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I STRONGLY disagree with the concepts and theoretical founda-
tions of Ref. 1. The major points are as follows: 1) Their two-

component model of jet noise is largely invalid. 2) The reinvented
pressure-basedsource term and its space–time correlation are both
untenable.3) The theoretical framework of this semi-empiricalpre-
diction formalism,1 being based on point 2, is faulty. 4) Contrary to
the Abstract, jet noise theory based on “� rst principle(s)” is alive
and well.

With regard to the Abstract,Ref. 1 draws on two others.2,3 An em-
pirical two-component model of jet noise was introduced in Ref. 2
and given as a premise.1 One component, G, “has a relatively uni-
form directivity.”1 The other component, F , “radiates principally
in the downstream direction.”1 In arbitrary oblique directions, the
F and G spectra are superposed: If empirical choices of relative
amplitude and peak frequencyare chosen, measured spectra can be
� tted.2 However, the G spectrum is very broad and � at, whereas
the F spectrum is much narrower. Is it surprising that spectra of
intermediate shape can be � tted by adjustable superposition?There
is no real physical signi� cance to such a � t.

A more rationalexplanationof spectralshapehas long been avail-
able. Theory predicts two similar basic spectra, one with a � gure-
of-eight pattern (except where cut by the refractive cone of silence)
aligned with the jet axis and the other omnidirectional (G?) and of
double frequency. Convective ampli� cation elongates these basic
patterns (downstream beaming). At an angle just outside the cone,
both are comparable,but at 90 deg only G survives.These two spec-
tra may be extracted from experimental measurements at the two
angles by solving a pair of simultaneous equations. The predicted
two-to-one collapse is beautifully con� rmed (Fig. 2 of Ref. 4, with
cited references).

The authors’ remarks about spectrum F place it within the cone
of (relative) silence in the jet noise. The silence is due to the turning
of sound rays out of the jet by the refractive effect of mean velocity
gradients. Figure 3 of Ref. 4 shows how the sound intensity near
the axis attenuates with increasing frequency. The � gure is exper-
imental, but patterns calculated from refraction theory (see later)
show the same behavior. This behavior accounts directly and very
physicallyfor the faster high-frequencyrolloffof the type F spectra.
By contrast, Tam and Auriault1 and Tam et al.2 unconvincinglyat-
tribute the spectra to large-scale structures/instability waves, citing
a similarity to their predictedspectral shape. Refractive rolloff is, in
fact, implicit in the analysis of Tam.5
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Further using heuristic arguments, the authors1,2 attribute their G
spectrum (that implied in Ref. 1) to � ne-scale turbulence.However,
the (preceding) theory and measurements include all scales: The
quali� cation “� ne-scale” should be removed from the title.

Contrary to the Abstract, there are � rst principle theories of jet
noise; there is lacking only a � rst principle theory of the turbu-
lence on which the theories depend. Given the turbulence, the the-
ories can predict the noise. The accuracy in the past has been de-
graded by relatively crude approximations to the turbulence, for
example, simple scaling laws, and/or to the formidable mathemat-
ics (cf. Ref. 4). With realistic spatial modeling of turbulence and
mean � ow properties, predictions of spectra and directivity have
approachedmeasurement; for example, see Ref. 6. Also implemen-
tation of recent re� nements4 to the theory should yield fairly close
agreement.

With regard to the main text, the following points are made:
1) The authors1 rediscover the dilatation theory of jet noise; for

example, see Ref. 7: the sound source is expressed in terms of the
turbulencepressureperturbation pturb . However,by usinga heuristic
gas kinetic analogy, they get it wrong. In place of the correct source
term ¡ c ¡ 2 D2 pturb / Dt 2, they deduce D pturb / Dt .

2) They assume a mostly Gaussian (bell-shaped) from for its
two-point space–time correlation.This is physically impossible for
a source that is a time derivative: The correlation must have the
form of a double derivative with respect to time delay. These two
errors, in the source term and in its correlation function, would be
expected to yield substantialerror in jet noise prediction.In particu-
lar, the convective ampli� cation would be severely underestimated
(cf. Ref. 7, pp. 36 and 37).

3) The Green’s function that “. . .accounts for refraction effects
of the mean � ow. . .” is evaluated by a method of the authors3 of
Ref. 1. This is, however, antedated by Schubert8 and by Mungur
et al.9 (not cited), both using full wave acoustics. Schubert8 makes
extensivecomparisonswith experimentsof Atvars et al.10; although
these are cited in Ref. 3, comparisons are not made. Moreover, the
plots of Ref. 3 do not suggestany improvement in accuracyover the
much earlier work.

4) The integrand of the � nal Eq. (35) may be interpreted as the
spectrum emitted to point x from unit volume of the jet. Examina-
tion seems to indicate that this spectrum is � nite at both zero and
in� nite frequency.This is quite unrealistic.By contrast,prior theory,
for example, Ribner,11 predicts a relatively narrowband bell-shaped
spectrum. (When summed over all volume elements, the result is
the characteristicbroadband spectrum of the complete jet.)
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Reply by the Authors to H. S. Ribner

Christopher K. W. Tam¤ and Laurent Auriault†

Florida State University, Tallahassee, Florida 32306-4510

I T is no secret that our proposed semi-empirical theory1 is totally
different from Ribner’s own jet noise theories.2,3 Because of the

fundamental difference in approach, we are prepared to justify our
assumptions and explain any points that need clari� cation. How-
ever, a scienti� c theory must, in the end, be judged by its physics,
prediction capability, and accuracy. We most certainly believe that
our theory has a � rm physical foundation, although it is de� nitely
not following the traditional approach and concepts.

Earlier, as reported by Tam et al.4 and Tam,5,6 an unexpecteddis-
covery was made that all measured jet noise spectra from circular,
elliptic, and rectangular high-speed jets, regardless of Mach num-
ber, jet temperature, and direction of radiation (as long as one noise
component is dominant in that direction), appeared to � t two seem-
ingly universal spectra: the F and G spectra. It is relevant to point
out that, in a recent investigation, Dahl and Papamoschou7 found
that the F and G spectra also � tted their coaxial jet noise data. In
addition, Wat et al.8 in their analysis of � ight jet noise data found
the two spectra � tting their measured data well. To provide a phys-
ical meaning to the two empirical spectra, it was noted in Refs. 4–6
that during the past 25 years there was overwhelming experimental
evidencethat jet turbulenceconsistedof both large and small scales.
For high-speedjets, optical observationsand theoreticalanalysis in-
dicated that the large turbulence structures of the jet � ow, behaving
like traveling wavy walls, emitted intense Mach wavelike radiation
in the downstream direction. In the downstream direction, all of
the noise spectra were observed to � t the empirical F spectrum4 ¡ 6

well. Based on this, it was proposed that the F spectrum was a
distinctive characteristic of large-turbulence structures noise. Tam
et al.4 and Tam5,6 also recognized that the � ne-scale turbulencewas
more isotropic and emitted noise without a strong directivity. Be-
cause there was little large-turbulencestructurenoise in the sideline
and upstream directions, the noise in these directionswas that from
the � ne-scale turbulence. In the sideline and upstream directions,
the noise was found to � t the G spectrum well. Thus, it was pro-
posed that the G spectrum was a feature of � ne-scale turbulence
noise.

Experimental support for the suggestion that the F spectrum is
the noise from the large-turbulencestructures and the G spectrum
is the noise from the � ne-scale turbulence is provided in a recent
experiment by Zaman (see Ref. 9). In Zaman’s experiment, nozzles
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with a varietyof geometriesbut equalexit areawere used.One of the
nozzleshad a six-lobecon� guration.Becauseof the lobedgeometry,
the jet � uid came out of the nozzle in thin sheets. The thickness was
much smaller than the equivalentdiameterof the baselinenozzle, so
that this jet couldnot support large-turbulencestructuresthat existed
in the baselinecircular jet. In other words, the six-lobenozzle effec-
tively eliminated the large-turbulencestructures. In the absence of
large-turbulencestructures, the noise spectrum of the jet should � t
only the G spectrum in all directions,even in the downstreamdirec-
tion close to the jet axis, where the large-turbulencestructure noise
is usually dominant.This was, indeed, the unambiguousexperimen-
tal result. Thus, there should be no doubt as to the existence of two
mixing noise components; one generated by the large-turbulence
structures and the other by the � ne-scale turbulence of the jet
� ow.

In Ref. 10, it is suggested that there are � rst principle theories
of jet noise; there is lacking only a � rst principle theory of turbu-
lence on which the theories depend. Presumably, Ref. 2 is one of
the � rst principle jet noise theories. Note that turbulence research
has gone on since the beginning of the century. However, progress
has been slow and tortuous. The prospect of having a � rst prin-
ciple turbulence theory in the foreseeable future is rather remote.
Because the � rst principle jet noise theories depend on the avail-
ability of a � rst principle turbulencetheory to provide the necessary
input before any accuratepredictioncan be made, we are effectively
without a � rst principle jet noise theory despite any claims to the
contrary.

We strongly object to the suggestion of Ribner10 that we redis-
cover the dilatation theory. In Ref. 10, he claims that our theory
has a wrong noise source term because ours is different from the
correct source term of his own dilatation theory. Theories with dif-
ferent source terms are de� nitely different. Our theory has abso-
lutely nothing to do with the dilatation theory. We disagree with the
proposition that our noise source term is wrong. It we were wrong,
how is it possible that our predictions match so well with experi-
mental measurementsover such a large range of Mach numbers and
temperature ratios, whereas the dilatation theory, having the correct
source term, could not?

We areunableto � ndanyphysicalbasis for the followingassertion
of Ref. 10: “This is physically impossible for a source that is a time
derivative:The correlationmust have the form of a doublederivative
with respect to time delay.” Clearly, the dilatation theory requires
a double derivative with respect to time delay, and hence, all jet
noise theories should have this feature; otherwise they are wrong
and physically impossible.

The author of Ref. 10 appears to suggest that, because we use
the Green’s function in our theory, we should give more credit to
his associates. We believe we have. However, we would like to
point out that we use the adjoint Green’s function and not the direct
Green’s function. Perhaps the author of Ref. 10 has overlooked that
an adjoint Green’s function is not the same as the Green’s function
in a non-self-adjointproblem. We use the adjoint Green’s function
because it has many important advantages. These advantages have
been carefully elaborated in Ref. 11.

The author of Ref. 10 further states that, on examining Eq. (35)
of Ref. 1, the formula for the noise spectral density S(x, x ), he
� nds that it has a � nite value at in� nite frequency.We would like to
request him to recheck his calculation. It is elementary to show that
the high-frequencylimit is zero; i.e., limx ! 1 S(x, x ) ! 0.

In summary, we � rmly believe that the criticisms of Ref. 10 on
our work are unjusti� ed and without any physical basis.
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