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AbgEract

A finite element velocity potentianl program
has been developed for NASA Lewis at the Ceorgia
Insticute of Technology to study acoustic wave
praepagation in complex geomatries, TFotr irrotatlon-
al flows, relatively low sound frequencles, and
plane wave input, the finite element solutions show
significant effects of inlat curvature and flow
gradlents on the attenuation of a glven acoustic
liner in a realistic variable area turbofan Inlet.
In addition, as shown in the paper, tbe veloelty
potential approach can not be used to estimote the
effects of rotational flow on acoustic propagation
since the potential acoustic disturbances propagate
at the apeed of the media in sheared flow. Ap=-
proaches are discussed that are being considered
for extending the finite element golution ty in-
clude the Fovr ficld as well as the Einternal pertion
of the duekt. A new matrix partitioning approach is
presented that con be incorporated in previously
developed programs to allow the finite clement col-
culation te be morched into the far field, The
partitloning appreach provides a large reduction in
computer storage and running times,

Introduction

When using numerical techniques in caleulating '

ncoustic waves propopating in duckts (such a8 Einite
elements In Refs. 1 to 3 and finite differences in
Refs. 4 to 6) the velocity potentinl formulation of
the acoustic wave equution1 offers mony advantages
aver the conventional linearized gas cquation.’

For two dimensional flows, the velocity potentlal
approach reduces the computer storape and running
time by an order of magnitude compared to the mere
general linearized gas equation approach. Since
the flow into an inlet is usually modeled by poten-
tinl flow (excluding the boundary layer), the acous-
tic velocity potentinl is ideally suited for acous-
tic inlet caleulations.

On the other hand, when rotatlonal flow exists
in the inlet (wall and eenterbody boundery layers},
the accuracy of a potential flow calculation is
quaationable. The first purpose of this paper was
to investigate the limitations of shear on the po-
tentlal flow formulation and to supgest a meons of
extending the potential flow finite element analy-
sis to incorporate sheared flow. A second purpose
of this paper was to determine the gensitivity of
an acoustic liner to varintions in area and £low
experienced In a typleal engine inlet.? This was
nccnmpl[shed using the finite element velocity po-
textlsl computer program developed by the Georgia
Institute of Technology for NASA Lewis Research
Center written under NASA Lewis grant (NAS-3036).

Finally, finite elements can simultanecusly
include both the far field and internal ducting of
a turbofan engine, For example, in the absence of
Elow, a formulation of a finite element approach

for sound propagation in the near field of an in-
finite baffle with an cmbedded cirecular piston was
presented in Ref, 8. Although the finite elemont
approach is relatively easy to formulate, core
storage requirements and long run times presentcly
prevent the application of the finite clement ap-
proach to simultaneously including both the inlet
and far field in a single caleulation. In Ref. 1,
for example, by structuring the column motrix of
modal unknowns to successively be the real and then
the Imaginary part of the acocustic potentlal at o
node, the global matrix is well banded. Even so,
the formulotfon of Ref. 1 was limited to 270 ecle-
ments. Reference 3 Improved ‘the matrix structure
by using n complex solution technique which reduced
the bandwidth of the matrix cven further; however,
150 total elements were tlic waximum quoted in the
paper.,

The thivd purpose of this paper, thercfore, is
to discuss current work for extending finite ele-
ment veloelty pocentinls from the Linternal pertion
of the duct into the far field, In particular, a
new numerieal parvitioning mathod is presented
which is suited for cxtending the solution from the
Internal portion of the duct into the far field,

Nomenclature

c constant of Integration, N/m® (Eq. (22))

C2,C3 constants of integration, m/sec (Eqs. 23
and 24)

Co velocity of sound, m/sec

Dg - diameter at rotor position, m

f frequency, 1z

1 height of duct, m

i V1

K number of grid points in exial direction

L length of duct, m

M Mach number of axial mean flew, Ufeg

m spiming mede number

p acoustic pressure, p(x,y,t), N/m?

Po entrance acoustic pressure, pg{o,¥y,t),
N/ m2

p° spatial acoustie pressure, po(x,y), N/m?

r radial coordinate, m

5 time, sec

i} axial wmean flow velocity, U{x,¥), w/sec

u acoustic axial velocity, u(x,y;t), m/sec

uf spatlal acoustic axial velecity, u9(x,v},
m/sec

v transverse mean flow veloclity, V(x,¥),
m/sec

v acoustic transverse veloeity, v(x,y,t),

: m/sec

vo spatial acoustic transverse velocity,
vO(x,y}, m/sec

X axlal coordinate, m

Yy transvarse cuvordinate, m

Z impedance, g/em® sac

Zoff effective impedanca, g/cm2 sec

axial position
¢ apecific acoustic impedance
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% dimensionless frequency Dof/cy, or ilf/eg
¢ angular position, rpdians
'\ density, g/m?
b steady potentlal Eunction, ¢(x,y% m/sce
a potential functlon, 0%(x,y,t}, m¢/scc
P acoustic potential function, §{x,y,t),
me /e
¢o spatial acousttc potential funckion,
§9(%,y), mé/sac
W angular frequency, rvad/secc
Subscripts:
( )y derivatives with respect to x (aimilor
( Yux for y ond t)

Sheared Mean Flow

Rotational veloeity fields exist for sheaved
vigcous flows in the inlet along the wnlls of a
turbofan cowl and along Les centerbody, The com-
plete acoustic equations for sheared viscous £lows
were develaped by Munger sand Gladwell.? By conmon
practice, the viscous terms in the linearized acous-
tic equations are neglected and the inviscid acous-
tic equations arc solved using the mean flow veloc-
ities that result from 8 consalderation ol viscosity
only on the mean flow field, Similarly, becouse of
the sipnificont computstional advantage of the
acoustic potencial formulation, it would be desir-
oble if the exlsting potentlial wove program could
be extended to include boundary layer flows. First,
the Fully Lrrotatlonal aocoustic flow equotions will
be pregented. Next, this paper will develop the
acoustic flow equations for o rototional mean flow
field with an ivrotacional acoustie field. The con-
scquence of such an assumption ls discussed and
conclusions are made obout the use of the acoustic
potential function to model sheared flows,

Trrotational Mesan ond (rrotational Acoustic
Flow Fields

For two dimensional flows, the velocity pbten-
tinl representation of the {inviscid momentum and
mass continuity equations con be written as (Ref. 10,
pPE. 70).

¥l + 20%ele + 2050k, + ol2ed, + 20f0lel,
+ wz@a‘;y m cdtk, 4 c%@y‘ry (L)

where ¢% 1gs the velocity potential, The sywbols
are defined in the list of symbols. To keep the
analysis simple, the rectangulor coordinate syatem
is used rather than a more genernl coordinate sys-
tem, The velocity potentisl 4% is assumed to be
composed of a steady potential ¢ and an acoustie
potential

W (x,y,t) = ¥(x,y) +@(x,¥,t) {2)

The menn flow velocities nre of the Form
U= O = Uixy) 3)
Vo= by = V(x,y) {4)

and a congtant specd of sound ¢, 1s assumed,
Hith these assumptions, and by dropping those terms
which according to the assumption of small perturba-

tion, may be regarded as negligible compared to tha
roemaining terms, Eq. (1) reduces to

(L = M2)Pyy + Pyy = 2 c—‘i Pyr

A
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where the mean flow velocities are related by the
Lrrotationality condition

raM av
o 3y Jy ® % (6)

Parallel shear flow with M(y) and V¥V = 0 is

used to approximate boupdary layer flows, In this
case, Eq., (3) reduces to
(L - M2)Ppy + Pyyy - 2 2= @
X Yy o Rt
a Lo .
Ty, Py Z Ppp = 0 n

o]

llowever, Eq. (7) vialates the irrotationalicy as-
sumption which was used to esteblish Eq. (1) since
Eq., (6) is no longer satisfied, Could, however,

Eq. (7) be used to approximate s shear flow field?
Equation (7) ir similar to the Pridmore-Brown

{Ref. 11) shear flow equation, except the Pridmore-
Brren equation has two dependent varlables. When
the wave equation Ls expressed in one dependent
variable, Lt becomes third order (Ref. 12, Eq. 1.22,
pg. 9). ‘'therefore Eq. (7} may alter the true phys-
ics of the acrustic propagation. It would he dif-
ficult Eo evaluate the ecffeckt of this approximation
from numerieal solutions. Consequently, a deriva-
ticn will now be made assuming an acoustie poten-
tial In a parallel sheared mean f£low so that Eq. (7)
can be evaluated.

Rotational Mean Flow and Irrotational

Acoustic Propaogaotion

Because of theé sipnificant computational ad-
vantages of the acoustic potential formulation, on
actempt will be made to extend the existing poten-
tial wove program te include the case of boundary
layer flows that exist along the engine walls and
centerbodies. To do this in a rigorous manner, one
starts wirvh the linearized gas dynamic equations
for a votational [low fleld.

For the simple case of a rectangular coordi-
nate gystem snd isentropic (p = c¢p) parallel
sheared mean flow U = U(y); V = Q), the govering

gas dynamic equakionsi” become
Continuity
ap 2p 2(Bu av) -
3¢tV 5 T Potolgx t 3 0 (8)
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x-momenktum
i Hu M 1 ap
at+ulix+v3;3 Uogg“ (9)
y~momentum
ay ay 1 «a
wtUs” 9053 (10)

A solution to Eqs. (8) to (10) will, af course,
require grenter gomputer storvage and operating time
than Bq. (7) aince the pumber of dependent varie
ablea has ineveased from one () to three (p,u,v).
Now, the mean flow 1s considered to be rotational
ol the acoustic field ig assumed to bp Lrrotation-
al guch that

(T ﬁ; {11}
A
va ,‘; o2)

‘This nssumptlon reduces ¥qs. (B) co (10) te

)3} ap .
5—% + U E)-.I‘E + cépc‘(@xx + ‘Pyy) LI (13)
Prx + Wy + q;y g‘% 2 - ":l; fé‘& {i4)
1 &
Pey + Py = === 2 (15)

Fquations {13) to (15) con not be combined to
obtoln o sccond order differenciol wave equation in
the dependant variable, llowever, differentiating
Eq. (14) with respect te y and Eq. (15) with re-
spect ko x and gubtrereting one equatian from the
other yields,

o2y
@y + Pyy) g% FOy e 0 {16)

ubfch {8 the governing equation for deseribing an
irrvotarional acoustic disturbance ir a parallel
maan shepr £low. Since By, (16) contains po deriva-
tives with respeck to time, the irrotationality ase
sumption changus the noture of the propagation
equation.

The eignillcance of Eq. (16} can be clearly
underateod by considering the simple case of a
linear shear profile (d2U/dy2 = 0). In this sim-
pler but practical case, Bq. (L&) reduces to

tpxx * q"y‘y s (17}
or 1f o harmonic time dependence is assumed
= (POG-'L(DC 18
then
P + fpgy =0 (19)

Thus, the governing equation for the veloecity po-
tential becomes Laplacoe's equatiae, which indicatoeg
a diffusive propagatidon vather than a wave like
propagation, The cffect of this propagstion on p
and the acoustie velocities will now be considered.

The continuity ecquation, Eq. (13}, simplifies
by the use of Eq. (17) to

oap 8B, :
TR 5& 0 (20)

Again, oamuming that p = pOe~1CE, By, (20) ylelds
U 3p°
o = ™
P * Lm ar 0 (21)
For a plone pressuye wave at x = O, a solution for
pe  from Bg, (21) i{s simply
p0 = Col/U (22)

Similarily assuming u = ufe™i9t gpg oy = yPe~iWE
and substituting Eq. (22) into Eqe. (14) and (15)
yields after inegrotion

, € tax Cpumd &
uo = oltx/Uig, . 2k .%%(QerLl_di"_;’H)

puuz Bnoua 0}'
(23)
10w 3 !
0 . alwx/U Wi /| ;
v - @ ((:2&%“33;:\:) {24}
Fa :

These solutions of the concinuity and momentum
eq, ations hove lead to the fact that

o4,V a0 (10/U)x (25)

that is, only forward propagating perturbatien
pressure p ond velocities will exist and they
will propagate ot the speed of the medium Flow 1.
Therefore, Eq. {16) does not have an acoustic solu-
tion, consequently, the potential flow solution
cannot be used to estimnte tha effects of shear
even in an approximate monner.

For the case of boundarvy layer Flow, however !
a procedure based on the Goldstein-Rica analyaislé
might Le used for prodicting the attenuaticn with
ahaar f£low in conjunction with the potentinl finite
element method for turbofan fnlets., For a linear
shear layer, the lmpedance at the wall ean be
transformed inte an cffective impedance, 2,¢p, ot
the edge of the boundary layer. This effective
impedance could be used as the boundary condition
Lor the potentianl flow calculation. The proecedure
is approximate because the calculation assumes a
uniform boundary layer In the axiasl direction.
For a growing boundary layer, the trvansform could
be agsumed to apply loeally. In any event, this
procedure represents a aimple effective way of ac-
counting for shear with a potentiol £low program.

Actenuation Sensitivity to Variable Area

The theory used for the design of acoustic
liners for turbofan inlets without splitter rings
has used & eylindrieal duct for o model. As men-
tionad eariier, the present paper will estimate the
sensitivity of duct attenuastion to inlet curvature,
centerbody and flow gradients (lrrotational) for a
typlcal turbofan inlet, To accomplish this task,

a number of acoustic cgleulations are performed on
the goft-walled turbofon inlet shown in Fig. L.



This inlet geometry is oimilor to the QCSEE (gquict,
clean, short-haul experimental engine) inlet which
was designed to supprese intet-emitted engine mae
chinery noise using a high throot Mach number and
thus has somowhat more eurvatuce thsan a onventionw
ul inlet, 1In this case, the valoelty pocentinl
finite element pragraw of Rel. 1 was wodifled to
Include quadratic alements,

The governlng equations in the program are de-
veloped Erom the axisymoetric cylindrical coouvd-
inate form of Eqs, (1) to (6), Tho exact form of
9 1is

P(r,8,2,t) = 4O(r,z)e"1(X-md) (26)

The detalled governing cquations will pot ba pre-
sented here since they are fully documented In

Ref, 1. Boundary layers are not vunasldored In the
calculation becsuso, as was just phown, the program
fe limited to only irrotational flow flelds.

At the preégent time, tho frequency range and
radinl mode content {8 limited Dy the maslinum nuwse
ber of elements which the computer can handle. ‘the
analysis considevs plene wove fnput with dimension-
leas frequencies of n§ up te 2. In this case,
seven elements wore used to resolve the radlal
modes and fourteen ulements weré dsed to resolve
axial varistions. The acoustie design of un sctual
inlet will, of course, consider much higher fre-
quencies. Unfortunately, at the present time Einite
element schemes can not handla high frequencies,
Theresfore, this anzlysis only investigates low fre-
quency noisa in variabls ares inlets, This mlght bhe
corrected by adapting the wave envelope technique of
Ref, & to this problem. The wave envelope technique
con handlé high frequencies with wmuch frver clements,

Attenuation caleulations fox s varlable sren,
inlet, a atraight open cylinder and a bellmouth
(Fig. 2) all with an L/D of 1 are presented In
Fig., 3, The raotlo of treatment length to duct
dizmeter in these coses is 0.5. The soft wall ox-
t.nda over half the length of the duct beginning at
the nose of the ceatorbody. With this guemetry,
the Infinite uniform cylindrical duct model could
be expected to give a roassonable eatimste of the
attenuation, The results displayed in Fig, 3 are
for no mean flow, The effoctn of flow will be con~
sidered later. The impedance values chosen ere the
same for each inlet at a particular frequency.

They are listed in ¥ig. 3, The Lmpedance values
chosen in the calculation approximate the optimum
impedance {mnax, sttenuvation) for a plane pressure
wave input Into a long clrcular duct. A plane
acoustic veloclty is used ou the source with a
poto exit impedance,

The effect of iniet curvature and the center-
body on the duct attenustlon can be ascertained by
compsrison of the varlous cuvrves in Flg. 3 repre-
senting ecach inlet, The cylinder and bellmouth in-
lets give mpproximately the same sttenuation as o
function of Erequency. Since the bellmouth is of
uniform clrcular geometry, the effeet of the shorc
centerbody on the results appears to be insignifi-
cant in this no flow sltuation. The large area
variation of the other Inlet, however, does signif-
icantly affect the results. This suggests that re~
flections in this inlet may be important.

Figure 4 compares preliminary attenvation cal-
culatfons for the varlable area Inlet pnd n cylin-

&

drical inlet in a Elow aituation. The fan plune
Mach number £sr the voriable ares inlot wae 0.52
with an average Mach numbor of D.579 at the soft
wall dection of the inlet, ns colculated by one-
dimensional isentropic gas dynamic relations. The
Moch numboer in the eylinder was also chosen to be
0.579. The Impedance values used in these caleula-
tiona were thoso listed in Pig. 3 divided hy

(1 - ¥)2 with M oqual to 0,579, Aguln, oe scen
in Flg. 4, the QCSEE Inlet differs considerably
from the eylinder veaulis,

In Fig. 4, the Elattening of the cylinder ace
tenuation curve probably rcsults hacsuse the jmped-
ance values chosen are not at the opbimum for this
Mueh puwber. Howsver, the Importent polnt ia that
for the some value of impedence, area variations
coan significontly changa the calculsted attenuationm,

Far Field Radigtion

As weéntlonced in the introduction, this section
will be concerned with curvent {deas for extending
finite elements from the internal portion of the
duct into the far field. Under a three year oxten-
slon of NASA Lewls grent NAS-3036, whleh will run
Erom 11/78 to 10/8l, Professors Zinn aud §lgman
will be devaloplng methods for extending their fi-
nite element anolyuls into the far fleld. Firse,

a small effort will be devoted Lo more accurately
and efficlently specifylng the stocady flow field
around an {nlet in o form compotoble with the acous-
tic calculations, Hewever, the mujority of the
work effort in this grant will be devoted towards
the enteculution of scountie properties of the inlet
and the assoclated external region.

The direct oxtension of finite clements into
the far field is illustrated in Fig, 5. The num-
ber of elements greatly inerenses the further the
analysis is carvied from the Lnlet, Therefore,
this spproach requlires wery efficient woys of stor-
Iog and golving the finite element glebal matrix.
Considerable effort aliould be devoted to the direct
method, since improved handling of the clements
will bencfit Fav fleld appronches as well ns im-
prove cangbilities for present induct analysis.

As vientioened sarlier, to handle higher frequencies

inside the duct, greater efficlency 1s still necded

to incresse the nunber of internal elements.

A new numerical partition method parcitioned
matrix approach is now presénted which ailows far
field acoustic problems to be aubdivided fato
smaller independent and thus more managoble prob-
tems, This procedure can be incorporated in previ-
ously developed programs with minimal effort, Sam-
ple eslculations For a two-dimensional rectangular
coordinate soft wall duct with uniform flow are
presepted later to Lllustrate the method, Defore
discusslng the partition approach, the boundary
econditions used in a typleal numerical acoustic
analysis will be briefly reviewed.

Finlte element or finite difference analysos
usually vequire on acoustic pressure or veloelty
digtribution us the entrance boundary condition end
sone assumed fmpedance as the exit boundary condi-
tien. For plane wave propagstion without mean Eflow
fn a flaite straight duct, the acoustic impedance
at the outlet of the duct ig nearly pgeq for
dlmensionless frequencies v greater than 1.5, as
shown in Ref. 16. Figure 6(a) depicts the geomecry
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- analytically predictad attenuationl?

and appropriate boundory conditiona for o voctungu-
iar duct with thege conditions. For spinning or
higher order modes, the exit impedance values of
Refs, 1 or 3 could be used,

The baslc idea for the partitionlng approach
comes from the marching teehnique developed in
Ref. 17, As shown in ReE, 17, In regions wherc re-
Elections are small, the pueo, exit impedance was
nearly constant along the entire length of :(ve duck.
Thus, the internsl portion of the duct and the far
field can be separated {nto reglons ond solved in-
dependently, The exlt pressure calculated in the
first region Ls used as the Initial condltion for
tiie pressure in the second region, and so forth.

For higli frequency sound whore reflections are
small, the portition could be taken at the exit, as
shown in Fig. 6(a), For low frequency sound or for
an arbitrary input with meltiple nedes, the parti-
tion should be moved from the exit ta the far field
where the pgoe Impedance ig valid, as shown in
Fig, 6(b).

The number of partitions used In the far field
could be as many as desired, as 1llustrated in
Fig. 7. The total computer storage is reduced by
approximately the square of the number of parti-
tiona, If seven partitions were used, tlils would
be o storage reduction of sbout 50. PFurthermore,
since the solution times are roughly proportfonal
to the total number of nodes cubed (Ref. 18,
pE. 261), the total running time should alse be re-
duced by a factor of 50,

To illustrate the capabllities of the parti-
tioning technique, the noisc attenuatien at the
optimum impedance (point of moximum attenuation in
the {mpedance plane) ls ealculated using Finite
difference theory for a two dimensionnl reetongulor
duct with an L/H of 3.43, a uniform Mach number of
0.3 apd & plane wave inpukt,

Dimensionless frequencies of 1 equal to 1.5
and 2 are considered, As shown in Ref. 16, a di-
mensicnless froquency of 1,5 is just sufficlently
high go that a pgeg exlt impedance is valid, 1In
these two cases, as diseussed in Ref, 17, the pgo,
exlt impedance {5 nearly constant along the entire
duct. Therefore, the duct ¢an be partitioned.
FPigure 8 shows the duet with seven agsumed parti-
tions represented by the dash vertieal lines.

Figure 9 displays the calculated maximum gound
power attenuatiocns for 7 equal to 1.5 and 2, ‘The
number of axial grid points K have been varied to
check for convergence. The results converge to the
which apply to
duets of infinite length. Without partitions, ap-
proximately 100 axial grid points are required
while with partitioning only 20 axial grid points
are needed in each partitiened element. As men-
tioned in the body of the report, this reduces the
storoge rvequirement by a fuctor of 50 and the total
running time also by a [actor of 50, Of course,
the method must be tested over a greater range of
acoustic varlables to cheeclk its validicy,

Concluding Remarks

The finite element veloclty potential program
developed for NASA Lewis by Georgio Institute of
Technology is sultobla for hondiing low frequency
acoustic wave propagation in ducts with area varia-
tions, centerbodles, and axial varistions In wall
impedance whenever frrotationol flow gradients
exist in a duct, Consequently, the program is
ideally seited for handling lew frequency acoustic
wave propagation in a turbofan inlet in which the
mean flow ficld is predeminancly {rrotationnl and
two dimensional,

Unfortunately, as shown herein, the velocity
potential program can not be used directly to esti-
mate the effects of wall shenr layers on acoustic
propagation, However, s boundary layer correction
based on the Goldstein-Rice analysis is suggested
for predicting attepuation in soft wall ducts.

In some sample calculatlons for a variable
area inlet, the combipned affect of inlet curvature,
and flow gradlents was shown to hove slgnificant
offects on the attenuation of s given acoustic
liner for very low frequencics, The short center
body did not scem to have such effect,

Finally, opproaches are digcusaed that are
actively being considered for extending the finite
element solution te include the far field as well
as the internal portion of the duck, A new matrix
partitioning approach is presented that can be in-
corporated In previously developed programs which
may allow the finfte element caleulation to be
marched into the far field, The partitioning ap-
proach provides a large reduction in computer stor-
age and runnlng times.
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