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Abstract

The aeroacoustics of blade vortex interaction (BVI)
has been investigated using indicial aerodynamics
combined with the acoustic analogy in the form of the
Fiowes Williams-Hawkins (FW-H) equation. Gener-
alized subsonic indicial 1ift functions for the lift on an
airfoil penetrating a stationary sharp-edge gust were
used as a basis for the unsteady airloads. Alternative
indicial gust functions were derived from subsonic lin-
ear theory and from a direct numerical simulation of
the indicial gust problem using computational fluid
dynamics {CFD). For the 2-D airfoil-vortex interac-
tion problem at warious free-stream Mach numbers
the indicial method was compared with CFD results
with good agreement below the critical Mach num-
ber. The indicial method was integrated into a three-
dimensional stmulation of an idealized BVI problem
in a manner that would be used in a comnprehensive
rotor analysis. Good agreement was found with simul-
taneously measured airloads and acoustics.

Nomenciature

G Sonic velocity, ms™!
c Blade chord, m
Cref Reference chord, m
ce Normal force coefficient due to gust
AC, Ditferential pressure coefficient
E Complete elliptic integral of 2nd kind
E{w) Tncomplete elliptic integral of 2nd kind
F ) Incomplete elliptic integral of 1st kind
e Coefficients of sharp-edged gust function
G Exponents of sharp-edged gust function
k Modulus of elliptic integrals
ky Gust reduced frequency
K Complete elliptic integral of 1st kind
Ir Force on fluid in direction of R, N
M Local free-stream Mach number
Mp Relative Mach number between source

and receiving point
P Fluctuating pressure, Pa
i3 Radial distance from vortex center, m
e Vortex core radius, m
i Rotor radius, m
R Distance from source to observer, m
8 Distance in semi-chords = 2Vt /c
S Blade area, m?
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t Time, s

Up, Normal perturbation velocity, ms™?
Velocity, ms™!

Tangential velocity, ms~*

Local (blade-element) velocity, ms™1
Gust convection velocity, ms™!
Free-stream velocity, ms~!

v

Vo
Vr
Vs
Veo
Wy Gust velocity normal to ajrfoil, ms™?!

x,Y Airfoil coordinate system, measured
from leading edge, m

2’ Dummy variable of integration, m

Ty, Yus 2w Position of vortex, m

Yy Airfoil thickness envelope, m

Z; Aerodynamic deficiency functions

o' Angle of attack, rad.

X Effective angle of attack, rad.

B Glauert factor == /1 ~ M?

r Vortex strength (circulation), m?/s

I Non-dimensional strength = I'/Viocpey

A Incremental quantity

A Gust speed ratio, = V/(V + V)

P Air density, kg m™*

T Retarded time, s

@ Indicial response function

afy, Blade azimuth

g Sharp-edged gust function

{7/ Rotor azimuth, deg.

W Retarded azimuth, deg.

W Argument of elliptic integrals

2 Rotor frequency, rad./s

a Dummy variable of integration

Introduction

The rotor blades of helicopters and tilt-rotor aircraft
can encounter large velocities and intense velocity
gradients that are generated by tip vortices trailed
from previous bladez. These blade vortex interac-
tions {BVI) produce significant unsteady effects that
become particularly acute when the axis of the tip vor-
tex is parallel, or almost parallel, to the leading-edge
of the blade. This occurs primarily on the advancing
and retreating sides of the rotor disk during low speed
descents or during maneuvering flight. BVI has been
identified not only as a significant source of unsteady
aerodynamic loading, but also a major contributor
to rotor noise.!~¥ The obtrusive and highly focused
nature of BVI noise means that accurate predictions
of the phenomenon are becoming essential aspects of
the rotor design process. This is essential to alleviate
landing approach noise levels in civilian rotorcraft op-
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erations, and to help reduce aircraft detectability in
military applications.

Many experimental and numerical research studies
have provided a good amount of fundamental knowl-
edge about the BVI phenomenon. This has led to
an increased appreciation of the complex physical na-
ture of the flow and the difficulties in prediction. 48
Pure CFD approaches to rotor far-field BVI acoustics
are not yet practical because of numerical dissipation.
Also, while coupled CFI) and Kirchhoff based meth-
ods have provided significant insight into aeroacous-
tic phenomena, they are still far too computationally
expensive for rapid parametric studies.® 10 Bearing
in mind that accurate predictions of BVI will involve
blade structural dynamic and aerodynamic modeling
as a fully integrated system including sophisticated
free-wake modeling, this places serious constraints on
the allowable levels of unsteady aerodynamic model-
ing. In addition, with the increasing trend toward the
development of active rotor control technologies such
as blacde mounted trailing-edge flaps, !1=1% there is a
need for improved unsteady aercdynamic models that
also need to be in specific mathematical forms so they
can he used for studies in active acoustic control.

While a good model for the unsteady aerodynam-
ics is the key to the acoustic problem, in the inter-
ests of computational brevity most comprehensive ro-
tor models contain much less sophisticated unsteady
acrodynamic models compared to those actually re-
quired. The BVI phenomenon is often referred to as
a “leading-edge problem,” but the leading-edge pres-
sure response is dominant for all situations involving
changes in blade section angle of attack. The impor-
tant issues for modeling the acoustics are to repre-
sent the effects of compressibility and unsteady (time-
history) effects on the sectional (leading-edge) pres-
sure loading. Even when the sectional aerodynamics
model may include some level of unsteady modeling,
the approaches used in many rotor codes do not prop-
erly distinguish the aerodynamic effects at the blade
element level due to the wake induced velocity from
the acrodynamics due to changes in angle of attack
and pitch rate. The former can be considered as a
conveeting gust field through which the blade section
penetrates, while the latter will be due to blade mo-
tion such as Happing, cyciic pitch control inputs for
trim, and blade torsional response. BEacl produces a
different source of unsteady astodynamic loading and
time-history. Therefore, not only is the lack of distine-
tion between gust encounters and changes in angle of
attack or pitch rate fundamentaily incorrect, but it
may lead to erroneous predictions of the unsteady air-
loads and resulting acoustics. The significant predic-
tive deficiencies compared to experiment and the large
code-to-cade variability of the acoustic results shown
in Ref. 14 suggests that significant fundamental work
still remains to be done.

The present work focuses on the use of an indicial
aerodynamic model to calculate the unsteady acro-
dynamics due to the rotor wake and BVL A good
review of the general indicial concept is given by
Lomax'® and Tobak and Schiff. '® If the indicial re-
sponse can be found, then the unsteady acrodynamic
response to an arbitrary input (forcing) can be found
by Duhamel superposition. The indicial response in
some cases is known analytically,*7~ %% in other cases

numerically, 2 2! and it can also be found experimen-

tally by inverse techniques using the acrodynamic re-
sponse to sinusoidal forcing.??~ 24 If the linearity of
the flow physics over the required range of conditions
can be justified, then one advantage of the indicial
method is a tremendous saving in computational cost
over performing separate flow field calculations. By
using certain analytic forms of the indicial response,
the unsteady acrodynamic model can be written in a
numerical form suitable for implementation in com-
prehensive rotor aeroacoustic model, and also in a
form that can be utilized by a control algorithm.
The methodology in the present article is devel-
oped in a form used previously for unsteady airfoil
motion #® 2'3, unsteady flap motion 2729 and dynamic
stall. 30~ 33 Therefore, the algorithms can be easily ap-
pended to those already in use. The results indicate
that good economical predictions of the unsteacy air-
loads for problems such as BVI are possible using the
indicial method. When the predictions of the un-
steady airloads are coupled to the FW-H equation,
the results also show good agreement with measured
near-field and far-field acoustics generated by BVL

Methodology

BV can be considered as a transient gust problem. In-
compressible time-dependent solutions for gust prob-
lems on 2-D airfoils have been obtained by Kiissner, '8
Von Karman and Sears,'? Horlock® and Miles.?®
For the general vertical gust problem in incompress-
ible flow, Duhamel superposition can be used with
the Kilssner sharp-edge gust function, #,(s), to find
the aerodynamic loads due to an arbitrary station-
ary gust fleld. The equivalent sharp-edge gust so-
lutions for the subsonic case can be obtained only
approximately, ¥ 29 but even then the functions are
not easily represented in o mathematical form suit-
able for practical calculations. :
For the traveling vertical gust case, which is the
most general situation, the problem was solved for
incompressible flow by Miles™ in terms of the gust
parameter A = V/{V + V). As the propagation
speed of the traveling gust increases from zero to oo
(A decreases from 1 to 0), the solution changes from
the Kiissner result to the Wagner result,®® with a
variety of intermediate transitional results heing ob-
tained. However, in the rotor environment, the con-
vected wake velocitios are generally much lower than
the local blade element velocity, so the assumption
that A = 1 is usually valid, and the stationary sharp-
edge guss result can be assumed. This produces a
justifiable level of simplification in the unsteady aero-
dynamic modeling that re ains the elliciency necessary
for a comprehensive rotor aercacoustics simulation.
Note that i linear theory only the vertical compo-
nent of the gust is used £o satisfy the boundary condi-
tions; unsteady effects due to the in-plane component
of the gust velocity can usually be ignored since it
is known that horizontal disturbances produce only
a quasi-steady effect to a first-order. % *% 37 See also
Goldstein®® for a discussion of this point. However,
unsteady in-plane effects may be a more significant
factor affecting the airloads if the blade passes inte
the high rotational velocities in the core of a vortex,
especially under transonic conditions. However, the
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Initial vatue = 4/t

Final vaiue = 2 n/p

Lift coefficient

Indicial angle of attack
we----- Sharp-edge gust

Distance traveled, s (semi-chords)

Figure 1: Comparison of indicial lift response due to
a step change in angle of attack and the penetration
of a stationary sharp-edge gust

bounds of linearity in such cases can probably be only
understood with the use of CFD methods.

2-D Exact Subsonic Linear Theory

In the indicial angle of attack case, the boundary con-
ditions change instantaneously over the chord. This
produces a finite (noncirculatory) value at s == 0, as
given by linear piston theory,® followed by a rapid de-
cay because of the propagation of wave distrubances
at the speed of sound. This is then followed by a
gradual and asymptotic growth in lift because of the
growth in circulation about the airfoil - see Pig. 1.
By convention, s represents the distance traveled by
the airfoil in semi-chords. The physics during this
transient process are rather complicated because of
the propagation of downstream and upstream moving
wave fronts (non-circulatory effects), combined with
the simultaneous ereation of circulation. In the case
of a sharp-edge gust, the boundary conditions change
progressively across the chord, so the lift is zero at the
initiation of gust penetration but builds rapidly and
approaches the angle of attack result at later times.
Again, the physics during this transitionary process
are rather comphicated, and even with linearity as-
sumptions there are no equivalent exact solutions to
the Kilgsner function for the subsonic flow case.

The sharp-edge gust problem in subsonic flow was
examined by Lomax® using the method of super-
sonic analogy. The actual calculations are fairly elab-
orate, but exact analytical expressions for the air-
foil pressure distribution can be found for a limited
period of time after the gust entry. For the period
0<s<2M/(L+ M) (which corresponds to less than
t.chord length of travel even at M = 0.7) the air-
foil pressure distribution for & unit gust disturbance
is given exactly by

8
AC (1) = (1 + M)

where @ is measured from the airfoil leading-edge and
t = at. When this equation is integrated, the result

for the unsteady normal force for a unit gust is
2s

- 2
i (2)

For later values of time up to s = 4M/(1 — M?),
solutions for the airfoil pressure distribution during
the gust penetration are also known exactly*® but take
on a much more complicated form. Again, for a unit
gust

ACY(s) =

8
w(1+ M)

AC)(x,t) =

~|~%\/M(f — ) - & — M)
2K
V(@ 221 - M)
_EF'(¥) + KE'(¥) - KF'(®)
V(@ + Mo -« — M)

where B, K, E'(¥) and F'(¥) are elliptic integrals of
various kinds with modulus & given by

" (3)

) M) -2
b= ( +2)(1 + M) @

and argument ¥ = sin™! y/(z + M¥)/c. These equa-

tions can only be integrated numericaily.

Interestingly, the pitching moment during the gust
penetration is found to asymptote to the 1/4-chord
in the short time s = 2M/(1 + M), suggesting that
the variation of the moment can be safely ignored.
However, in a practical sense the effects of viscosity
wili modify the effective aerodynamic center so that
some acrodynamic moment will always be produced
on the airfoil as it moves through a gust field.

For s > 4M /(1 — M?) there are no analytic solutions
possible in the subsonic flow case and more approxi-
mate methods of finding the indicial function must be
acdopted, see Lomax et al ?* and Lomax.?® However,
the asymptotic result for a unit gust is simply given
by the conventional steady-state theory, namely

- 4 [1-2
Aop(:li,t = OO) - ‘—(} —':i,“““— (5)

g0 that 5
m
AGH(s = 00) = 55 (6)
For 4M/(1 — M?) < s < oo, the chordwise pres-
sures cannot be determined analytically but one can
use a relationship between the gust function 4, and
the indicial response to a step change in angle of at-
tack, ¢, as shown by Garrick. *® Unfortunately, in
the subsonic case no exact solutions are possible for
either ¢, or ,. However, indicial angle of attack
results have been obtained, albeit approximately, by
Mazelsky % 28 and Leishman.?® These results can be
used in some cases to complete the indicial gust re-
sponses by numerical approximation at later values of
time.
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Direct Indicial Simulation by CFD

CFD solutions can provide results for many practical
problems that cannoct be solved analytically or sim-
ulated by experimentation. Yet, these solutions are
only available at significant computational cost, and
even then are still subject to certain approximations
and limitations. Nevertheless, CFD solutions can help
fill in gaps in solutions that are not available usm% the
exact linear theory, such as for s > 4M /(1 -

the above case. The non-linear physics modeled by
CFD also provides additional guidance in establish-
ing the limits of the classic linear theory, especially
for airfoils with finite thickness and camber, and also
when operating close to and beyond the critical Mach
number.

Indicial type calculations using CFD require spe-
cial treatment to avoid artificial numerical transients,
and so appear relatively rarely in the published lit-
erature. However, some nonlinear indicial and gust
solutions have previously been performed by and
McCroskey,® Stahara and Sprmtel, and also Ball-
haus and Goorjian, 42 using varions small-disturbance,
full-potential, and Euler solvers. More recent indicial
calculations have been performed by Parameswaran 3
and Singh** who have computed airloads for indicial
anglc of attack, pitch rate and sharp-edged gusts us-
ing the TURNS (Transonic Unsteady Rotor Navier-
Stokes) code.*® These latter results, which consider
both 2-D and 3-D indicial problems, are extremely
useful since they help establish the bounds of linear
theory and also provide good check cases for the in-
dicial method over a range of flow conditions where
exact analytical solutions are unavailable.

CFD results computed by Parameswaran®® for the
sharp-edged gust problem are shown in Fig. 2 for Mach
numbers of 0.3 and 0.5, and are compared to the exact
linear theory obtained from Eq. 2 and the integration
of B 3. The comparisons at earlier values of time
are excellent, and certainly lend significant credibility
to the CFD results, The CFD results at later values
of time are also shown in Fig. 2, where it is apparent
that the growth of lift is affected by compressibility ef-
fects such that at the higher Mach numbers the airfoil
must travel further through the fiuid for the final flow
acdjustments to be completed. Note that for the tran-
sonic (M = 0.8) case, there is a small perturbation
in the curve at s =~ 11. This is due to the formation
development of a shock wave, which alters the rate of
unsteady flow adjustments. The CFD resuits give [i-
nal values that are very close to the linear values for a
flat plate as given b%f the Glauert correction {see also
Singh and Baeder. *)

Functional Approximations to Gust Response

A key factor in the successful application of indicial-
type methods to general problems is the functional
form used for the indicial response function. Because
of the asymptotic growth of the indicial functions, sev-
eral authors mc,ludmg, Lomax, 20 Mazolqky,” Mazel-
sky and Drishler,?® and Leishman, 2! have used expo-
nential approximations. While an exponential form of
the indicial response is not an exact representation of
the physical behavior, in most cases involving super-
position with specific types of motion such as sinuous

or other periodic forcing, it has proven sufficient when
compared to experimental data. However, for some
applications the exponential approximation to the in-
diclal response may be inadequate, and caution should
always be exercised.

A typical exponential approximation to the sharp-
edged gust is of the form

N
~ 130 GM)exp (—ga(M)s} (D)

j=]

Ye(s, M)

for s > 0, where the G; and g; coefficients are func-
tlo!r\qu of Mach number. In each case we must have

1Gi=1and g; > 0 for ¢ = 1..N. Therefore,
the llft during the penetr ation of a sharp-edged gust
of unit magnitude is given by

?gwg (s, M) (8)

where the steady-state value of the lift is simply the
two-dimensional flat-plate result with the Glauert cor-
rection. For practical calculations it is possible to re-
place the linearized value of the steady lift-curve-siope,
2w/, in Eq. 8 by a value measured from experiment
ot modeled by CFD for a particular airfoil.

Unfortunately, the exponential approximation in
Eq. 7 is not necessarily in the most useful form for
a helicopter rotor analysis. This iz because on a votor
each blade station encounters a different local Mach
number ag a function of biade radial location, and dur-
ing forward flight the local Mach number is also a
function of blade azimuth angle. Therefore, repeated
interpolation of the G; and g; coefficients between suc-
cessive Mach numbers will be required. While simple
in concept, there is a surprisingly large computational
overhead assoclated with this process.

To avoid this overhead, it has been shown 2 46 that
the asymptotic (cnculatoxy dominated) part of the to-
tal iift due to a step change in angle of attack in sub-
gonic compressibie flow can be approximated by & two
term exponential function with coefficients that can
be scaled in terms of Mach number alone. Since for
later values of time it is known that the sharp-edged
gust and indicial angle of attack functions approach
each other, a similar behavior can be assumed valid
for the sharp-edged gust function, i.e.,

ACI(E, M) =

N
Pols, M) = 1 — Z Giexp {—g;3%s} s=0 (9)
im=] ‘
where 0 | Gy = 1 as before but now the G’s and gy’
are fixed 'mcl considered independent of Mach number.
It has already been shown in Ref. 47 that for gusts the
form of this indicial function appears acceptable up to
at least the critical Mach number of the airfoil section.

Determination of 1,’)9(3, M) from Linear Theory

As described in Ref. 47, the evaluation of the gust
function coefficients in Eq. 9 can be formulated as a
least-squares optimization problem with several im-
posed equality and inequality constraints. These in-
clude both the initial value (1,(0, M) = 0) and final
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value (tp, (00, M) = 1) of the gust function. In addi-
tion, to obtain the best possible match to the exact
linear theory, another constraint can be imposed by
closely matching the exact time rate-oi-change of lift
at s = 0, again with the detalls being given in Ref. 47.

For N = 1, the errors were too large to render ad-
equate apptoximations. For N > 2, approximately
the same cost function resulted as for the N = 2 case.
Because it is desirable to minimize the number of coef-
ficients for numerical efficiency when using a superpo-
sition algorithm, the NV = 2 case was selected. Results
for the resulting sharp-edged gust functions are shown
for Mach numbers of 0.5 and 0.8 in Fig. 3, with the
coefficients being given in Table 1. It will be seen
from Fig. 3 that the approximations match the exact
solutions almost precisely at early values of time, as
required. A summary of the gust responses for ex-
tended values of time is also shown in Fig. 3, where
it is apparent that while the final values increase with
increasing Mach number, the initial growth in lift is
less as the Mach number increases. This can be im-

Gust Function (3 (& a1 g2

1, () {Ref. 36) 0.5 0.5 0.136 1.0

y(s) (Ref. 27) 0.579 | 0.421 | 0.139 | 1.802
1, (s, M) (Linear) | 0.527 ¢ 0.473 { 0.100 | 1.367
Y, (s, M) (CFD) | 0.670 | 0.330 | 0.1753 | 1.637

Table 1: Summary of sharp-edged gust function coef-
ficients

portant for transient. problems such as BVI, where the
effects of compressibility normally appear as increased
lags in the development of the it In fact, this is ex-
actly the opposite to that expected, cither on the basis
of quasi-steady assumptions or incompressible flow as-
sumptions with a Glauert-type correction.

Determination of i, (s, M) from CFD

Results for 2-D flow were computed using TURNS
(see Ref. 43) for a NACA 0012 encountering station-
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Figure 4: Comparisons of exponential sharp-edge gust
function with results computed using TURNS at early
values of time.

ary sharp-edge gusts at M = 0.3,0.5,0.65 and 0.8.
As mentioned previously, for the higher Mach num-
ber there was evidence of some non-linearity in the
propagation of perturbations in the flow due to the
development of a shock wave on the upper surface of
the airfoil. For this case the date in the early stages
wag ignored; only data describing the asymptotic be-
havior for s > 10 were used. The time-scaling of the
gust function by the factor 52 as suggested previously
'zppezucd to be a feature confirmed by the CFD anal-
ysis, at least in the subsonic flow regime,

The resulting coefficients for this generalized sharp-
edged gust function are also given in Table 1, and the
resuits are plotted graphically in Fig. 4. The level of
agreement of the exponential indicial approximation
with the TURNS results is good, bearing in mind that
this indiclal function (Eq. 9) has constant coefficients
and is generalized in $erms of Mach number alone.

Response to an Arbitrary Gust

Within the assumptions of the linear theory a general
stationary gust field wy(x,t) can be decomposed into a
series of sharp-edged gusts of small magnitude. Using
the indicial gust response the response to an arbitrary
gust ficld can then be found using Duhamel superpo-
sition. For example, the response to a continuous gust
field may he written analytically as

2r [ 1 [? dw,
5 [VA = Pols — o, M)do

where, as described previously, it is assumed that the
in-plane variations in velocity produces only a quasi-
steady effect. While the linearity of an arbitrary gust
problem cannot necessarily be established a priori, es-
pecially for Mach numbers above the critical Mach
number, the technigue has been well proven using
experimental measurements for unsteady airfoils in
Refs. 25 and 26 and 46 for the Mach numbers typical
of helicopter rotors, as well as for Hap motion. %0 29
Two numerical methods can be used to perform the
superposition ~ the state-space form or recursive form.
In discrete time a finite-difference approximation to

ACH(sy = (10

the Duhamel integral leads to a one-step recursive for-
mulation, and the various numerical procedures have
been developed in Ref. 46 and elsewhere for airfoil mo-
tion using the indicial function concept. These meth-
ods can also be easily applied to the gust problem. For
example, denoting the current time step by ¢ and the
non-dimensional sample interval by As, the lift may
be constructed from an accumulating series of small
gust inputs using

2
5o

Again, the N = 2 case for the gust function has been
assumed. Note that o, can be considered simply as
a pseudo angle of attack, which represents the time-
history of the unsteady aerodynamic effects. In this
case, the deficiency functions, Z;, and Z5,, are analo-
gous to aerodynamic states since they contain all the
hereditary information about the aerodynamic forces.
The deficiency functions are given by the one-step re-
cursive formulas

N ~2’1‘T1

e T ﬁ 1% {Aw.ﬁ‘

—Zzt] = (11)

th = Zh._]El + Gy (Awm
th = thulEg + Gy (Awg,.

- Aw!]l.-—l)
- Awgl.——l)

where Ey = exp(-~g¢1/52As) and By = exp(—gy82As),
and where the subscripts t and £—1 are the current and
previous time steps, respectively. The corresponding
algorithms in state-space form for this superposition
process are given in Ref. 47.

Acoustics Model

The acoustic pressure field can be calculated by us-
ing the acoustic analogy in the form of the Ffowces
Williams-Hawkins (FW-H) equation. In the present
worl Farassat’s formulation~1 was used,’® where the
acoustic pressure can be written as

PUn

P,y 29} = 4ﬂ3t/f[ R(1 - M)
47rat9t/f[ l—Mn)}

zm Bt [/ [Rﬁ 1= MR)] ds  (12)

where [ is the total force on the fluid at each source
point on the biade in the direction of the observer, and
i, is the retarded azimuthal time at that source point.
The first term in Eq. 12 is the thickness noise; the sec-
ond two terms are the loading noise, which are com-
puted here using the indicial method. The quadropote
term has been neglected since for the cases considered
in this paper the Mach numbers are mostly suberitical.

For the non-compact acoustic calculations pre-
sented in this paper, a chordwise pressure loading was
synthesized for the loading (dipole) noise. Since the
linearity assumptions of the indicial method do not
allow for variations in the form of the chordwise pres-
sure, an assumed pressure mocde was used. In its sim-
plest form this mode shape can be the (analytic) sub-
sonic form or another {discretized) form as given by

}ds
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the CFD analysis that is then linearly scaled as a func-
tion of angle of attack and the Glauert factor. For ex-
ample, using linear theory the chordwise pressure can
be written ag

ACy(z,t) = %

The thickness (monopole) noise was obtained from
a source/sink thickness displacement model in a uni-
form free-stream flow, the frec-stream flow being set
equal the local blade sectional velocity, Up. The sim-
ple thickness model given by Schmitz and Yu® where

dy
e (z) = UT—J%

(14)

tends to provide a relatively crude model for the noise,
and can affect the amplitude and waveform of the
noise pulse at higher (subsonic) Mach numbers. A bet-
ter result for the normal velocity perturbation {which
is used here in the first term in Eq. 12) can be shown
to be

dx’ (15)

Up [°dy 1
vz, y) = _L/ Y Y

7 Jo da’ (z— )2 + y?

where 1 18 the airfoil thickness profile. This equation
is solved numerically. In addition, for each chordwise
source point the appropriate retarded azimuthal time
musé be computed - the fact that the pressure distur-
hances cdue to thickness do not arrive in-phase at the
observer location leads to a negative sound pulse.
Note that the preference is normally to work with
Farassat's formulation-1A of the FW-I, which is used
in the WOPWOP code (see Ref. 49) and other codes.
In this formulation the time-derivative must be evalu-
ated over the blade surface since it appeats inside the
integral, and this tends to help suppress numerical
noise. However, with formulation-1, the time deriva-
tive appears outside the surface integral and only a
single numerical derivative over time needs to be eval-
uated. In the present approach with formulation-
1, the acoustic pressure was evaluated at the cor-
rect retarded time using a discrete binning technique
with linear weighting factors. The bin number was
computed from the appropriate retarded azimuth (re-
tarded time), with a typical bin size being one to one-
half degrees of azimuth. For example, the azimuthal
reception time 1 that a sound pressure signal gener-
ated at the source time i, is received at the observer
location is given by
Y

3

1 = ('1/;1. +

™

which is in units of degrees. The acoustic information
is then sorted into the appropriate retarded azimuth
bin, and weighted by applying linear weighting factors
to adjacent bins.

One advantage of binning the acoustic information
is computational efficiency since the results are fully
available at the end of one rotor revelution; no post-
processing with interpolation is required to compute
the acoustics over the blade planform at the appro-
priate retarded time. However, with diserete binning
one must ensure that the number of azimuthal source

time-steps where the airloads are computed is at least
twice the mumber of discrete retarded time bins. ¥ this
requirement is not met, then some numerical noise will
occur. Another advantage is that binning allows the
rapid calculation of the acoustic planform. Binning
has been found particularly attractive from the per-
spective of modeling active closed-loop control of the
acoustics, for example with the use of trailing-edge
flaps,®® since it is necessary to provide a controller
with information relating the time of pressure genera-
tion to the time of acoustic reception, i.e. the acoustic
planform.

Results and Discussion

2-D BVI Problem

CFD calculations have been made using TURNS? to
obtain the unsteady loads on a NACA (0012 airfoil in-
teracting with a convecting vortex of non-dimensional
strength I' = 0.2 traveling at a steady velocity 0.26
chords (y, = —0.26¢) below the airfoil. Typical heli-
copter advancing blade conditions at Mach numbers
between 0.5 and 0.8 were considered, since these con-
ditions serve to illustrate the influence of compress-
ibility on the BVI problem. The CFD resuits were
compared to solutions obtained using the indicial ap-
proach, which although restricted here to the calcula-
tion of the integrated airloads, has a relative compu-
tational speed advantage of about five orders of mag-
nitude.

The tangential velocity in the interacting vortex
was approximated using a Kaufmann/Scully vortex,
namety

Tr
2r(r? 4 r2)

where r is the distance along a radial line emanat-
ing from the center of the vortex such that r? =

2 2 . .
(o — 2,)° -+ {y ~ 4)", and the vortex position 2,1y, is
relative to a coordinate axis at the leading-edge of the
airfoil. A core size of r, = 0.05¢ was used, although
the interaction between the airfoil and the vortex is
sufficiently spaced in the cases considered that the core
radius does not play a significant role. The recipro-
cal influence of the airfoil on the vortex convection
velocity and trajectory was neglected.

Results for two subsonic Mach numbers and for a
weakly transonic case are shown in Figs. 5 and 6, re-
spectively. It can be seen in all cases that the infiu-
ence of the vortex has affected the airfoil iift when
it is well upstream of the airfoil leading-edge. This
result 8 hmportant tor the computations because it
sets a minimum upstream distance to establish the
proper initial conditions for both the CFD and in-
dicial approaches. Typically, a starting distance 10
chord lengths upstream is the minimum to aveid any
sensitivity to initial conditions. A lift minimum was
obtained just as the vortex reached the airfoil leacing-
edge (2, = 0), followed by a rapid increase in the
lift as the vortex passed downstream over the chord.
The agreement between the indicial approach and the
TURNS code is excellent at the subsonic Mach num-
bers, and these results essentially confirm the validity
of linearity for BVI, at least under these conditions.

Vo(r) = (17)
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Figure 5: Comparison with TURNS result for a subsonic 2-D vortex-airfoil interaction, I' = 02,5 =
—0.26¢, M = 0.5 and M = 0.65
For the higher Mach number of 0.8, as shown in
Fig. G, the flow mildly exceeds the critical Mach num- 0.4 -
ber of this NACA 0012 section. However, the agree- ' « TURNS .
ment in terms of peak-to-peak lift and phasing of the 005 1 | T inded fromat, L veniEentazynes
lifs is still good, and much better than could possi-
bly he obtained using the Kissner function, which
will overpredict the peak-to-peak lift and the slope. 17 g
However, the results also show that with the indi- &
cial method there is a somewhat larger lift overshoot &
downstream of the airfoil trailing-edge compared to !
that predicted by TURNS. This is due to the super- -
sonic pocket on the upper surface, which plays arole in
delaying forward propagation of pressure disturbances
from the adiustments taking place in the trailing-edge IM=0.8, y,=-0.260
region. Such effects cannot be casily represented us- 0,26 e

ing the indicial method and, therefore, the occurrence
of significant transonic flow defines an upper bound
of applicability to $he indicial method. However, as
shown by Ballhaus,*? even for the transonic condi-
tions linearity can hold so long as flow perturbations
are small relative to the mean operating state.

It will also be seen from the results in Figs. 5 and 6
that the effects of increasing Mach number serves to
atbenuate the peak-to-peak value of the lilt response,
which is exactly opposite to that given by incompress-
ible unsteady theory even with a Glauert correction.
FPurthermore, it is apparent that the effects of increas-
ing Mach number introduces a larger phase lag in the
lift response (the slope is less during the interaction},
and this ochvicusly becomnes a significant consideration
for accurate noise predictions since these depend on
the time rate-of-change of the airfoil surface pressures.

3-12 BYI Problem

The 3-D BVI problem is considerably more compli-
cated than for the 2-D case discussed above. Besides
the fuct that now both trailed as well as shed vorticity
appears in the wake of the blade, the elements of the
rotating blades travel at different velocities relative to
the vortex field so the unsteady How adjustments on
the blades take place over different time scales when
viewed in texms of rotor time (10). Obviously for an
actual helicopter, when multiple blades and their as-

-5 -4 -3 <2 -1 0 1 2 3 4 5
Vortex position, x, (chords)

Figure 6: Comparison with TURNS result for a mildly
transonic 2-D vortex-airfoil interaction, T' = (1.2, yp =
~0.26c, M =08

sociated tip vortices are involved, identifying individ-
ual BVI events and their associated time-scales to the
point of validating an aerodynamic mode! is basically
impossible. Here, besides the unsteady aerodynamic
maodel, a key element in the problem is predicting the
tip vortex strengths and locations relative o the rotor
blades. This is a problem unto itself that has not yet
been completely resolved,

To eliminate the uncertainties associated with the
rotor wake, several simpler BVI experiments with ro-
tors have heen conducted in the controlled environ-
ment of wind-tunnels. These experiments include the
work of Surendraiah, ™ Caradonna et al,%" Kokkalis
et al.%% and Seath et al® These experiments ave
bagsed on rigid non-articulated one or two-bladed ro-
tors that encounter an isolated line vortex generated
upsiream of the rotor. The rotors are operated at
nominally zero thrust, thereby minimizing the self-
generated wake and allowing the effects of the gener-
ator vortex on the blade airloads and acoustics to be
studied, essentially in isolation.
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Although the above cited works have concentrated
on similar problems, the recent work of Kitaplioglu
and Caradonna®® 5% is probably more useful for val-
idating the BVI aeroacoustics problem because both
unsteady blade loads and acoustic pressures were mea-
sured simultaneously. The results for eight combina-
tions of vortex sign and vortex location relative to the
rotor have been documented, although only a subset
of these cages will be discussed in the present paper.

In the Kitaplioglu and Caradonna experiment, a
two-bladed rigid rotor encountered a vortex (gener-
ated by a wing placed about three rotor radii upstream
of the rotor shaft) of measured strength and location
relative to the rotor. The BVI event took place over
the upstream edge of the rotor disk, where the blade
was effectively paraliel to the longitudinal axis of the
generator vortex, While BVI may be expected on the
downstream blade as well, the effects of the hub were
known to diffuse the vortex and no significant BVI was
apparent in the measured airloads near 1 = 0. The
location of the generating vortex relative to the ro-
tor (blade) was changed by adjusting the position of a
generating wing, with the vortex sign and strength be-
ing changed by altering the wing angle of attack. For
the present work, a non-dimensional generator vortex
strength of I' = I'/(VaoCrep) = 0.36 was used with a
viscous core size that was 5% of the generating wing
chord, ey, these parameters being based on the mea-
surements of Takahashi and McAlister. % In addition,
the tangential (swirl) velocity of the vortex has been
found to closely correspond to Eq. 17.

Unsteady Airloads

The unsteady airloads on the rotor were modeled by
applying the indicial method at 30 radial stations
along the blade. Induced effects from the near trailed
wake were modeled by means of a Wessinger L-type
method. In this approach the three-dimensional span-
wise loading (therefore including both trailed and shed
wake effects) is computed by an influence function
meshod, requiring the solution of a set of coupled lin-
ear simultaneous equations at each fime step. The
indicial functions are integrated into the right-hand-
side of these equations. This approach is typical of
that used in comprehensive rotor codes, The unsteady
airloads were measured with 60 pressure transducers
that were distributed over three spanwise stations at
TT%, 88% and 95% of blade radius. Since the indicial
approach recuires integrated airloads, the chordwise
pressures measured at the three radial blade locations
were numerically integrated. 47

The time-histories of the unsteady normai force co-
efficient at the three racial stations on the reference
blade are shown in Fig. 7, and the corresponding span-
wise loading is shown in Fig. 8 for the case where
the generator vortex has a negative strength and with
the vortex passing .25 chords below the blade. Re-
sults are shown with the indicial method and by using
TURNS directly. While the overall agreement of the
predictions with experimental airloads data was found
to be good, with the indicial method there was a ten-
dency to over-predict the peak-to-peak amplitude of
the unsteady airfoads. The TURNS code gives uni-
formly excellent predictions, although this is at the
expense of about five orders of magnitude in terms of
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Figure 7: Comparison of indicial results during a 3-D
BVIwith experimental measurements of sectional nor-
mal force at three spanwise stations, My, = 0.7, z, =
—0.25

computational cost.

Like the 2-D case, the airloads varied rapidiy with
respect to rotor agimuth position, changing sign as
the biade passed from one side of the vortex to the
other. Although the BVI event in this case is nomi-
nally parallel, successive parts of the hlade encounter
the vortex over a finite range of azimuth angles with
the interaction effectively sweeping from the root of

80-9



e Iridicial, w=170°
“““““ Indicial, w=180°

Experiment, y=170°
Experiment, w=180"

» > > D

0.4 R R Indicial, w=190° Experiment, y=190°
E I IREERTI indicial, y=200° Experiment, y=200°
o°
g
K]
£
=
(]
Q
(&)
5]
o
2
B
£
(=3
2
oy T y .
0 0.2 0.4 0.6 0.8 1
Non-dimensional radius
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the blade eut toward the tip. Under these conditions
some three-dimensionality is produced, and this can
be seen in the spanwise loading of Fig. 8 just after the
BV at 1 = 180°. Since the blade is untwisted the
', distribution is neminally hyperbelic, but because
the fow adjustments take place over a finite number
of chord lengths of airfoil travel, the adjustments in-
board take place over a greater change in 1. Recall
that it is the slope of the ¢, curve or the time rate-
of-change of the aizloads during the interaction that is
important from the perspective of the acoustics. In-
compressible unsteady theory will always over-predict
this slope, therefore, it will also overpredict the mag-
nitude of the acoustic pulse.

Acoustics

As described in Refs. B4 and 5%, the acoustics were
measured by arravs of microphones located both in
the near-field (roughly 0.5 of rotor radius away) and
the far-field (roughly 3 rotor radii away} relative to
the rotational axis, with both microphone sets on the
refreating side of the rotor. In general, both the near-
field and far-field acoustics are sensitive to the phasing
of the unsteady airloads during the BVIL In addition,
the duration and phasing of the BV event along the
blade, the Doppler magnification, and the distance
of the evend to the microphone location combine to
procuce the net sound pressure signature at a given
time. The thickness sound pressure further combines
with the loading term, resulting in small variations
in phasing that can significantly affect the net noise
signature,

Th »effects of the thickness and loading torms can be
i Dby computing the instantaneous acoustic
flold examples of which are shown in Figs. 9 and 10
Thc.sc results were computed for 2 rotor radii below
the rotor plane (z/R = ~2.0) on a 161-by-161 grid
of £8K. In this case the generator vortex was 0.25
chords below $he rotor plance and with a negative cir-
culation.
acoustic waves generated by the rotor,

The thickness

Note from these figures the proliferation of

noise, which is shown in the left of Fig. 9, consists of
crescent shaped wave fronts that spiral away from the
rotor tips along the characteristic curves. The loading
noise due to the BV event is shown in the right of
Fig. 9. The BVI occurs over the front of the rotor; at
the rear of the rotor the generator vortex is diffused
and no significant BVI ccenrs. Therefore, in the mod-
eling the vortex was assumed to terminate at the hub.
Acoustically the single BVI event produces an almost
spherical wave {ront that propagates at the speed of
sound, and appears in F'ig. 9 as a growing circular ring
as the wave front intersects the measurement plane.

Figure 10 shows the net acoustic contours, where
the ‘rhlcknc ss and loading terms are combined. Since
the respective wave fronts have different intensities
aud different orvientations to each other, the combined
effect on the acoustic field is quite complicated. Note
that the spiral (thickness noise} and circular (BVI
loading nolse) wave fronts combine in some locations
of the acoustic field but reinforce in other regions,
thereby leading to a strong directivity pattern. Cal-
culations of the acoustic contours for this problem are
also given by Strawn et ol 9 using CFD coupled with
the Kirchhoff method.

The acoustic divectivity pattern can be examined
using the sound pressure level (SPL). Results are
shown in Figs. 11 for an 2 — z plane 3 rotor radii away
on the retreating side of the rotor and alsoon a 2 —y
plane 3 radii belaw the rotor. The thickness noise is
focused in the rotor plane and is most intense when
the blade tip is advancing toward the observer. This
is due to the Doppler factor that appears in all three
terms in the FW-H equation. The thickness SPL is
distributed synmunetrically above and below the rotor,
and drops off quickly in intensity when moving out of
the rotor plane. Accordingly, there is little thickness
noise below the rotor except in the far-field, but this
is of very low intensity since it drops off like 1/R.

Unlike the thickness noise, the BVI loading noise
is clistributed ansi-symmetrically with the sign chang-
ing depending on whether the observer location is be-
low or above the rotor plane. With a negative vortex
strength, which gencrates the airloads shown previ-
ously in Fig. 7, there is a positive sound pulse pro-
duced above the rotor and a negative pulse below. The
neb eifect of these SPL directivity patierns is shown in
Fig. 11, such that when the thickness and BV loading
noise sources are combined the ferms reinforce above
the rotor whereas helow the rotor they partially can-
cel, The result in bhis case s well focused sound pres-
sure levels above the rotor plane. Of course, the result
is reversed by changing the sign of the generator vor-
tex whereby the noise wiil bo(.ome focused below the
rator planc.

Further detalls of the sound feld can be under-
stood from the fime-histories at specific points. Sam-
ple precictions of the sime-histories of the near-field
sound pressure are shown in Fig. 12 and are com-
pared with acoustic pressurcs computed using the
TURNS code.® In the fivst case, the indicial method
pives excellent agreement with Lhe test data whereas
TURNS overpredicts the peak-to-peak pressurve. How-
ever, TURNS produces a better correlation with the
test data at the trailing-edge of the pulse. This is
expected due to the more complicated nature of the
fiow physics on the blade in this region, which involves
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Figure 9: Acoustic waves produced by the rotor at +iy = 30°, Myp = 0.7,2, = —0.25. Left: Thickness noise.

Right: Loading (BVI) noise. 161 by 161 grid, +:8R from rotor.

Figure 10: Acoustic waves produced by the rotor, including both thickness and loading noise, M), = 0.7, 2, =
~0.25. Left: Just affer BVI event. Right: Later time showing propagation of BVI wave front. 161 by 161 grid,
=81 from rotor.

Figure it SPL directivity patterns fom votor, My, = 0.7, 2, = ~0.25. Left: y = —3R,x — z plane, retreating

side of rotor. Right: z = —3R,z — y plane, below rotor. £5R from rotor.
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Figure 13: Far-fleld acoustic pressures at microphone

the three-dimensional upstream propagation of pres-
sure disturbances from the trailing-edge and tips of
the blade. This effect is not explicitly represented
in the indicial method. The slight phase shift in the
CEFD results is due to a 0.11 chord lateral offset in
the assumed location of the generator vortex, a fact
that only became apparent after the CFD calculations
had been performed. Note that the acoustic pulse is
received at the near-field microphone locations only
about 10 degrees after the BV event. In the second
case, with the oposite sign on the generator vortex,
both methods underpredict the minimum pressure but
the pulse shape is essentially correct in both cases.
Again, as expected, TURNS give o better agreement
at the trailing-edge of the pulse.

The far-field acoustics are considerably less in over-
all intensity, the peak sound pressures being about
200 dB lower than in the near-field. Referring to
Fig. 13, note that the time-histories of the acoustic
pressures take on the characteristic positive or nega-
tive going pulse (depending on the sign of the gener-
ator vortex) that has become well known as typical
of BVL.Y 2 There are two acoustic pulses per rotor
revolution because cach blade interacts with she gen-
erator vortex 180-degrees apart. Because of the lower
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3, z/c = —0.25. Left: I* = —0.36. Right: I' = 0.36

intensity sound pressures, the far-field sound pressures
levels exhibit more “noise,” in part, due to reflections
from the wind-tunnel walls. It will be seen that in
the far-field the pressure pulse is received some 140
degrees of blade rotation after the BVI event. Only
a mild directivity existed for the four microphones in
the far-field, so the magnitude and pulse shape of the
sound pressure was much the same for all of the micro-
phones. Figure 13 indicates that the current predic-
tions are in good agreement with the measured values.

Conclusions

An approach has been described to calculate the
aeroacoustics of BVI using the indicial method. Com-
patisons with CFD results for model 2-D problems
show that the unsteady lift on an airvfoil during en-
counters with vortices in subsonic How can be com-
puted accurately using indicial methods. From the
results given in this paper it has been shown that both
the magnitude and phasing of the unsteady airloads
are sensitive to compressibility effects during a BVI
encounter. One advantage of the indicial method is
computational efficiency being approximately four to
five orders of magnitude faster than a CFD based anal-
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vsis. Another advantage is that the airloads can be
written in a numerical form that lends to implemen-
tation inside a comprehensive rotor analysis, and also
potentially to active acoustic control formulations.

When integrated into a 3-D rotor simulation with
the use of the acoustic analogy in the form of the FW-
H eqguation, the indicial method has provided good
agreement with unsteady airloads measured on the
blades during a BVI event. Both the near and far-field
acoustic pressures were found to be predicted with
good accuracy. In all cases, the essential character
of the acoustic sighature was well represented. Along
with the attractive computational benefits, such levels
of correlation obtained give considerable credibility to
the indicial approach for aeroacoustic studies, and is
currently forming the framework for ongoing work in
the area of active acoustic control.
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