stator interactions of the blade passing frequency BPF
in the JT15D are acoustically cut off over the engine operating
range, and therefore rods were placed in front of the 28-blade
fan to generate desired interaction tones at BPF for investigation
purposes.?2'23 Modes generated using two different number of rods
are considered here. The combination of the (0, 0) and (0, 1) modes
with a 180-deg-phase difference is produced in the case of an array
of 28 rods interacting with the fan, and the (13, 0) mode is generated
in the case of an array of 41 rods.

The JT15D inlet has a duct radius of 0.2667 m at the fan stage,
and there exists only a slight variation in the cross section through
the inlet. In this paper, the cross section of the inlet duct is modified
to be a constant for the no-flow cases. The purpose of this is to
approximate the inner surface contour of the inlet to the flat surface
of the flanged duct as much as possible, so that we can compare
our results with the available flanged-duct radiation solutions used
by Heidmann et al.?? for their JT15D investigations. For the flow
cases, the real JT15D inlet geometry?? is used with only very minor
modifications made to the inlet contour in the discontinuous slope
regions inside the inlet and also on the outer wall away from the
inlet lip to prevent strong acceleration of the flow. Also, in all of the

cases presented later the centerbody is neglected. This is a common
practice taken for the hard-walled ducts since there are no sound

absorption mechanisms by the wall.!»> Therefore, for the no-flow

cases presented here, the choice of the reference plane for the source
specification is rather arbitrary. However, the current code is capable
of solving problems with a centerbody. Example calculations for this
are given in Ozy6ritk and Long. !4

1. Radiation of the (0, 0) and (0, 1) Modes: No Inlet Flow

The first comparison with the flanged-duct radiation solution®
involves the far-field directivity yielded by the superimposed (0, 0)
and (0, 1) modes each having a 3-kPa amplitude and a BPF of 3150
Hz (6750 rpm) with no inlet flow. Although the source amplitude is
chosen arbitrarily high, we do not expect any nonlinearities because
of the mass flow absence. The cutoff ratios of the modes are £, y = oo
and 50,1 =4.05.

Since there is no flow in the inlet, at the source plane it is more
appropriate to specify the momentum rather than the acoustic pres-
sure directly. The momentum at the source plane is pV = p, V.
The acoustic particle velocity V' is easily obtained by inserting the
pressure expressed by Eq. (7) into the linearized momentum equa-
tions and analytically integrating the resultant equations. The other
dependent variables are solved from the interior equations. The pres-
sure is then found from the equation of state. Since the problem is
symmetric about the inlet axis, the equations are integrated in the
axisymmetric mode.

Figure 5 shows the geometry, the mesh system around it, and the
two Kirchhoff surfaces used for far-field predictions. It should be
noted that the representative cowl has a thin inlet lip. The Kirch-
hoff surfaces terminate at the cowl wall near the leading edge. Thus
the hybrid method actually uses an open Kirchhoff surface. This is -
equivalent to assuming that any contributions to the far field from the
remainder of the surface are negligible, if it were a closed surface.
Notice that the grid system is fine in the very near field and is coarse
exterior to the Kirchhoff surfaces. This is because we are interested
in resolving the waves accurately only in the near field and passing
the solution to the Kirchhoff routine of the current hybrid method.
The mesh spacing in the fine region is such that there exist approx-
imately 15 cells per wavelength along the inlet axis. The Kirchhoff
surfaces are constructed just by rotating the grid lines 360 deg at the
Kirchhoff surfaces locations, forming 128 elements in the circum-
ferential direction. The number of elements on each-surface in the
transverse direction is 44. The Kirchhoff integrations are performed
atevery 12th [i.e., K = 12 in Eq. (23)] time step of the flow solver,
for which the time increment is taken At = 0.5/(384BPF) s. There-
fore, one period is represented by 64 discrete points in the Kirchhoff
results. The nondimensional frequency parameter kr = 15.5 at the
fan stage.

2
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Fig. 5 Grid system, the Kirchhoff surfaces, and the acoustic pres-
sure field of the (0, 0) + (0, 1) modes. The JT15D geometry modified,
BPF = 3150 Hz, M, = My = 0, and (kr); = 15.5.
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Fig. 6 Far-field sound pressure level of the (0,0)+ (0,1) modes;
BPF = 3150 Hz, Mo, =My =0, and (kr)s =15.5: e, prediction,
Kirchhoff surface I; A, Kirchhoff surface II; and , flanged duct
solution,2?

Figure 5 also shows an instantaneous view of the acoustic pres-
sure contours generated by the (0, 0) + (0, 1) modes. The resulting
far-field directivities at a distance of 30.5 m in the x—r plane, as pre-
dicted by the two Kirchhoff surfaces, are shown in Fig. 6 together
with the analytical flanged-duct solution given by Eq. (3) of Heid-
mann et al.”?> The rms of the current solution yielded by the inner
Kirchhoff surface and that of the analytical solution were scaled to
match at the inlet axis (zero angle). This resulted in excellent agree-
ment at the other angles, despite the open Kirchhoff surface and
the approximate geometry (see Fig. 5) as compared with flanged
duct. However, the outer Kirchhoff predictions are about 2—4 dB
lower as compared with the inner Kirchhoff results. We suspect that

* the relatively poor predictions by the outer Kirchhoff surface are
mainly caused by the increased surface element areas across which
we assume the acoustic pressure is constant. However, if the grid
lines emanating from inside the inlet diverged from each other at
the same rate as the angles between the directions of the radiated
pressure lobes, the outer surface should have been expected to give
as accurate results as the inner surface. In other words, how the pres-
sure varies in the transverse direction plays a role in the difference
between the results of the two Kirchhoff surfaces.

2. Radiation of the (13, 0) Mode: No Inlet Flow

In this section we compare the current predictions for the spinning
(13, 0) mode with theory (flanged-duct solution®?). There is no flow
in the inlet and BPF is the same as the previous case. The cutoff
ratio is &30 = 1.04, and the radiated main lobe is expected to be
away from the inlet axis.

The grid used for the (0,0) and (0, 1) modes was rotated to con-
struct the three-dimensional grid for the (13,0) mode calculations
such that 16 cells. existed for each circumferential lobe. Since an
acoustic field driven by a single m mode is periodic at every 360
deg/m, the three-dimensional full Euler equations and the non-
reflecting far-field boundary conditions were solved only in one of
the 13 periodic domains (m = 13) in the circumferential direction.
However, the Kirchhoff integrations were performed for the entire
360 deg as required. The same two Kirchhoff surface locations as
in the previous section were used.

Figure 7 illustrates an instantaneous view of the acoustic pressure
contours on the inner Kirchhoff surface. The pattern of the spinning
pressure waves is evident. Figure 8 compares the predicted far-
field SPLs with the flanged-duct solution. The latter was scaled to
match the prediction given by the inner Kirchhoff surface at 55 deg
from the inlet axis. The maximum of the flanged-duct solution for
this mode occurs at about 90 deg from the inlet axis. It is known
from experimental and numerical results!?? that the far-field SPL
levels off and goes down well before 90 deg from the inlet axis. Of
course the geometry used (see Fig. 5) for the numerical simulations
is only a representative model to the flanged-duct. Thus the current
method is believed to have predicted the real case reasonably well.
However, the variation of the predicted SPL is not as smooth below
35 deg, where the very low acoustic pressure levels were probably
contaminated by numerical errors.

Fig. 7 Pressure contours of the (13,0) mode on the inner Kirchhoff
surface; BPF = 3150 Hz, Mo, = My = 0, and (kr); = 15.5.
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Fig. 8 Far-field sound pressure level of the (13,0) mode;
BPF = 3150 Hz, Mc = My = 0, and (kr); = 15.5: e, prediction, Kirch-
hoff surface I; A, Kirchhoff surface II; and , flanged duct
solution.??

3. Radiation of the Combined (0, 0) and (0, 1) Modes with Flow

Finally in this section, we present results for the real JT15D in-
let geometry at the conditions M., = 0.204 and 15 kg/s mass flow
through the inlet. These parameters are kept constant and the combi-
nation of the (0, 0) and (0, 1) modes with a 180-deg-phase difference
is considered for two different cases of BPFs to study the conver-
gence of the Kirchhoff results given by two different surfaces. This
study is considerably valuable to see the effects of using an open
Kirchhoff surface, as well as the effects of the mesh resolution on
the Kirchhoff surfaces.

The computational mesh is shown in Fig. 9 along with the
Kirchhoff surfaces. Notice that the far-field boundaries are ex-
tremely close to the inlet entrance and the mesh is significantly
fine. Before the time-accurate calculations, steady-state computa-
tions are required by the approach of the current hybrid method.
It is always very difficult to attain rapid steady-state solutions on
such fine meshes. A multigrid convergence acceleration procedure
that retains the fourth-order spatial accuracy of the hybrid method
has been developed to circumvent slow convergence associated
with low-Mach-number flows, fine meshes, and high-resolution
schemes. Steady-state calculations use the one-dimensional char-
acteristic based boundary conditions of Giles?* at the fan face to
achieve very accurate mass flow rates (MFR) as well as to aid con-
vergence. This procedure and the multigrid method are described in
Ozyorik.

The residual was driven 13 orders of magnitude down from its
initial value via the multigrid method to obtain the steady-state solu-
tion shown in Fig. 10. Also shown in this figure is an instantaneous
view of the acoustic pressure contours produced by the application
of the (0, 0) + (0, 1) modes with BPF = 4kHz and A,,, = 0.3kPa
each. The time increment for the acoustic calculations was taken
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Fig. 9 384 x 96 cell grid system around the JT15D inlet and the
Kirchhoff surfaces.

Fig. 10 Steady pressure and the acoustic field driven by the (0, 0) +
(0,1) modes; BPF = 4kHz, MFR = 15kg/s, Moo = 0.204, My =
0.159, and (kr); = 19.7.
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Fig. 11 Far-field sound pressure level of the combined (0, 0) and (0, 1)
modes; BPF = 4 kHz, MFR = 15 kg/s, M = 0.204, My = 0.159, and
(kr); = 19.7 W, Kirchhoff surface I; @, Kirchhoff surface II; and ——,
flanged duct solution.??

At = 0.5/(384 BPF). It is evident that in the coarse mesh region
(near the outer boundaries) the waves are attenuated because the
mesh resolution is not sufficient to support the wave frequency, as
well as the spherical spreading effects.

Figures 11 and 12 show the far-field SPLs for 4kHz [(kr); =
19.71and 5kHz [(kr) ; = 24.6], respectively, as predicted by the two
Kirchhoff surfaces. Also shown in these figures are the analytical
flanged-duct solutions of Heidmann et al.?? The predictions of the
inner and outer Kirchhoff surfaces are in very good agreement for the
4-kHz case, for which the number of cells per wavelength along the
inlet axis is approximately 14. However, the 5-kHz case presents
some slight discrepancies. For this case the number of cells per
wavelength is about 12 along the axis. Notice by comparing the two
figures that the higher the frequency, the higher the number of the
radiated (0, 0) + (0, 1) lobes. About five lobes occur at 4 kHz in 50
deg, whereas six lobes occur at 5 kHz. Therefore, as the frequency is
increased, the transverse resolution on the Kirchhoff surface appears
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Fig. 12 Far-field sound pressure level of the combined (0, 0) and (0, 1)
modes; BPF = 5 kHz, MFR = 15 kg/s, My, = 0.204, My = 0.159, and
(kr); = 24.6: W, Kirchhoff surface I; , Kirchhoff surface II; and —
—, flanged duct solution.2?

to worsen more quickly than the axial resolution of the CFD mesh.
Therefore, the occurrence of the discrepancies is more susceptible
to the transverse resolution on the Kirchhoff surface. One important
conclusion from this study is that the nonuniform flowfields between
the two Kirchhoff surfaces have minimal effects on the far-field
sound.

In both cases the flanged-duct solutions represent the directivities
fairly well as compared with the numerical simulations. The dif-
ferences are mainly caused by the theory’s same-flow-everywhere
correction and the assumption-of a constant cross-sectional duct.

C. Requirement for Computational Resources

The three-dimensional calculations [spinning (13, 0) mode on a
384 x 48 x 16 grid with 2 Kirchhoff surfaces and 32 observer points]
presented in this paper required about 5.3 h of CPU time on the
256-node CM-5 (Connection Machine 5 of the Thinking Machines
Corporation) in the time-shared mode and 600 MBytes of memory.
The calculations were performed over 20,000 time steps. The code
essentially spent approximately 3.2 us per grid point per time step
for calculating the acoustic pressures at 32 observer points using
2 Kirchhoff surfaces. Kirchhoff integrations alone spent approxi-
mately 25% of this time. It should be noted that the current method
can accept multiple circumferential and radial mode because of its
three dimensionality and time-domain approach. Therefore, it is be-
lieved that complex problems of ducted fan noise radiation can be
analyzed in reasonable computer times, considering the high-level
governing equations.

IV. Conclusions

A temporally and spatially fourth-order accurate, three-dimen-
sional Euler solver has been developed and coupled to a moving
surface Kirchhoff method for noise predictions from ducted fans.
The code has been tested against radiation problems from realistic
geometries and compared with flanged-duct radiation solutions. The
method has the advantage of modeling the geometry and nonuniform
background flow effects on the radiation process with no limitations
of the number of modes that can be specified as the source, unlike
the frequency-domain methods. The current method is also capable
of modeling nonlinear effects.

The code has been written in CM-Fortran, which is very simi-
lar to high-performance Fortran language, which makes the code
portable to other parallel computing platforms, such as SP-2, with
only minor modifications. The current code needs about 3.2 us per
grid point per time step on a time-shared 256-node CM-5 computer
for noise predictions at multiple observers using multiple Kirchhoff
surfaces.

The method is currently being tested against experimental data.
Also, the incorporation of a time-domain impedance condition on
the inlet wall is under way.
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