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Far-Field Condition in Jet Noise Experiments
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The far-field condition is considered that has to be fulfilled when jet noise radiation data are compared. It
becomes critical particularly when the jet flow is radiating as one coherent source extending over many jet
diameters D in the axial and radial directions. To illustrate this, the jet is modeled by a distribution of 160
discrete, fixed point sources. The jet turbulence is simulated by a convected Gaussian turbulence. The deviation
of the acoustical pressure field at a finite distance from the nozzle from the ideal far field at an infinite distance is
studied numerically. The geometrical near-field effect is studied by assuming the point sources to be incoherent.
It is strongest for small Strouhal numbers and far-field points near the jet axis. The interference effects which
come into play if the sources are coherent are generally strongest for small Strouhal numbers in the direction of
maximum jet noise radiation. Whereas the geometric near-field effect depends on Strouhal number, the in-
terference near-field effect depends in addition strongly on the Mach number. For the error due to a finite
source-observer distance to be less than 1 dB at the Strouhal number 5f = 0.1, the measuring distance from the jet
nozzle should be at least 120 jet diameters for an incoherent source and even longer for a coherent jet.

Introduction

D IFFERENTIATION between near and far fields is
common practice when dealing with sound radiation

problems of any kind. A clear definition is, however, difficult
when the source with typical dimensions Ls is noncompact,
meaning not small compared to the wavelength X radiated.
This is particularly true when the source radiates in a coherent
manner. Yet comparatively little attention is devoted to this
fundamental question in standard textbooks. Requiring the
distance r to be at least one wavelength away from the closest
source point for a representative far-field measurement may
suffice in cases where one is interested in a noise datum of,
e.g., a piece of machinery running under well-defined
reference conditions. The far-field conditions become very
essential, however, when scaling laws for the noise of a given
source are to be derived which would enable a comparison of
results obtained at, e.g., different power settings. This is
exactly the aim of countless experimental jet noise studies
(model and full-scale).

Jet noise directivity measurements of the sound pressure
level (SPL) (R,0) with the ambient fluid at rest are usually
made with microphones placed on a circle with radial distance
R from the center of the nozzle exit plane as a function of the
polar angle 6 to the jet axis. In the following we shall always
express R in multiples of the nozzle diameter D.

The noise measurements by Lushl of an unheated subsonic
jet were performed at R = 120. Lush also studied the effect of
R on his results by using different nozzles with one larger and
two smaller diameters corresponding to R = 60, 240, and 480
(see Fig. 2 of Ref. 1). He concluded that # = 120 was suf-
ficient to avoid unwanted near-field effects.

Ahuja2 also measured the noise of unheated jets at sub-
sonic Mach numbers. His measuring distances R = 25, 30, and
47 were considerably closer to the nozzle than those of Lush.
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In spite of this, he ruled out any spurious near-field effects in
the low-frequency regime by comparing the results at R = 25
and 47 (see Figs. 21 and 22 of Ref. 2). This statement ob-
viously contradicts that of Lush. The measurements with
heated and unheated supersonic jets reported by Tanna et al.3

and by Tanna4'5 were made at an intermediate distance,
R = 12.

In his experimental study on the role of large-scale struc-
tures in the generation of jet noise Moore6 used a measuring
distance of R = 41 and conceded that this distance would be
"not really sufficient to obtain the true geometric far field of
the source at low frequencies." To get into the geometric far
field to an accuracy of 0.5 dB at a Strouhal number
St=f-D/U=Q.l where U is the jet exit velocity
"measurements would have to be made at a radius of ap-
proximately 300 jet diameters, and to obtain the angular
directivity correct to 2°, measurements must be made at least
450 diameters from the nozzle."

Arndt et al.7 compared the effect of various jet noise
suppressors with a plain jet at a distance of /? = 37.5.
Although these measurements may have been affected by the
near field at low frequencies, the comparisons made there
should nevertheless be valid as the near-field effects of the
different jets tested can be assumed to be more or less the
same.

The acoustic far-field condition for a point source and the
additional geometric and interference far-field conditions of
spatially extended sources are discussed in Ref. 8. In the
present paper we will study numerically the deviation of the
acoustical pressure field from the ideal far field at an infinite
distance. This will enable us to derive, in a quantitative
manner, how the far field is affected by an insufficient source-
observer distance.

Theoretical Model Describing Deviations
from an Ideal Jet Noise Far Field

The asymptotic approach to an idealized far field can be
studied by considering the ratio

0 =
R2Wtpp _ . R2Wnt

lim pp>
(i)
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where Wpp is the power spectral density of the pressure at a
field point P(R,0). Due to an insufficient distance R, 0 may
be either larger or smaller than unity. On a logarithmic scale,

(2)

gives the difference in sound pressure level of a measurement
of R2 Wpp at the distance R as compared to a measurement at
#-oo. ASPL will hereafter be termed "far-field error" for
brevity. Measuring conditions where one can vary R ad
libitum are very rarely found in real life. This may be the
reason why no systematic investigation has become known
which would have quantified the error due to only partial
fulfillment of the far-field condition. This situation prompted
us to calculate ft numerically as a function of R. We assume
the acoustic far-field condition to be fulfilled (pressure in
phase with velocity fluctuations). Wpp can then be derived
from LighthilPs equation. For a jet with constant mean
density the solution for the pressure p in the point P. with
coordinates xf of the acoustical far field is

Ma2 P R d 2 Q ( y i f t r )
\ ~JY Rn dt2 (3)

where R = distance of field point P from the nozzle,
R0 = distance of P from source point S (see Fig. 1), Ma = U/a0
Mach number, where (7=jet exit velocity and a0 = speed of
sound in the ambient fluid, yi = coordinates of source point 5,
tr = t-R0/a0 retarded time, Q=pc2+p-pa2

0, where cr is the
component of the fluctuating velocity in the direction toward
the field point P considered, p and p denote pressure and
density in the source point S. All quantities are made
dimensionless with nozzle diameter D, U, and density p0
outside the jet.

The nondimensional autocorrelation function Rpp in the
field point P is then

Ma4 R2 d4

(4)

where R01, R02 are distances of P from source points 5; and
S2 (Fig. 1), RQlQ2 is the cross-correlation function of the
source quantity Q at points 57 and S2, and f= (R02 —R01) /a0
is the difference of the retarded times at points S2 and S;.

One may note that Rpp is proportional to Ma8, the well-
known Lighthill power law for jets with constant mean
density, if we normalize with the ambient speed of sound
rather than the jet exit velocity. By Fourier transforming Eq.
(4) we obtain the power-spectral density in the field point P.

R2

XQxp[-2TriHe(R02-R01)]dV2dV1 (5)

where WQlQ2 is the cross-spectral density of Q at the source
points

QlQ2
j and S2 .

jet axis ̂

Si. $2 = source points
P = field point

Fig. 1 Source points Sj and S2, field point P.

Equation (5) reveals that the Helmholtz number
He=Ma-St where St=f-D/U, is an important parameter for
coherently radiating sources whenever WqlQ2&Q for S7 ̂ S2.
Since the value of Q, and therefore also of WQlQ2, is a strong
function of St and a weak function of Ma these two
parameters also have an influence on R2Wpp. For our
numerical study the double integral in Eq. (5) over the source
volume is replaced by a twofold series,

k=i

(6)

This is an equally exact representation if

exy[-2*iHe(R02-R01)]
exp[-2TriHe(Rk-Rj)] 2 7 (7)

The total source volume has simply been subdivided into K
volume elements AFy-. Rj and Rk may be the distances of the
centers of AFy- and bVk from the observer point P. For
sufficiently small AFy Eq. (7) may be approximated by

Wjk (R.9) = WQjQk (R,8) • (8)

For /?— oo we obtain from Eq. (6)
K K

(9)

and hence, according to Eq. (1)

K K R2

E E Wjk——-exv[-2nHe(Rk-Rj)}

E E

(10)

k=l

Wjk = Wjk (R,0) and Wjko> = Wjk<x> (d) may be replaced by the
equations

WJk(R,0) =Qj(R,0)-Qk(R,6) - Wjg(R,0) (11)

and

(0) =Qjoo (0) -Qkoo (6) - (12)

Qj>Qk>Qj«» anc^ Qk<» denote the strength of the sources at the
respective source points and Wjk and Wjk£ the normalized
cross-spectral densities. The values for /?—>oo are only a
function of the angle 0 at which the nozzle is seen from the
field point. For finite R the value of Qj may change with R as
the actual angle 0y of the source point changes. The same is
truefor JF/.

Until now the analysis is exact. Let us now assume the
integral of Eq. (7) over small volume elements to be in-
dependent of R. This requires the following:

1) The differences between Qj and Qjoo be small. This
would be strictly valid for point monopoles. Otherwise it
would require the directivity of the sources to vary but slightly
with angle 0y or the difference between angles 0 and 0y to be
small.

2) The differences between W^ and Wjk* be small. This
requires the angular differences 0—0y- and 0—0^ to be of
minor influence on Wjk .
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With these two assumptions we get

and |8 becomes

(13)

K K R2

K K (14)
Y!iQjQkWjk*(0)exp(-2viHe(Rk-Rj)00]

Since the QjQkWjk appear in both the numerator and
denominator it is the variation of Qj across the source volume
V rather than its absolute strength that affects /3.

The wave path Rk may be expressed in terms of R,Q,xktrk,
(see Fig. 2).

(15)

(16)

R R /

+ r2
k(l-sm20cos2(t>k) -2xkrksin6cosOcos<t>k

For /? —> oo and ry =rk=r one obtains

(Rk-Rj)00 = (xj-

nozzle

S = source point
P = field point

Fig. 2 Wave path length between source point S and field point P.

\

jet exit velocity U
phase velocity Uc

Fig. 3 Source locations of source model with 7V=8 and M=l as
example.

© St = 0.11 ; x0 = 11 Grosche10

* St=0.22; x0 =8.6
(D St = 0.££; x0 =5.5

o St = 0.175; x 0=6.5 Armstrong11

O St =0.225: x 0 =6
St =0.^5 ; x0 = 3

Q_
Qo

0.5 1.5 2.0

For studying the transition from the near to the far field a
limited number of K= 160 source elements is chosen leading
to K2 discrete values of Wjk.

Our source models are then characterized as follows:
1) The sources are located on a circular cylinder (Fig. 3) at

N =4 equidistant azimuthal and M=40 equidistant axial
locations. In a recent paper Maestrello9 used a similar model
withAT=8,M=2.

2) The strength of these sources is chosen as

where
x0=x0(St)

(17)

(18)

The location x0 of the peak intensity Q0 (6) is a function of St
with, e.g., *0 = 12 for St = Q.l and x0 = l for St = QA. This
distribution is compatible with Grosche's10 acoustical mirror
measurements at 90 deg to the jet axis (Fig. 4). Fluctuating
aerodynaniic pressure intensity distributions as measured by
Armstrong11 with microphone probes inserted into the jet
mixing zone display a similar behavior.

As already noted, the absolute strength Q0(B) does not
affect /3. All sources are assumed to have the same directivity
Q0 (6). This, likewise, has no effect on /3 as long as condition
1 is valid. The relative source strength distribution Q/Q0 is
considered to be uniform for all directions 6.

3) The spatial coherence of the sources is assumed to
exhibit the same characteristic properties as determined from
the pressure cross-spectral density measurements of
Armstrong.11 The normalized cross-spectral density at two
source locations can then be described as

Cx(xk-Xj) (19)

C0 is a function of the azimuthal displacement A<£ of the point
sources. It is regarded as the sum of a limited number p of
azimuthal constituents according to the source expansion
scheme fully discussed in Ref. 12 [see Eq. (14) there].

Amcos[m(<t>k-<l>j)] (20)

Similarly as in Ref. 13, for Cx we choose a "converted
Gaussian" form,

(21)

with the nondimensional axial displacement (xk—Xj) of the
sources, a coherence length scale Lc, and the nondimensional
phase velocity Uc.

Measurements of Lc are scarce. Armstrong11 has measured
the coherence of pressure signals at #,=3, /y = 0.5 and at

-*-St=0.175
-o- 0.225
-o- 0.35
-•- 0.45
-°- 0.70
-•- 0.90

Fig. 4 Axial source intensity distribution.

1 2 3 4 5 6 7
x2 ——+*

Fig. 5 Coherence of pressure fluctuations (Ref. 11).



144 U. MICHEL AND H. V. FUCHS AIAA JOURNAL

varying xk,rk,<f>jk=Q. Figure 5 is derived from his data for
various Strouhal numbers and rk = 0.5. The coherence length
scale

-i: (22)

is largest for S/ = 0.45 which in his measurements was about
the peak Strouhal number of the pressure power spectral
density at Xj = 3 and ry = 0.5.

Uncorrelated Source Model of Jet Noise
Before studying the influence of a coherent motion of the

jet, the results for a small eddy model with no correlation
between different sources are first derived for comparison.
This specified model is characterized by

vjk -rctoQ2j

Equation (21) then reduces to,

for j=k
for

R2

(23)

(24)

Since R/Rj and Qj depend on x0 and x0 in turn is a function
of St, j8 can be written as

(25)

Coherent Source Model of Jet Noise
For lack of a better knowledge of the variation of Lc in Eq.

(21) with St and x the relative axial coherence length scale
LC/XQ is kept constant across the total source region. The
dimensionless phase velocity is assumed t/c = 0.6 in this
analysis. The azimuthal coherence function C0 was chosen as

C0(0deg) = 0( 180 deg) = 0.2 (26)

As compared to the uncorrelated source, /3 depends ad-
ditionally on the parameters Ma and Lc/x0, if the sources are
correlated. Thus, 0 is a function of the parameters

(27)

Results
Uncorrelated Source Model

This model allows the effect of the noncompactness of the
source region to be studied. Some results are depicted in Figs.
6 and 7 for the Strouhal number St = OA and 0.1. In both
cases the error is largest near the jet axis in the downstream
and upstream quadrants. For S/ = 0.4 the error for 0= 15 deg
is less than 1 dB for a dimensionless distance Rj=62 from the
nozzle. To reduce the error to 0.5 dB one has to double the
distance to R0 5 = 120. The errors are much larger for the
lower Strouhal number St = 0.1 since in this case the
maximum source intensity is located further downstream at
x0 = 12. For a 1 dB error the necessary distance is Rj = 125. At
the distance R = 50 where many far-field measurements are
made, the error is 2.8 dB at 6 = 15 deg, - 0.4 dB at 6 = 90 deg,
and -1.6 dB at 6= 135 deg. It is noted that these results are
obtained with N=4 azimuthally displaced and M =40 axially
displaced source locations. Systematic examinations have
shown, however, that the results change by less than 0.1 dB if
N= 2 and M= 20 is used instead.

The results of the uncorrelated source model are a function
only of x0, the axial location of the peak source intensity. This
in turn has been assumed to be a function of the Strouhal
number St only. The Mach or Helmholtz number have no
influence as was previously indicated by Eq. (25).

A
dB

3
Q_

<

- 1

- 2

- 3
180°

20 50 100 200
R -

500

Fig. 6 Far-field error of uncorrelated source model as function of
distance R from mode.

20 500

Fig. 7 Far-field error of uncorrelated source model as function of
distance R from mode.

R = 50

30° 60° 90° 180°120° 150°
9 ——*>

Fig. 8 Far-field error of uncorrelated source model as function of
angle 0 to jet axis.

For large values of x0 the nozzle diameter should loose
much of its influence, and 0 should be a function of R/x0 and
0 only. From the results for St = QA and 0.4 the 1 dB error
point is determined approximately by

= /5deg,ASPL = (28)

This equation should also be valid for larger x0, i.e., for
smaller Strouhal numbers.

The results are replotted in Fig. 8 for R = 50 as a function of
angle 0 to the jet axis. The geometric near-field errors are
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30' 60 90° 120° 150° 180°
9 ——+*

Fig. 9 Far-field error of coherent source model as function of angle
0 to jet axis.

X 0 = 12
St = 0.1
Ma= 0.8
R = 50

0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
Lc /X0 ——*•

Fig. 11 Influence of coherence length scale Lc /x0 on far-field error.

X 0 = 12
St = 0.1
e = 90
Ma= 0.8

500

Fig. 10 Influence of coherence length scale Lc /x0 on far-field error. Fig. 12 Influence of Mach number on far-field error of coherent
source model.

nearly antisymmetric for 0<90 deg and 0>90 deg. Due to the
location of x0 being downstream of the nozzle the errors are
positive in the 0<90 deg quadrant and negative for 6>90 deg.
The errors will therefore be much smaller if they are
calculated relative to the point of peak intensity at x=x0
rather than the nozzle exit.

Coherent Source Model

Influence of Strouhal Number
The introduction of an azimuthal and axial coherence of

sources gives rise to additional interference effects in the far
field which may decrease or increase the error due to a finite
distance R. A result for Ma = 0.8 and the relative coherence
length scale Lc/x0 = 0.5 is shown for Sf = 0.4 and 0.1 in Fig. 9
for R = 50 as a function of 0. The typical interference patterns
become particularly clear at the higher Strouhal number. As
compared to Fig. 8 the peak errors are generally larger. Figure
9 was obtained with arbitrarily chosen values of Lc/x0 and
Ma. In the following sections we will study the effect of these
parameters.

Influence of Axial Coherence Length Scale Lc

In what follows we shall restrict ourselves to St = Q.l. To
demonstrate the effect of the coherence length scale the far-
field error ASPL is plotted in Fig. 10 for St = Q.l and 0 = 90
deg with L c /x0 as parameter.

Fig. 13 Influence of Mach number on far-field error for two
coherence length scales.

The error reaches a maximum value for Lc/x0 between 0.5
and 1.0, as can be seen in Fig. 11. Increasing the coherence
length scale beyond this critical range would result in a
reduced far-field error.

In Fig. 9 we have taken Lc/x0 = 0.5 which is approximately
in accordance with Armstrong's turbulent pressure
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0 0.2 (U 0.6 0.8 1.0 1.2 U
Lc/X0—*>

Fig. 14 Maximum far-field errors in whatever direction.

1000

Fig. 15 Far-field distance Rj from nozzle required to keep far-field
error down to 1 dB.

measurements. This is now seen to represent about the most
critical case with respect to the far-field error due to a finite R.
We can see from Figs. 10 and 11 that the error due to in-
terference effects is greatly reduced if a value of 0.2 is chosen
for Lc/x0. The results were found to be nearly insensitive to
differing models describing the coherence between
azimuthally displaced sources. This is a consequence of the
Helmholtz numbers He=D/\=Ma-St being small in the
cases where large far-field errors are to be expected. The
presented results were all obtained with the model according
toEq.(26)with7V=4.

Influence ofMach Number
The Mach number becomes an important parameter for

any coherent source model. In Fig. 12 one can see this in-
fluence of the Mach number on the error ASPL at 5^ = 0.1,
6 = 60 deg for Lc/x0 = 0.2. With increasing Mach number the
error is steadily increased.

In Fig. 13 the error is plotted for R = 50 as a function of the
angle 0 for the two length scales Lc/x0 = 0.2 and 0.5. It can be
seen how the error is increased nearer to the maximum jet
noise radiation if Lc /x0 or Ma is increased.

Conclusions
Two kinds of uncertainties may occur in jet noise ex

periments at necessarily limited far-field distances R. Th<
first stems from the source having a finite extent Ls. Th(
resulting error due to R not having reached the geometric fai
field is largest for 6 approaching 0 or 180 deg and relatively
small at 0 = 90 deg. The second uncertainty arises when th(
whole, acoustically noncompact source region radiates in 2
coherent manner. The resulting wave interference may eithei
increase or decrease the far-field error. Figure 14 presents th<
maximum positive and negative errors in whatever directior
for different Mach numbers and 5^ = 0.1. The measuring
distance is jR = 50. The corresponding angles where the
maximum positive errors occur move from 0 = 0 deg to about
90 deg with increasing Lc/x0 and Ma. In Fig. 15 the distances
Rj are plotted for St = Q.l at which the largest error is ± 1 dB,
A rough quantitative combined geometric and interference
far-field condition may be written for small Lc/x0 as

(29;

In this equation it is assumed that Rj is proportional to the
location x0 of the peak source intensity. R>R2 is recom-
mended here as a sufficient distance for far-field
measurements to become really representative and com-
parable. It can be seen from Figs. 14 and 15 that special care
should be taken with supersonic jets with which a large
characteristic source coherence cannot be questioned.

The location x0 may vary from jet to jet. We suggest that jet
noise suppressors tend to reduce this important parameter. x0
may become longer for hot jets due to the stratification effect
of the density gradients. An increased x0 may also play a role
in static-to-flight comparisons when in the latter case there is
an outer flow parallel to the jet flow. This situation is studied
in more detail in another paper.14

For power spectral density measurements the distance x0
has to be taken for the lowest Strouhal number of interest.
Grosche's measurements however were restricted to St > 0.11.
We have therefore assumed x0 = \2 for St = Q.l. This value
should be sufficient for broadband measurements. Spectra
are often measured down to St = Q.Q2 or 0.01 where larger
values of x0 are to be expected. If the measurements are made
too near to the nozzle, errors have to be expected in the
spectra, in the directivities, and in the model laws (Mach
number exponents). Since the errors occur at low frequencies
the spectra will contain too high or too low intensities at the
lower frequency end. The directivities and velocity exponents
of jet noise may be measured erroneously due to the angular
dependence of the error.

The results of this study should be regarded as preliminary
in the sense that more reliable measurements of Lc(St) are
required for the whole source region which extends to ;c = 20
or 30 for low Strouhal numbers. A comprehensive ex-
perimental study of the errors could give further information
about the coherence within the source region.
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