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Noise Control Characteristics of Synchrophasing,
Part 1: Analytical Investigation

C.R. Fuller*
Virginia Polytechnic Institute and State University, Blacksburg, Virginia

The noise control characteristics of synchrophasing are investigated using a simplified model of an aircraft
fuselage. The analysis presented includes directivity effects of the noise sources and solves the coupled motion
between the interior and exterior acoustic fields and the shell vibrational response in closed form. The variation
in sound pressure level at various locations inside the shell is studied for various synchrophase angles as well as
the shell vibrational response and input power flow in order to uncover the principal mechanisms behind the
transmission phenomena.
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Nomenclature
= shell mean radius
= fluid free speed of propagation
= shell free speed of propagation
= Young's modulus
= fluid loading term
= shell wall thickness
= intensity
= (3,3) element of inverse matrix
= radial wave number
= axial wave number
= pressure integrand
= source index number
= matrix term
= circumferential mode number
= acoustic pressure of exterior and interior fields,
respectively

= spectral pressure due to monopole source
= pressure amplitude of monopole source
= nondimensional acoustic pressure
= acoustic power
= nondimensional acoustic power
= cylindrical coordinates
= radial location of monopole source
= radial location of dipole source component
= matrix source term
= time
= shell displacement vectors
= shell spectral displacement amplitudes
= nondimensional shell radial displacement

amplitude
= shell thickness parameter
= 2 if « = 0; =1 if «>0
= 1 i f / i = 0; =2 i f / i > 0
= fluid loss factor
= shell loss factor
= angular location of dipole source component
= Poisson's ratio
= density of fluid field
= density of shell material
= phase lead of dipole source component
= synchrophase angle
= source frequency, rad/s
= nondimensional source frequency
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Superscript

( )* = complex conjugate

Introduction

I N the last few years, considerable interest has arisen over
the use of advanced turbopropeller (ATP) engines in

powering passenger aircraft. This interest is mainly due to
the possibility of up to 25% saving in fuel consumption over
existing turbofan engines. However, associated with the use
of ATP engines are high acoustic levels at the propeller loca-
tions due to supersonic tip speeds. There is concern that due
to these high source inputs, the interior noise levels of ATP-
powered aircraft will be in excess of acceptable limits, par-
ticularly for commercial applications. A compounding prob-
lem is that the fundamental harmonic of the propeller noise
is typically between 100 and 250 Hz and the long wavelengths at
these frequencies tend to render sound absorptive techniques
ineffective.

One method of noise control—synchrophasing—shows a
great deal of promise in that sound levels in a test aircraft
were reduced by up to 8 dB without the penalty of an in-
crease in takeoff weight that passive means of noise control
incur. Synchrophasing, as a means of noise control, involves
setting the relative rotational phase of each propeller until
the interior noise levels are at a minimum. Although it has
been shown experimentally1'2 that synchrophasing can be ef-
fective, there exists no analytical model of the method and,
consequently, very little physical understanding of the sup-
pression mechanism. For instance, one of the conclusions of
Ref. 1 is that synchrophasing provides a significant reduction
in energy flux at the fuselage exterior rather than a
redistribution of energy in the cabin of a Lockheed P-3C.
This result is surprising using the simple interference inter-
pretation of previous workers.

The aim of this paper is to investigate analytically the
characteristics of synchrophasing for reduction of airborne
interior noise. It is shown that, by using a simplified model
of an aircraft, the principal mechanisms behind the syn-
chrophasing concept can be uncovered. For the analysis
presented here, the aircraft fuselage is approximated by an
infinite cylindrical shell with typical material and properties.
This model is appropriate in the light of measurements which
show that vibration levels on a typical aircraft fuselage decay
with distance away from the propeller plane.1 The acoustic
sources of each propeller (in this case, a twin-engine aircraft)
are modeled by dipoles located at the source locations of
typical propeller-driven aircraft. The advantage of using
dipole sources is that the directionality and strength of each
source can be adjusted to approximate actual pressure
distributions at the fuselage. In other words, this arrange-
ment effectively overcomes the need for complicated pro-
peller radiation theory in the analysis.
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Fig. 1 Geometry, coordinate system, and model shapes.

The acoustic response of the interior and exterior fields of
the shell can then be obtained by writing the shell response in
spectral form with forcing functions due to the dipole
sources. These parameters are examined for various phase
differences between the dipole sources corresponding to the
synchrophasing concept. In addition, the radial intensity and
line power flow into the shell are evaluated at the shell wall.

Analysis
The cylindrical coordinate system and the geometry

employed in the analysis are shown in Fig. 1. Also shown are
the first three circumferential mode shapes of the shell
response. The method of analysis will be, first, to derive the
response of the system for one monopole source. The
response of the complete system will then be outlined, based
on linear superposition, by addition of the response of each
monopole source with the appropriate phases, amplitudes,
and locations.

The Monopole Source
To obtain the vibrational response of the system shown in

Fig. 1 to a monopole source located at r = rp, 0 = 0, and x = Q
it is convenient to express the shell displacements as Fourier
transforms,3 viz.,

ii = (l/>/2i-) y}cos(«0) -iut + iir/2)dkns

(la)

VnQxp(iknsx-iut)dkns (Ib)

_
cos(nd) Wnexv(iknsx-iut)dkn (Ic)

and, similarly, the associated interior acoustic field is

Wn[Jn(kr
sa)/J'n(kr

sa)kr
sa]

°

(2)

The pressure field at the shell wall, r-a, associated with
an exterior monopole source has been previously derived by
James4 and, written in spectral form, is

(3)

where the monopole amplitude p0 has the units of force per
unit length. The radial wave number kr

s will be defined
shortly.

nHn (kr
sa)/H'n (kr

sa)kr
sa

Substitution of Eqs. (1-3) into the equations of motion of
the fluid-loaded shell previously derived in Ref. 3 gives the
spectral equations of motion of the forced displacement
response of the system to the monopole source,

0

L T V — (\22 ^23 K» — u

•i-32 -^33 J

where the elements of the matrix system are

• '/2(1 - v)n2

(4)

L22 = - Q2 + 1/2(1 - i -f rt

(5a)

(5b)

(5c)

(5d)

(5e)

(50

(5g)

(5h)

and the source term is given by

(6)

In Eqs. (5) and (6), 0 (=ua/CL) is the nondimensional
frequency and /3 the thickness parameter given by

The fluid loading (FL) term due to the normal mode
response of the contained fluid and the corresponding nor-
mal mode radiation pressure load is

(7)-Hn(kr
sa)/H'n(kr

sa)}

The nondimensional radial wave number can be obtained
from the wave number-vector relationship

kr
sa=±(Q2(CL/Cf)2-(knsa)2]'/' (8)

Applying matrix theory to solve the system of Eq. (4)
enables the spectral radial displacement amplitude to be writ-
ten as

(9)x [V2/Psu2h]I33

where 733 is the (3,3) element of the inverse matrix L given
by

'33 = (£11^22 - £12^21 )/det \L I (10)

Application of the inverse transform of Eq. (Ic) gives the
radial displacement as

w(x/a,d) =

(11)

[Hn(kr
srp)/H'n(kr

sa)kr
sa]

o

x/33exp [ i(knsa) (x/a) ]d(kma)
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Similarly, the inverse transform of Eq. (2) provides the in-
terior acoustic pressure

Pi(r/a,x/a,6) = encos(nd)

[HH (kr
srp)/H^ (k'sa)kr

sa] (Jn (k'sr)/J'n (kr
sa)kr

sa]

xI33Qxp[i(knsa)(x/a)]d(knsa) (12)

Likewise, the inverse transform of Eq. (3) provides the ex-
terior acoustic pressure

00

pex(r/a,x/a,0) = -p0(l/Tra) J} encos(nd)
n = 0

x f " [Hn(k'srp)/H'n(k'saWsa]
J — oo

x exp [i(knsa) (x/a) ] d(knsa)
oo

1 D encos(H0)
n=0

[Hn(kr
srp)/H'n(kr

sa)k'-sa]

(kr
sa)kr

sa]I33exp [/(*„,«) (x/a) ]d(knsa)

(13)

x [H, (

The Synchrophase Model
To investigate the characteristics of synchrophasing, the

acoustic source at each propeller is modeled by a dipole. The
synchrophase angle then corresponds to the phase difference
between the dipole sources. The dipoles are constructed from
two monopole sources located a small distance apart. The
complete arrangement is shown in Fig. 1.

The response of the system, based on linearity, can then
be considered as a superposition of the system's response to
each monopole source. Thus, the total interior acoustic
pressure for the system shown in Fig. 1 is

Aotai/tooi/*) (Pf/Ps)®2 (h/a) - '(l/Tr) = exp [/^ ]

« r°°
x 2J encos(nO) Kp (x/a,R,)d(knsa)

n = 0 J-°°
00

^ encos(n6-n62)

r
J -o

Kp(x/a,R2)d(knsa)

poo

- «03) Kp (x/a,R3)d(knsa)
J-°°

00

I] encos(nd-n04)

Kp(x/a,R4)d(knsa)
o

where the pressure integrand is

Kp (x/a,rpfr) = (Hn (kr
srp )/H'n (kr

sa)kr
sa]

x [Jn(kr
sr)/J^(kr

sa)kr
sa]I33Qxp[i(knsa)(x/a)]

(14)

(15)

In Eq. (14) the monopole sources numbered 1, 2, 3, and 4
are located at (/?i,0i), (R2,02)> C^s^s). and CR4,04), respec-
tively, as shown in Fig. 1. The sources also vibrate with
amplitude ratios (respective to source 1) of p02/pol, Po3/Poi>
and PQ4/PQ1 and phase angle leads of <t>l9 <t>2, </>3, and </>4,
respectively, where the subscripts refer to the source number.
As the theory developed previously is for a monopole source
located at 0 = 0, in order to obtain Eq. (14), it is necessary to
apply an angular coordinate transformation to each in-
dividual source response function.

Thus the synchrophase angle </>5 is the phase difference
between the dipoles, and is specified by

» i i f\£i\
(D == (Z)o — G)i ( 1O)

Similar relationships can be derived for the total exterior
acoustic field and shell vibrational response.

Results
In order to evaluate the shell response, the interior and ex-

terior acoustic fields, and related variables it is necessary to
evaluate integrals similar to those in Eq. (14). The integrands
in this equation are transcendental functions with poles and
branch points either on or very close to the real axis of the
complete knsa plane. The most convenient method of solu-
tion is to numerically evaluate the inverse transform integrals
along the real axis. To avoid the singularities located on the
integral path, damping is introduced both into the shell
material and the fluid field. This has the effect of shifting
the poles and branch points of the real axis. Structural damp-
ing is introduced by replacing Young's modulus E by
E(l — irjs), where rjs is the loss factor of the shell material.
Fluid damping is introduced by changing the free speed of
propagation Cf of the fluid to Cf(l-irjf), where i\f is the
fluid loss factor. Small values of loss factor were chosen
(typically i?5 = 0.02 and ̂  = 0.001) and were found to have an
insignificant effect on the final result; their presence essentially
conditions the integrands for numerical evaluation. The in-
tegral was evaluated using Simpson's rule on a CYBER com-
puter located at NASA Langley Research Center. The mesh
size was chosen to be fine (typically Aknsa = 0.001) in order
to accurately evaluate the integrand function near the
singularities. The integral was also truncated at a finite value
of ±knsa determined so as to include all of the poles and
branch points and such that the integrand contribution after
the truncation point is small. This method of evaluation of
the shell response integral is similar to that used by Liu.5

The following results were calculated for a representative
aircraft situation similar to that investigated by Mixson et
al.6 The shell material was taken to be aluminum with a non-
dimensional wall thickness of h/a = 0.001. The propagation
medium was assumed to be air. The material properties are
given in Table 1. The sources at each propeller location were
set as pure dipoles, thus </>2-0i =</>3-</>4 = 7r and were
located such that 0!=02 = 0 and 03=04 = 7r at a nondimen-
sional radial distance of Rl/a = R3/a = 3.Q and R2/o =
R4/a = 3.1. The nondimensional frequencies investigated
were chosen to be 0 = 0.2 and 0.14 which, for example, cor-
respond to frequencies of 219 and 153 Hz in a 150-cm-diam
fuselage. It is in this frequency range that the first propeller
harmonic usually occurs.

Sound Pressure Level Reduction
Figure 2 shows the nondimensional exterior acoustic pres-

sure,

(17)

calculated along an axial line on the exterior surface of the
shell such that 0 = 0. The results of Fig. 2 are calculated for
0 = 0.2 and two different synchrophase angles. The general
shape of the axial pressure distribution is very similar to that




