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The cost of experimental testing allows to focus only on a finite number of operations
for installation noise. How can other operations be interpolated in between test conditions?
How can test points with partially poor signal to noise ratio be repaired? How is it possible
to extrapolate to and cross-compare with a known test point which is out of scope for the
current test facility, but has been measured before in another wind tunnel? All of the above
can be attempted with the knowledge of the problem-specific physics, which is among others
represented in terms of velocity scaling laws.

Hence, a major contribution presented in this paper is the analytical derivation of an analogy
for the far-field noise of installed flight jets and a cross-check with experimental data from the
DJINN AWB test. This analogy is a specific solution of Ffowcs-Williams-Hawking’s and Curle’s
analogies for fixed objects which experience unsteady flow fluctuations on their surfaces.

The analysis shows that velocity scaling exponents are qualitatively different depending on
directivity, mainly between forward and rear arc. The experimentally acquired isolated flight jet
noise data scales with 𝑰 ∝ 𝚫𝑼6𝑼2

𝒄 in the forward arc and with 𝑰 ∝ 𝚫𝑼8 in the rear arc. Installed
flight jets are dominated by loading noise 𝑰 ∝ 𝚫𝑼6 in the forward arc, and are otherwise very
similar to jet noise, i.e. in the rear arc they scale with 𝑰 ∝ 𝚫𝑼8.

The transition of velocity scaling coefficients between forward arc and rear arc are extracted
by a study over 47 flyover microphones using various operations of either same shear layer
difference velocity or same shear layer convection velocity. The exponents can also be used to
improve the prediction of extrapolating to out-of-scope wind tunnel velocities.

This is showcased in a case study, where a test point with wind tunnel velocity of 60 m/s
needs to be predicted with a maximally available wind tunnel speed of 40 m/s. The conventional
method of using the same velocity difference velocity delivers nearly the same OASPL (±0.3 dB),
good accuracy in the rear arc and causes deviations in the shape of the third-octave band
spectrum by ±2 dB - mainly in the forward arc. The new method proposes to scale a same
shear layer convection velocity datapoint. This delivers the same accuracy in OASPL, but the
third-octave band spectrum deviates by only ±1 dB around the reference.

What is the transferability to other related problems, e.g. the often tested freely positioned
engine integrations without any pylon? A cross-comparison with the DJINN-JExTRA experi-
ment shows that the velocity scaling coefficients are comparable, as long as tonal components
are removed from the spectra. Another takeaway is the acoustic importance of the pylon and
the necessity to include it in the aero-geometric characterization of the physical problem.
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I. Introduction

Various velocity scaling coefficients for jet installation noise were reported in the past, most of them fall into the
range of 5 (trailing edge noise) to 6 (lift fluctuation noise), e.g. 5.3 by Sengupta [1, Fig. 14]. Higher coefficients

close to 7 have also been presented, e.g. by Azarpeyvand [2]. Why are these exponents different? And how can
the knowledge about the exponents be applied to solve relevant challenges? These questions will be attempted to be
answered in this paper.

The scientific backbone of finding a suitable velocity scaling candidate is to test out different characteristic jet
shear layer properties. The commonly used jet shear layer characterization refers to the axisymmetric properties of the
aerodynamic far-field (or ➡ fully developed region, see Fig. 1) where peak jet noise is located.

But, the flap trailing edge is typically positioned in the ➡ initial merging zone of the jet. Therefore, the approach is
to investigate the problem through the eyes of the so-called aerodynamic near-field shear layer: a thin mixing layer that
originates at the nozzle lip of an single-stream nozzle and that "fuels" the far-field shear layer downstream the ending
jet’s potential core. Any references to the jet shear layer typically refer to the near field shear layer in this paper.

Lip line properties have been measured by many authors, i.a. Bridges and Wernet [3, Figs. 17 and 19, bottom left].
The most important property is the axial mean velocity 𝑈𝑐 at the lip line which is remarkably constant within the initial
merging zone (Jente and Delfs [4, pp. 3-8]). The relevance of fine scale turbulences from the near field shear layer
towards forward arc jet noise has been documented by Tam et al. [5] [6]).

aerodynamic near-field aerodynamic far-field
initial merging region fully-developed / self-similarity region

S/L origin nozzle lip (𝑥 ≈ 0, 𝑟 = 𝐷 𝑗/2) / mixed jet
radius

engine axis (𝑥 < 0, 𝑟 = 0) / jet centerline

characteristic velocity nozzle lip velocity 𝑈𝑐 = 𝑈 (𝑟 = 𝐷 𝑗/2) e.g. centerline velocity 𝑈 (𝑟 = 0)
nearly constant in streamwise direction (declines in streamwise direction [7])

virtual S/L origin

(aerodyn. near field)

virtual S/L origin

(aerodyn. far field)

aerodynamic aerodynamic

mixed jet radius / “lip line”

Uc

jet centerline / “engine axis” 

Uj

Uj

Fig. 1 Characteristic jet shear layer properties, illustrated for an idealized single stream jet. Image adapted
from Abdel-Rahman [8, Fig. 1]
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Nomenclature

𝛼 = shear layer convection coefficient, here: 𝛼 = 0.64
Δ 𝑓 = bandwidth of narrowband frequencies
Δ𝑈 = shear layer difference velocity
Δ𝑋,Δ𝑌,Δ𝑍 = test section dimension
𝛿𝐹 = flap deflection angle
𝛿𝜔 = shear layer width
𝛾 = adiabatic index
𝜆 = wave length
𝜌∞ = (static) density of medium in acoustic room
𝜌 𝑗 = static density of jet
𝝉 = viscous stress tensor
𝜃 = polar angle of microphone, from engine exhaust (aft-front)
𝐴 = area, e.g. bypass outlet area
𝑎 𝑗 = local speed of sound in jet medium
𝑎∞ = speed of sound in acoustic room
𝑐 = chord length
𝐷𝑚𝑖𝑥 = mixed jet diameter
𝒆 = unity vector
𝑭 = aerodynamic force (vector)
𝑓 = frequency
𝑓𝑐 = characteristic frequency
𝐻 = engine integration height
𝐻𝑒 = Helmholtz number
𝐼 = sound intensity
𝑰 = identity matrix
𝐿 = engine integration length
𝐿0 = characteristic length
𝑀𝑎𝑐 = acoustic Mach number
𝑀 𝑗 = jet Mach number
𝑚, 𝑛, 𝑞 = velocity scaling coefficients
𝒏 = normal vector
𝑝′ = sound pressure
𝑝∞ = (static) ambient pressure of acoustic room
𝑟𝑈 = velocity ratio between wind tunnel and jet velocity
𝑅 = distance oberver to engine axis
𝑟0 = distance source-observer
𝑅𝑚𝑖𝑥 = mixed jet radius
𝑆𝑃𝐿 = sound pressure level
𝑆 = (surface) area
𝑆𝑟 = Strouhal number
𝑻 = Lighthill’s stress tensor
𝑇𝑇𝑅 = Total temperature ratio between jet and test room
𝑡 = time
𝑈𝑐 = shear layer convection velocity
𝑈 𝑗 = jet velocity
𝑉 = volume
𝑣′ = acoustic particle velocity
𝑥, 𝑦, 𝑧 = coordinates
𝑥0,𝑁𝐹 = virtual origin of near field shear layer
F = dimensionless flight operations factor
G = dimensionless geometry factor
T = dimensionless temperature factor
: = double contraction
AWB = Aeroacoustic Wind tunnel Braunschweig, a DLR test facility
JExTRA = Jet noise experiments at AT-TRA, a DLR test facility
S/L = shear layer
UHBR = Ultra High Bypass Ratio
w.r.t. = with respect to
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II. Experiment
Experimental data was gathered at the Aeroacoustic Wind tunnel Braunschweig [9] (AWB), a DLR test facility

in Northern Germany (see Fig. 3). AWB is a closed-circuit wind tunnel with a rectangular wind tunnel nozzle
(Δ𝑌 = 0.8 m × Δ𝑍 = 1.2 m), an open test section (Δ𝑋 = 3.6 m) and wind tunnel velocities of up to 60 m/s.

The SAFRAN engine model is a dual stream short cowl UHBR engine with a bypass-to-core area ratio in the
order of 7, and a mixed∗ jet diameter 𝐷𝑚𝑖𝑥 close to 100 mm. Bypass and core engine were operated at equal velocity,
achieving several same speed jet operations in between 145 − 295 m/s (see Fig. 2). The temperature behaviour of the
wind tunnel allows for cold / unheated ambient air tests, i.e. the total temperature ratio between jet and test room
𝑇𝑇𝑅 = 291 K

296 K ≈ 0.98 is very close to unity.
The AIRBUS RDJ80-wing is a right-hand (starboard-side) half model with a chord length of 300 mm in the engine

integration plane. The two-element wing consists of its main wing and the flap which are both tripped on pressure side
and suction side. The flap deflection angle is fixed to 𝛿𝐹 = 14 ◦.

The engine is integrated under the wing via a pylon model. The presence of the pylon decreases the bypass outlet
area and causes asymmetry in the jet.

The engine integration length between bypass nozzle outlet and flap trailing edge is 𝐿 = 2.77𝐷𝑚𝑖𝑥 . The two engine
integration heights are 𝐻1 ≈ 0.98𝐷𝑚𝑖𝑥 and 𝐻2 ≈ 0.71𝐷𝑚𝑖𝑥 .

Operational parameters of the test campaign are defined by wind tunnel velocity𝑈∞ and jet velocity𝑈 𝑗 and displayed
in Fig. 2.

jet velocity Uj

wind tunnel velocity U∞

velocity ratio rU = U∞ / Uj

S/L convection velocity Uc = U∞ + 0.64 ΔU

S/L difference velocity ΔU = Uj - U∞ 

S/L Shear

Layer

Uc

ΔU

Uj

U∞

(closed-circuit)

rU=0.04

Fig. 2 Wind tunnel test operations with the following markers by wind tunnel velocity: ⃝ circle/zero = wind
tunnel off, △ triangle pointing upwards = higher wind tunnel setting of 60 m/s, ▽ triangle pointing downwards =
lower wind tunnel setting of 40 m/s. Iso-contours for the following near field shear layer properties: constant
velocity ratio 𝑟𝑈 (— solid line), and shear layer convection velocity 𝑈𝑐 (- - - dashed line)

∗Fully-mixed jet variables are considered as defined by the SAE ARP 876 norm.
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III. Acoustic instrumentation and data processing
Instrumentation The flyover arc under the model is instrumented with a DLR Berlin line array (see Fig. 3). The
distance between the engine axis and the line array is 𝑅 = 1.78 m, which is a rather close [10, p. 203] geometric
distance (𝑅/𝐷𝑚𝑖𝑥 = 17.8) for jet-related problems. The polar arc is resolved by 47× 1/4” MK301 free-field microphones
(Microtech Gefell) in between aft-to-front installation angles of 50◦ to 134◦ w.r.t. x = flap trailing edge and z = engine
axis (see top of Fig. 4).

Data processing 10 Hz narrowband and third-octave sound pressure level has been normalized to same propagation
distances using the following measurement reference points:

• 𝑥 = 7𝐷𝑚𝑖𝑥 and z = engine axis: for isolated jet noise
• x = flap trailing edge and z = engine axis: for installed jet noise.
The presented acoustic data is corrected for microphone characteristics[11], shear layer refraction (Amiet [12]), and

atmospheric absorption (Bass et al. [13], which is also ISO 9613 [14]).

IV. Velocity scaling exponents along the flyover arc

A. The systematic difference between forward and rear arc
Depending on directivity, installed jets produce either very similar gains as the Lighthill’s power 8 jet noise (i.e. in

the rear arc), or produce higher gains and other velocity scaling exponents than jet noise (i.e. in the forward arc). This
forward arc excess noise is mainly produced by jet-flap interaction, and the low-frequency component can be interpreted
as loading noise 𝐼𝑙𝑜𝑎𝑑𝑖𝑛𝑔 ∝ (Δ𝑈)6 (see derivation in appendix VII).

Lighthill’s power 8 jet noise, if taylored for flight operations of the isolated jet, scales with 𝐼 𝑗𝑒𝑡 ∝ (Δ𝑈)8 in the
rear arc, yet collapses differently in the forward arc. This effect was reported by several authors, i.a. Michalke and
Michel [15], Tam et al. [5]. The AWB data scales well with 𝐼 𝑗𝑒𝑡 ∝ 𝑈2

𝑐 (Δ𝑈)6, a relation which has also been found in a
previously published AWB experiment [4].

An often used diagram type for illustration of the scaling coefficients is the double logarithmic diagram of OASPL
vs. the velocity scaling parameter (see e.g. Harper-Bourne [16, Figs. 10 and 15], Viswanathan [10, Fig. 5], Bridges and
Brown [17, Fig. 6]). If enough operations are tested, velocity scaling exponents can be extracted. Take for example the
forward arc position, where the exponents 6 for loading noise and 8 for static jet noise are found (see Fig. 4). The rear
arc scales with exponents of 8 which is consistent with the fact that in this region the installed jet noise does not differ
much from the isolated jet noise.

It can be concluded that there is a systematic difference between forward and rear arc.

B. Scaling coefficients along the flyover arc
The follow up research question is how does the transition of scaling coefficients between forward arc and rear arc

look like?
The answer to this question is a diagram of scaling exponents over the full flyover arc. Each exponent is derived

from individual OASPL-vs-log(velocity) diagrams at each microphone. With the help of linear regression, velocity
scaling coefficients are determined. The two types of comparison are:

1) Find the exponent 𝑛 in Δ𝑈𝑛 using three test points of the same shear layer convection velocity 𝑈𝑐.
2) Find the exponent 𝑚 in 𝑈𝑚

𝑐 using three test points of the same shear layer difference velocity Δ𝑈.
The exponents 𝑚 and 𝑛, as well as the combined coefficient (𝑚 + 𝑛) are plotted in Fig. 5 over the measured flyover arc.
The main takeaways of this figure are:

1) The 𝑛 exponents (- - - dashed lines) for isolated and installed jet noise are very similar when comparing operations
of the same shear layer convection velocities 𝑈𝑐.

2) There is an almost negligible depency on shear layer convection velocity 𝑈𝑐 (see the 𝑚 exponent for the installed
jet, i.e. the -.-.- gray dash-dot line). This is very relevant for the max. wind tunnel velocity problem in section V.A:
It can be concluded that operations with same Δ𝑈 produce the same installation noise.

3) The 𝑚 exponent of isolated jet noise ((-.-.- blue dash-dot line) reduces from 𝑚 = 2 in the forward arc to 𝑚 = 0 in
the rear arc. Hence, a simple rule like "same Δ𝑈 produces the same isolated jet noise" is not generally valid, i.e.
only valid in the rear arc.

4) The combination 𝑚 + 𝑛 ≈ 8 for isolated jet noise (— blue solid line) agrees with Lighthill’s analogy.
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BE.CE.

1

47

¼” - Microtech Gefell - MK301

Free-Field response

WING

AIRBUS RDJ80

right-hand half model

cmid = 3 Dmix

two-element wing

flap δF=14°

ENGINE MODEL

SAFRAN

dual stream 

short cowl 

UHBR engine 

AByp/ACore~7

Dmix ~ Ø100mm 

ENGINE INTEGRATION incl. Pylon

H1 = 0.98 Dmix (Reference)

H2 = 0.71 Dmix

L = 2.77 Dmix

Fig. 3 top image: Instrumented flyover arc in AWB consisting of 47 microphones.
Bottom image: Experimental setup of wind tunnel model. Pictures are AIRBUS DLR and SAFRAN property.
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q=8
isolated jet

q=6
Installed jet

q=8
isolated jet

q=8
Installed jet

Measurement

Reference Point

Jet mixing

Nozzle exit

flap 

trailing 

edge
AWB nozzle

U∞

θ

Fig. 4 Velocity scaling for a pylon-integrated engine in the forward arc and rear arc. Markers depend on wind
tunnel velocity, as defined in Fig. 2
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m

- - - ΔUn |Uc=const

-.-.- Uc
m |ΔU=const

n

▬ Isolated jet noise

▬ Installed jet noise

m+n

rear arc

ΔU8

ΔU8

forward arc

Uc
2(ΔU)6

ΔU6

minimal dependency on Uc

flow

overhead

Fig. 5 Velocity scaling for a pylon-integrated engine in the forward arc and rear arc w.r.t. flap trailing edge.
Markers depend on wind tunnel velocity, as defined in Fig. 2

.

5) The general trend of a transfer from n=6 (forward) to n=8 (rear) for installed jet noise (— gray solid line) agrees
with the trend shown by Brown and Ahuja [18, Figs. 35a and b].

V. Application
The insights from the previous section, i.e. IV, can be used for various fields of application, among others
• to interpolate isolated and installed jet noise data in between the tested operations. A special case of this method is
• to repair spectra with poor signal-to-noise ratio between measured signal and background noise.
• to extrapolate isolated and installed jet noise datapoints to operations which are out of scope for the used test

facility. An examplatory case, the max. wind tunnel velocity problem, is presented below.

A. Max. wind tunnel velocity problem
The term "Max. wind tunnel velocity problem" stands here for the research question: How is it possible to

cross-compare the test data of the same build from two different test facilities where one facility can test the target wind
tunnel velocity of here 60 m/s whereas the other one can only reach a smaller wind tunnel velocity, here 40 m/s †? The
reference test operation is defined by a jet velocity of 279 m/s and a wind tunnel velocity of 60 m/s. The evaluation is
done at three polar positions, in the forward arc, close to the overhead position and in the rear arc.

Two test points are used to reconstruct the same signal as the reference, one with constant shear layer difference
†or, alternatively allows for static operations only
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velocity Δ𝑈, and one with constant shear layer convection velocity 𝑈𝑐 (see Fig. 6 and Table 1).
1) Test point 1 is defined by the ■ same shear layer difference velocity Δ𝑈 and is supposed ‡ to get the gain

quantitatively right. Overall sound pressure levels agree with the reference testpoints at an accuracy of 0.3 dB.
The spectral shape functions collapse well within ±1 dB in the rearward arc, where 𝐼 ∝ (Δ𝑈)8 is expected. The
forward arc collapse of ±2 dB is ok for the low-frequency loading noise part 𝐼 ∝ (Δ𝑈)6. However, the forward
arc high-frequency signal is too low by 2 dB. Assuming a jet-noise like analogy 𝐼 ∝ (Δ𝑈)6𝑈2

𝑐 , the higher wind
tunnel setting produces more noise than the lower wind tunnel setting.

2) The prediction can be improved, when starting with test point 2, a high thrust data point. It features the ■ same
shear layer convection velocity 𝑈𝑐 and generates spectral shape function which are similar to the reference. The
shape functions of test point 1 must be significantly corrected by 𝑛 · 10 · lg(Δ𝑈). This is difficult, since knowledge
about the velocity scaling coefficient 𝑛 = 6 . . . 8 for Δ𝑈 is necessary. In this example, it means to subtract 4 dB
(n=6) to 5.2 dB (n=8) from the test point 2 signal in order to approximate the reference signal. Here, we just
"trust literature" (option A) and use the Δ𝑈𝑛-exponents for const. 𝑈𝑐 derived in Fig. 5 and listed in Tab. 1, line 2.
Overall sound pressure levels do also agree within a range of 0.3 dB - this is the same value as for the other
method. An improvement is the collapse of third-octave spectra which is good within ±1 dB in the forward and
rear position. The shape functions are mainly preserved. The greatest shape error is caused in the forward arc
high-frequency region.

All in all, the cross-comparison with test point 2 improves the third-octave band spectrum accuracy for predicting the
max. wind tunnel velocity problem. However, alternatives to option (A) could be considered:

• Option (B) is to measure test point 1 in addition to test point 2. This helps to get direct experimental information
about the expected OASPL. There is no need to refer to Δ𝑈-velocity scaling coefficients from other sources. This
is especially helpful, if there are large Δ𝑈-corrections, e.g. for the extrapolation from static to flight conditions.

• Simply assuming the mean velocity scaling coefficient of n=7 for the entire arc (Option C) will here produce
errors of +0.6dB (forward) and -0.6dB (rear) between prediction and reference.

Table 1 Max wind tunnel problem analysis, deviations to reference (■ gray)

Position forward overhead rear
polar angle, emission (aft-front) 126◦ 96◦ 57◦

Δ𝑈-Velocity scaling exponent 6.2 6.5 7.7
Test point 1 (■ yellow): Δ𝑈 ≈const
Δ𝑈-Correction 0.5 dB 0.6 dB 0.7 dB
Spectral collapse third-octave -1.8 . . . 2.1 dB -0.9 . . . 2.0 dB -0.8 . . . 1.2 dB
ΔOASPL w.r.t. Ref. 0.2 dB 0.1 dB 0.3 dB
Test point 2 (■ green): 𝑈𝑐 ≈const.
Δ𝑈-Correction −4.1 dB −4.3 dB −5.1 dB
Spectral collapse third-octave -1.1 . . . 1.2 dB -0.5 . . . 0.5 dB -0.8 . . . 0.2 dB
ΔOASPL w.r.t. Ref. −0.1 dB 0.0 dB −0.3 dB

‡In this particular test case, there is a slight offset in Δ𝑈, which is why the slight gain correction of 0.6-0.8dB is included.
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Fig. 6 Max wind tunnel velocity problem. gray: ■ reference test at high wind tunnel velocity, yellow:
Conventional replication with a lower wind tunnel velocity using the ■ same shear layer difference velocity,
green: Improved prediction using the ■ same shear layer convection velocity. Top row: shape functions for three
different polar angles. Bottom row: Deviation of predictions from reference.
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VI. Discussion of applicability limits
There is a great temptation to transfer a successful method to related physical problems. This must be done with

great care, since there are limits in the applicability. The presented source mechanisms, a combination of loading noise
and jet noise like terms in the flyover arc, model the installed jet noise of the pylon-integrated engine on a two-element
wing (with main wing and flap). Some seemingly related installation problems may depend on other significant noise
sources:

• Sengupta [1, Fig. 14] listed two types of noise mechanisms which could either dominate the high-frequency part
of the spectrum: reflected jet noise as well as trailing edge noise (or generally speaking installation noise). A
realistic wing contains various trailing edges which need to be checked for relevant contribution to the installation
noise. Side edge noise may be caused by a small gap or wide gap (thrustgate configuration) between flap 1 and
flap 2. A closeby installed flap track could also increase the engine installation noise.

• The AWB experiments with three-element wings (slat - main wing - flap) captures high-lift wing noise which is
mainly related to the slat. The slat plays a crucial role for high velocity ratios. Jente [19, pp. 42-46] described a
method on how to determine the insignificance limit of the high-lift wing related noise.

• More "academic" installations where engine and wing are unconnected/freely positioned to each other, i.e. without
pylon, produce significantly greater tonal and broadband excess noise. This effect has been published by many
authors, e.g. EU-project Jeronimo CEPRA-19 test data by Davy et al. [20, Fig. 15], Lawrence [21, pp. 153-157]
or even distinction between weak and strong tones Amaral et al. [22, Fig. 12]. Other available data stems from the
DJINN-JExTRA experiment [23]. Qualitative differences between engine integrations that use or lack a pylon are
studied in more detail in the section below.

A. Acoustic effects without the pylon
The velocity scaling is done with the purpose of allowing a qualitative§ evaluation of the pylon installation effect by

comparison with section IV.A. The JExTRA experiment is limited to static operations only. The polar angles for the
forward and rear arc positions were chosen to be roughly comparable. Installed jet noise data is evaluated with and
without tone removal (method is described in [23, pp. 11-12]).

The installation and the velocity scaling are shown in Fig. 7 and allow the following conclusions:
1) The forward arc velocity scaling coefficient equals 6 for both, the pylon-integrated installation and the non-tonal

JExTRA installation data. The tones change the velocity scaling coefficient towards 8.
2) The rear arc installation effect for both experiments does not differ much from jet noise and follows approximately

the exponent of n=8.
3) The forward arc installation effect without pylon of 10-15 dB is much larger comparedto the 2-3 dB of the

pylon-integrated test. What is the reason for this discrepancy?
This question is attempted to be answered with the steady flow analysis.

B. Steady aerodynamics
Steady aerodynamics data was measured with a DLR total pressure rake. The results are presented in Fig. 8 using

velocity contours selective to critical jet velocities. Three of the characteristical geometric build properties (see Eq. 1)
are affected by the pylon installation:

1) The mixed jet radius near pylon is smaller since the pylon blocks a portion of the bypass nozzle exit area, creating
a jet which is not round (aspect ratio between with to height of 1.1). The blockage contributes to the characteristic
rooster-tail effect [25] [26].

2) There is a bypass jet deflection effect of approximately 1◦. The jet is deflected away from the pylon of the isolated
engine. The downstream deflection has been reported by Faranosov et al. [24, Fig. 6 (ii)] who also showed for
the installed jet that this deflection is either neutralized or may even change towards the wing.

3) The near field virtual S/L origin (see Fig. 1) between bypass and flight stream is not constant along different
azimuthal positions. Since the pylon blocks the engine exit, the near field S/L on the pylon side (𝑍+) cannot
develop close to the engine exit - contrary to the side opposite of the pylon (𝑍−). This causes asymmetry in the
near field shear layer¶.

Another engine operations related property might affect the installation noise: How does the engine flow deal with
the wake behind the pylon? Is it claimed by the bypass stream or by the core stream? The aerodynamic results show

§An even better designed experiment for direct quantitative comparison of the pylon effect was conducted by Faranosov et al. [24].
¶Other cases of asymmetry at the nozzle lip are the beveled nozzle or part chevrons.
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Fig. 7 Velocity scaling for an engine integration without pylon in the forward arc and rear arc. Outer markers
indicate static operations only, inner markers the option of using a tone removal tool.
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that the core stream is curved (bell-shape): It deflects from the engine axis towards the flap (see Fig. 8, mid), yet
further downstream, the flapward movement is reversed. The core stream of a pylon-mounted dual stream nozzle might
influence the jet installation noise, potentially posing a problem for the transfer of cold to hot jet noise experiments.
Cold dual stream engine models without any pylon can argue with preservation of local similarity (as shown in [27]
based on the concept of George [28]). However, a deeper analysis of the core stream effect on installation noise is out of
scope for this paper. The data analysis in this paper is conducted with same speed jets (SSJ) only, i.e. where bypass
velocity equals core velocity.

C. Aero-geometric characterization of the pylon integrated engine
The conventional aero-geometric characterization (Eq. 1, see also [19, Fig. 3.7]) used for the freely positioned

engine integration delivers comparable acoustic installation angles 𝜙′ between the JExTRA (3◦) and AWB experiment
(4◦). This falsely indicates a certain acoustic comparability.

tan(𝜙′) = 𝐻 − 𝑅𝑚𝑖𝑥

𝐿 − 𝑥0,𝑁𝐹

(1)

Hence, a great improvement for a model prediction is the adapted calculation of the installation angle for the
pylon-integrated engine (Eq. 2):

tan(𝜙′) = 𝐻 − 𝑅𝑚𝑖𝑥 (𝑍+)
𝐿 − 𝑥0,𝑁𝐹 (𝑍+) (2)

• The mixed jet diameter close to the flap 𝑅𝑚𝑖𝑥 (𝑍+) can be roughly approximated from CAD: engine exit areas
need to be constructed and measured (including and excluding the blockage of the pylon). The discharge jet is
assumed as a semi-elliptical, semi-circular discharged jet as in Fig. 8, mid.

• Slight shifts of the virtual shear layer origin from the engine lip can often be neglected. Yet, the blockage of
the pylon causes a larger shift from the bypass engine lip (Fig. 8, bottom) towards the midst of the pylon. This
property can only be very roughly approximated near the x-position of the core nozzle.

VII. Conclusion
This paper contributes to the ongoing research with an analytical derived analogy for the far-field noise of installed

jets. The pylon-integrated engine installations either do not differ much from jet noise (exponent 8 in the rear arc) or
transition towards the exponent for loading noise (exponent 6 in forward-to-overhead position).

Operations with same near field shear layer convection velocity 𝑈𝑐 provide master shape functions for each polar
angle. This benefits the the prediction of absolute JFI noise gains, especially in the forward to overhead arc. A potential
takeaway is to include 𝑈𝑐 as a test parameter in future test campaigns.

Scaling exponents were determined over the entire flyover arc. Fig. 5 is presumably the first published visual
representation of the shifting velocity scaling laws for both isolated and installed jet noise at flight operations. The
combination of improved velocity scaling approach together with the analytical derivations is a suitable tool in the
search for underlying physics.

The results benefit the empirical prediction methods: In an examplatory case of the max wind tunnel problem, an
improvement in prediction uncertainty of an extrapolated installed jet noise datapoint was demonstrated.

The applicability limits of the derived analogy w.r.t. related problems was shown, especially the effect of a pylon
and non-pylon integrated problem: The pylon effect simplifies the acoustic characterization, but complicates the
aero-geometric characterization.

The presence of the pylon is the reason for asymmetric jet properties which especially affect the spatial region close
to the flap. Hence, a significant reduction of the feedback mechanism causes here only a remarkably unimpressive
mid-frequency installation effect. The asymmetries were included as part of an improved aero-geometric characterization
of the installation angle.

An unreviewed issue is the role of the core jet towards installation noise. Since the flow analysis indicates a turn in
flap direction just downstream the pylon, the hypothesis is that the core velocity may significantly influence installation
noise. "What is the influence of the core stream w.r.t. the installation noise of pylon-integrated engines?" is therefore an
interesting candidate for follow-up research.
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Appendix A: Analysing jet installation noise for compactness
For reason of consistancy, this section uses the notation and partial wording of a university lecture script Delfs [29,

p. 126] for velocity scaling of loading noise in general. Yet, the approximations are adapted for the jet installation effect
discussed in this paper.

Fixed and rigid objects such as the wing and its flap generate excess noise due to the interaction of the body
surface with unsteady flow fluctuations. The far-field solution has been derived by Curle and Lighthill [30] as well as
Ffowcs Williams et al. [31] (see Eq. 3).

𝑝′ ≃ 1
4𝜋𝑎2

∞𝑟0
(𝒆𝑟0 𝒆𝑟0 ) :

𝜕2

𝜕𝑡2

∫
𝑉 ′
∞

𝑻 𝑑𝑉︸                                     ︷︷                                     ︸
(1) free turbulence

+ 1
4𝜋𝑎∞𝑟0

𝒆𝑟0 ·
𝜕

𝜕𝑡

∫
𝜕𝑉𝐵

(𝑝𝑰 − 𝝉) · 𝒏 𝑑𝑆︸                                           ︷︷                                           ︸
(2) excess noise due to presence of object B

. (3)

Term (1) represents Lighthill’s [32] solution for noise generated aerodynamically, which leads to the well-known result
of free turbulence scaling with the eighth power of the characteristic velocity. This term is very significant for the rear
arc as well as the high frequency region of the forward arc.

Term (2) is relevant for installation noise in the forward arc. It describes additional noise which is induced by the
presence of the object. Especially the low-frequency part of the spectrum is of interest: the surface as a noise source is
called compact for frequencies lower than the characteristic frequency.

The characteristic distance is roughly the engine integration length 𝐿. � The characterizing frequency 𝑓𝑐 is calculated
with 𝐻𝑒 = 1 to 𝑓𝑐 = 𝑎∞/𝐿.

The integral in term (LF) is interpreted as the net aero force on the body 𝑭. The vector 𝒆𝑟0 accounts only for the net
aero force component in the direction of the observer, therefore labeled as 𝐹𝑟0.

𝑝′(2) ≃
1

4𝜋𝑎∞𝑟0

𝑑𝐹𝑟0
𝑑𝑡

(4)

The sound field is directly proportional to the time change of the net aero force on the body. w.r.t. jet-flap interaction,
Sengupta [1] detected the same mechanism and called it lift fluctuation noise.

The magnitude of the aerodynamic force is estimated by the following jet parameters acting on a partial flap surface:

|𝑭 | ∝ 𝜌flap𝑈
2
flap𝑆flap (5)

Each parameter with index flap serves as a placeholder which should be proportional to some test parameter:
• We assume that the velocity fluctuations can be approximated by the shear velocity Δ𝑈. Alternatives are challenged

with experimental data in section II.
• The interaction area is here very roughly approximated as half perimeter of the jet ("along flap span") and shear

layer width ("along flap chord") 𝛿𝜔 . The shear layer width (and hence the relevant interaction area) changes w.r.t.
velocity according to thin mixing layer theory (e.g. Eisfeld [34] by 𝛿𝜔 ∝ 𝐿0Δ𝑈/𝑈𝑐

𝑆flap ∝ 𝜋𝑅𝑚𝑖𝑥𝛿𝜔 ∝ 𝜋𝑅𝑚𝑖𝑥𝐿0Δ𝑈/𝑈𝑐 (6)

This approximation is sufficient for the purpose of this paper, but should be expanded to include build sensitivities,
such as engine integration height.

• In order to account for differences in static temperature between jet stream and flight stream, the density term is
approximated as a mix between the two streams:

𝜌flap =
√
𝜌 𝑗 𝜌∞ (7)

Since the AWB test delivered only cold test data, the relation cannot be well proven or disproven. Hence, this term
does not get further attention within the paper.

�For detailed types of analyis, it can be benefitial (Jente et al. [23, p. 15]) to substitute 𝐿 with 𝐿0 = 𝐿 − 𝑥0,𝑁𝐹 , where 𝑥0,𝑁𝐹 is the virtual shear
layer origin of the outer shear layer 𝑥0,𝑁𝐹 . The virtual shear layer origin can be determined by analysing the steady aerodynamic flow downstream
the engine (Jente [33]) and its X-position is here located roughly at the midst of the pylon.
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All in all, the magnitude of the force is estimated as

|𝑭 | ∝ √
𝜌 𝑗 𝜌∞

(Δ𝑈)3

𝑈𝑐

𝜋𝑅𝑚𝑖𝑥𝐿0 (8)

The time change of the force occurs during the characteristic period 𝑡𝑐 it takes to convect a flow disturbance along
the wing∗∗, i.e. 𝑡𝑐 ∝ 𝐿0/𝑈𝑐. There is a link between the two indeed : if we study wing lift fluctuation noise, the
hydrodynamic wavelength is assumed to be greater than the wing chord. This relation is used to approximate the time
derivative 𝜕

𝜕𝑡
∝ 1/𝑡𝑐 = 𝑈𝑐/𝐿0.

The sound intensity of a compact body scales like

𝐼 = 𝑝′𝑣′
𝑟0 ≃ 𝑝′2

𝜌∞𝑎∞
(9)

𝐼 ∝ 𝑅𝑚𝑖𝑥
2

𝑟2
0

𝜌 𝑗

𝑎3
∞
(Δ𝑈)6 (10)

The sound intensity of the compact installation noise for scales with the sixth power of the difference velocity Δ𝑈.
For purpose of analysis, it can be beneficial to decompose sound intensity into the following factors: Flight operations

effect F , Temperature effect T and Geometry G. This is done by using the relations 𝜌 𝑗 = 𝛾 𝑗 𝑝∞/𝑎2
𝑗

(i.e. ideal gas and
definition of speed of sound) as well as Δ𝑈 = 𝑈 𝑗 (1 − 𝑟𝑈) with the velocity ratio between the flight velocity and the jet
velocity 𝑟𝑈 = 𝑈∞/𝑈 𝑗 :

𝐼 ∝ 𝑝∞
𝑅𝑚𝑖𝑥

2

𝑟2
0

𝛾 𝑗

𝑎2
𝑗
𝑎3
∞
𝑈6

𝑗 (1 − 𝑟𝑈)6 (11)

Furthermore, the aerodynamic jet Mach number 𝑀 𝑗 = 𝑈 𝑗/𝑎 𝑗 as well as the acoustic Mach number 𝑀𝑎𝑐 = 𝑈 𝑗/𝑎∞ are
introduced (same procedure as by Jente [36]).

𝐼 ∝ 𝑝∞𝑈 𝑗 𝛾 𝑗𝑀
2
𝑗𝑀

3
𝑎𝑐︸      ︷︷      ︸

T

(1 − 𝑟𝑈)6︸     ︷︷     ︸
F

𝑅𝑚𝑖𝑥
2

𝑟2
0︸ ︷︷ ︸
G

(12)

∗∗This is a rather conservative approximation: More precisely, the origin for lift changes over time relates to the hydrodynamic wavelength, which
is assumed to be even greater than the wing chord, e.g. by factor 2 for a Mach 0.6 subsonic jet [35].
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Appendix B: Velocity scaling of forward arc jet installation noise - experimental proof
Finding the velocity scaling of JFI noise is an iterative process which consists of formulating a test hypothesis (here

based on the analytical derivation in section VII) and challenging the hypothesis against experimental data.
The initial derivation process in section VII produced the following velocity candidates:
• shear layer difference velocity Δ𝑈 = 𝑈 𝑗 (1 − 𝑟𝑈)
• shear layer convection velocity 𝑈𝑐 = 𝑈 𝑗 (𝑟𝑈 + 𝛼(1 − 𝑟𝑈)), with 𝛼 = 0.64 ††.
• operations which produce approximately the same thrust can be detected by calculating 𝑈𝑡ℎ := 𝑈 𝑗

√
1 − 𝑟𝑈

In order to force a smart observer position, one velocity candidate is kept constant at a time while other velocity
candidates and scaling exponents are varied. The uncertainty and quality of the found scaling exponent depends on the
gain difference Δ𝑆𝑃𝐿0 of the unscaled data.

1) The process starts with finding the combined velocity scaling exponent by cross-comparing the same velocity
ratio operations, i.e. 𝑟𝑈 = const. Since these velocity profiles are self-similar, it does not matter which velocity
candidate is used for scaling, all parameters have the same proportionality to each other. This includes the set
of the tested quasi-static conditions (𝑟𝑈 ≈ 0.04, see Fig. 10): The low-frequency noise 𝐻𝑒 < 1 scales with
a velocity exponent close to 𝑞 = 6. The high-frequency spectrum scales with exponent 𝑞 = 8, which is the
expected result for free turbulence (term (1) in Eq. 3).

2) Then, operations with constant shear layer convection velocity are chosen.
Note, that the relevant surface area depends on velocity components (Eq. 6). If this surface area was assumed
invariant to velocities instead, the sound intensity would be proportional to 𝑈2

𝑐 (Δ𝑈)4. This is why 𝑞 = 4 is
checked, as well as 𝑞 = 5 (trailing edge noise) and 𝑞 = 6 (compact noise, as derived in Eq. 10).
The scaling for 𝑈𝑐 = 180 m/s (see Fig. 12) collapses well for (Δ𝑈)6. Note, that this does not only affect
low-frequency noise, but the entire spectrum. This is no accident, since jet shear layer noise has been reported to
scale as 𝐼 ∝ 𝑈2

𝑐 (Δ𝑈)6. (see Jente and Delfs [4] for low 𝑟𝑈 or Michalke and Michel [15, Eq. 4.31 for 𝐴 ≈ 1.6)].
Note, how similar the shape functions are. One might come up with the idea to identify shape functions for
all 𝑈𝑐 and use them for modelling the JFI effect. However, it must be admitted, that the operations are not too
different (scaling difference is only 3dB, not 10dB). Hence, more than one 𝑈𝑐 has to be checked for its shape.

3) The ultimate prove for dependence on Δ𝑈 alone is testing operations with same shear layer difference velocity.
According to Eq. 10, these profiles should collapse by default and show a gain difference close to zero. It cannot
be denied that the shape functions do not match well and that there is a slight dependency on 𝑈𝑐 (see Fig. 5,
-.-.- gray dash-dot line).

4) In order to remove any doubt on the approximation of the relevant flap velocity, checks can be made to rule out
the thrust option |𝑭| ∝ 𝑈 𝑗Δ𝑈, e.g. by using same jet velocity operations. There is another advantage of this test
compared to 2.: The gain difference of the data to be scaled is very large. Hence, there is greater certainty in the
determined scaling exponent.
The exponent 𝑞 = 4 supports a dependency on jet thrust, 𝑞 = 6 loading noise and 𝑞 = 5 trailing edge noise.
According to the results in Fig. 14 for 𝑞 = 4, the dependency on thrust can be ruled out. Moreover, 𝑞 = 5 . . . 6
scales very nicely for the high frequencies, since the conditions are jet-noise like (compare Michalke and Michel
[15, Eq. 4.31 for 𝐴 = 1]). However, the shape functions for 𝐻𝑒 < 1 vary and look a bit better for same shear
layer convection velocity (Fig. 12).

5) With the same reason as in 4., operations with same wind tunnel velocity 𝑈∞ can be checked. There is also
the advantage of large gain difference (8 − 9 dB). Note, that Brown and Ahuja [18, Fig. 34] found a power 6
dependency on jet velocity 𝑈 𝑗 for 𝑈∞ =const.
The low-frequency scaling looks promising for both 𝑞 = 5 and 𝑞 = 6 (see Fig. 15). The case of same wind tunnel
velocity was also studied by Brown and Ahuja [18, Fig. 34]. They found a power 6 dependency on jet velocity
𝑈 𝑗 for peak noise. This dependency does not contradict the dependency on Δ𝑈, since the scaling coefficients for
𝑈 𝑗 and Δ𝑈 do not differ much for this special case: 𝑈6

𝑗
|𝑈∞=40 m/s = Δ𝑈6.4...6.2 for jet velocities in the range of

𝑈 𝑗 = 150 . . . 300 m/s.
The following figures 10 to 15 show third-octave sound pressure level as gain. The Δ 𝑓 = 10 Hz narrowband data is

shifted (see Gaeta and Ahuja [38]) in order to match the shape of the third octave spectrum. The right diagram features
the scaling of two or three promising velocity exponents 𝑞.

††This value is very close to Fuchs and Michel [37, 𝛼 = 0.65, p. 1]
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Fig. 10 Same velocity ratio 𝑟𝑈 = 0.04 (wind tunnel off)
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Fig. 12 Same shear layer convection velocity 𝑈𝑐 ≈ 180 m/s
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Fig. 13 Same shear layer difference velocity Δ𝑈 ≈ 240 m/s
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Fig. 14 Same jet velocity 𝑈 𝑗 ≈ 280 m/s
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