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Abstract: This paper reviews and presents new results on the effect of airframe integration and
shielding on jet noise. Available experimental data on integration effects are analyzed. The available
options for the computation of jet noise are discussed, and a practical numerical approach for the
present topic is recommended. Here, it is demonstrated how a hybrid large eddy simulation—unsteady
Reynolds-averaged Navier-Stokes approach can be implemented to simulate the effect of shielding
on radiated jet noise. This approach provides results consistent with the experiment and suggests a
framework for studying more complex geometries involving airframe integration effects.
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1. Introduction

The Federal Aviation Administration (FAA) in the U.S. has implemented detailed noise certification
requirements in Federal Aviation Regulation (FAR) Part 36 (5) [1]. For instance, the maximum noise
levels should not exceed the limit of 108 in effective perceived noise in decibels (EPNdB) during
approach and flyover stages. Such limitations have motivated various research efforts to predict and
control un-installed engine noise. However, engine noise is modified as a result of the installation on
the aircraft. Most subsonic engines now use high bypass ratio configurations, which increases its size
and may intensify the installation effects. Therefore, we address here the airframe effects on the radiated
noise. Jet noise is a key component of the engine noise and it could be the most affected component
due to the airframe integration. Therefore, our focus here is on jet–airframe (J-AF) interactions. Such
interactions can modify noise generation and radiation significantly, and if these effects are understood,
the interaction with the airframe can even be utilized to minimize noise radiation.

The outline of this paper is as follows: A review of current experimental observations on airframe
integration on jet noise is given in Section 2. This is followed by a discussion of jet noise computation
techniques in Section 3, including active flow and noise control, as the existing trend toward modifying
noise generation. Although there are several experimental data on the installation effect on jet noise,
there are very few, if any, large-eddy simulations (LESs) that capture both the flow–structure interaction,
as well as the radiated noise. Therefore, a specific flow–structure interaction numerical model is
presented to simulate shielding effects in Section 4. This provides a tool for further investigations of
the airframe effects in more complex geometries.

2. Experimental Observation on Airframe Effect on Jet Noise

Jet noise can be a crucial factor in the design of future military and high-speed commercial aircraft.
Many advanced aircraft concepts are moving towards tighter coupling of propulsion systems with
airframe aerodynamics to achieve optimal performance. Such integration can have a significant effect
on the noise generated caused by alterations of the flow field. On the other hand, the orientation of
the propulsion system with respect to the wing can change the noise propagation due to shielding or
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reflection of engine noise. In general, the investigation of airframe propulsion aeroacoustics includes
both reducing the noise sources that arise from integration, as well as employing the installation itself as
an approach to reduce noise of the airframe or propulsion system. For example, current aircraft designs
may employ complex geometry exhaust systems to maximize efficiency or reduce noise. The subsonic
jet engines have benefited from the large bypass ratio design to reduce noise emission. However, a great
part of the research on supersonic aircraft has been focused on minimizing sonic boom. The design
criteria stemmed from these efforts have led to embedded engine designs, which often suggests exhaust
of jet over aft-airframe surfaces. We review here the effect of propulsion–airframe interactions on jet
noise for both conventional aircraft designs, as well as some novel configurations. Installation effects
of conventional designs include the wing behaving as a reflective surface, the wing or flap interacting
with the exhaust flow, the pylon causing a large fan blockage resulting in an asymmetric flow, or a
combination of these effects.

2.1. Jet—Pylon Interactions

When an aircraft engine is mounted to the wing, the engine pylon provides an aerodynamic
shape around the rod support that connects the engine’s core housing to the wing structure. In the
conventional aircraft designs, where the engine is placed under the wing, installation effects due to the
pylon can modify the flow. These asymmetries in the flow field caused by the pylon affect the exhaust
plume, and as a result, change the far-field acoustics. In general, the pylon increases the OASPL in the
far-field [2].

Bhat [3] carried out experiments on a bypass ratio five separate flow nozzle to measure the effect
of the pylon relative to the baseline axisymmetric nozzle. The effect of adding the pylon was found to
increase the EPNdB relative to the baseline, from 1 to 3 EPNdB at different power settings. Thomas
and Kinzie [4] performed experimental studies to investigate acoustic effects of jet–pylon interaction
for separate flow and chevron nozzles of both a bypass ratio five and eight. They concluded that,
for the bypass ratio eight configuration, the effect of adding a pylon to the baseline nozzle is to slightly
increase the noise for the case with a core chevron. Figure 1 shows the pylon installed on the separate
exhaust nozzle, along with the perceived noise level (PNL) directivity.
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wind tunnel tests reported in [4]. One of the challenges in these investigations was the existence of 
several mechanisms responsible for noise generation, and since no specific pylon size or shape exists, 
it was difficult to quantify the individual mechanisms of noise generation. However, the effects of 
different pylons on an engine’s exhaust flow are qualitatively similar. These effects include both 

Figure 1. (a) Pylon installed on the separate exhaust nozzle (scale factor of 9). (b) perceived noise level
as a function of the directivity angle for baseline, and with pylon (Ref. [4]).

The model shown in Figure 1a corresponds to an approximate scale factor of nine used in the wind
tunnel tests reported in [4]. One of the challenges in these investigations was the existence of several
mechanisms responsible for noise generation, and since no specific pylon size or shape exists, it was
difficult to quantify the individual mechanisms of noise generation. However, the effects of different
pylons on an engine’s exhaust flow are qualitatively similar. These effects include both modifications
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to the exhaust flow field, as well as acoustic changes due to waves reflecting from surface near the
noise sources.

One of the mechanisms responsible for modifications of the flow field due to the presence of
the pylon is the deflection of the core flow. The viscous forces of the core stream cause the flow to
resist separation from the pylon shelf, and consequently, the core flow is turned upwards toward the
pylon. This process is generally known as the “Coanda effect”. The other mechanism that is known
as “rooster tail effect” follows this deviation of the core flow. The upward velocity component of the
core flow cuts against the fan flow and is sucked to fill the void below the core flow, resulting in two
strong counter-rotating vortices shed from the pylon. Figure 2 illustrates both the Coanda effect and
the rooster tail effect.
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2.2. Jet—Wing Interactions

The reflection and diffraction of the waves emitted from the jet due to the presence of the wing
and its high-lift devices can change the flow-acoustic field. Head and Fisher [5] studied the interaction
between an unheated single flow free jet and a reflective surface to investigate the augmentation of low
frequency noise due to the presence of an acoustically reflective wing. They observed the effect of noise
on both low and high frequencies. The low frequency installation effects are due to the near-field edge
diffraction of a quadrupole noise source. The high frequency increase has been shown to result from
incoherent noise reflection off the lower surface of the wing [6]. Similar results were also obtained by
Brown and Ahuja [7].

2.3. Jet—Flap Interactions

The interaction of the exhaust jet and flaps can generate new noise sources, which is mainly known
as jet–flap interaction noise. The principal mechanism is believed to be the impact of the downwash of
the wing-flap on the jet flow [8–10]. Figure 3 illustrates interaction between the jet and wing in the
conventional under-the-wing configuration. Generally, the acoustic waves emanated from the jet hit
the aerodynamic surfaces, and the reflection of such waves may influence the instability waves near
the nozzle as they exit the shear layer and modify the turbulent structure of the jet. Such modifications
in the flow field are referred to as new sources of noise that change the perceived noise. Since the real
configuration of jet-wing-flap is rather complex, the effect of flaps on the jet is reviewed independently.

Mead and Strange [11] investigated the under-the-wing installation effects on jet noise.
They reported the measurement of the high installation noise level in the low frequency range.
They carried out experiments under static conditions and the effect of forward flight was not
considered. The forward flight effect is extremely important in the interaction between the flow
around the wing-flap and the jet. Several investigations were conducted at the Boeing company [12–14]
to include the effect of forward motion of the aircraft. Bhat [15] studied the sensitivity of installation
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noise to a range of parameters, such as the wing-flap settings, jet engine location, and pitching angle.
The installation effect was reported to increase noise up to 6 dB. Following these experiments, some
empirical prediction methods were developed to determine installation noise, such as [14,16]. Since the
noise levels were high, many studies focused on reduction technologies. Mengle et al. [17] investigated
the effect of chevrons on installed engines. Their experimental results show that the installation effects
of chevrons in conventional nozzles are reversed at approach and take-off. This trend is not observed
in isolated nozzles. In addition, it was reported that certain azimuthally varying chevrons give larger
total installed noise benefits at both conditions compared to conventional chevrons.
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Due to the complexity of the installation effects of the jet–flap interactions, some studies have
investigated this configuration along with pylon effects. For example, Faranosov et al. [18] performed
experiments for a typical swept wing with an installed dual-stream nozzle and removable pylon.
The effect of the flap deflection angle on jet–flap interaction noise was studied with and without the
pylon for static and flight conditions. These experiments show that for both cases of with and without
the pylon, jet–flap interaction noise remains qualitatively the same and is very sensitive to the flap
deflection angle for static and flight conditions. However, the intensity of jet–flap interaction noise
increases for the full configuration with the pylon installed.

2.4. Hybrid Wing Body Concept

One of the approaches to reduce engine noise by changing propulsion system orientation, is to
benefit from configurations, such as in the over-the-wing engine mount in the hybrid wing body (HWB)
concept [19]. Early assessments of the HWB noted limited potential for noise reduction, specifically a
Boeing version of an HWB called the “blended wing body” of Liebeck et al. [20]. This configuration
had the engine exhaust positioned aft of the trailing edge, making shielding of the aft-radiated engine
noise sources impossible, unless the engines were moved at least some limited distance upstream
on the airframe [21]. Also, various future aircraft design concepts consider over-the-wing engine
configurations, in which the wing or any other airframe structures can be used as a shield against
engine noise (i.e., [22]). For example, a hybrid wing body configuration under NASA’s N + 2 test [23]
enhances the design by moving the engine nacelles forward of the trailing edge to shield the aft
turbomachinery and jet noise.

The HWB design has attracted many researchers in the past years to move towards the noise
reduction goals of NASA and FAA [24]. From the jet noise reduction perspective, this design mainly
relies on the jet shielding [25,26] enhanced by the aft body section, as illustrated in Figure 4. The focus
of these experiments was to investigate the shielding effect on the exhaust jet and prospective acoustic
mitigation of the aft-body section.
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2.5. Shielding Effects

A series of tests [27,28] were conducted at NASA Glenn Research Center in order to study
the propulsion–airframe integration under jet–surface interaction tests (JSITs). Bridges [29], and
Zaman et al. [30] focused on the noise generation mechanism in subsonic jets, and investigated the
effects of the surface length, distance from the nozzle, lip to the trailing edge, and beveled nozzle
configurations. Bridges [31] tested rectangular jets of various aspect ratios (ARs) in the proximity of a
flat surface. Sample spectra are shown in Figure 5 for a Mach 0.97 unheated rectangular jet (AR = 8)
parallel to the plate at a distance of h = 0, and plate length of XTE = 12.0 − in. Measurements
are shown at a polar angle of 90◦, which represents the microphone location directly above or below
the surface, as well as for the isolated jet. The corresponding non-dimensional frequencies are
calculated and the Strouhal number, St = f D/U j, is shown under the figure. Here, the length scale, D,
is chosen as the corresponding hydraulic diameter, D = 30.22, and the isentropic jet exit velocity of
U j = 308.98 m/s. Moreover, in an effort towards integration of the airframe with the nozzle design,
Bridges [31] investigated the far-field acoustic measurements of a family of high aspect ratio rectangular
nozzles in the high subsonic flow regime with various designs. These experiments reported that having
an extended lip on one broad side produced up to 3 dB more noise in all directions while extending
the lip on the narrow side produced up to 2 dB more noise, primarily on the side with the extension.
Adding a non-intrusive chevron made no significant change to the noise while inverting the chevron
produced up to a 2 dB increase in the noise.

Regarding the supersonic jet–surface interactions, McLaughlin et al. [32] carried out experimental
and numerical studies on a 1.5 Mach jet at various distances from a flat surface and observed that both
scrubbing and trailing edge noise detected in low frequencies increased, as the distance between flat
plate and the jet is reduced.

Brown et al. [33] and Clem et al. [34] provided flow field and acoustic data for a supersonic
round jet with a design Mach number of 1.5, operating in the over-expanded, ideally expanded,
and under-expanded supersonic flow regimes. The plate was placed at a radial distance, h, normalized
by the jet exit diameter, D = 50.8 mm. They tested a range of distances between 0.5 ≤ h/D ≤ 5 .
For noise testing, the surface was assembled using multiple pieces of 12.7-mm-thick aluminum to allow
six surface lengths, xTE, between 2 ≤ xTE/D ≤ 15 . For the narrowband spectra shown in Figure 6,
the flat plate with a surface length of xTE/D = 10 is located at h/D = 0.75, and the jet is at the ideally
expended operating condition with the design Mach number of M = 1.5. A reduction in broadband
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shock-associated noise was observed both in the shielded direction, 60◦ and 90◦ microphone angles,
when the flat surface was long enough to cover the shock cells in the potential core.
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Figure 6. Jet noise spectral measurements for a supersonic ideally expanded circular jet (Ref. [33]).

Mora et al. [35] tested a supersonic rectangular nozzle of a 2:1 aspect ratio and 1.5 Mach number
with and without the plate for various nozzle expansion conditions and documented a range of
plate positions where crackle levels were significantly intensified. In their study, the plate could be
positioned at different stand-off distances, starting where the plate touches the inner wall of the nozzle
exit at h/D = 0 and could be moved away from the jet up to h/D = 4.

Figure 7 illustrates the Schlieren images of the free jet and the shielded jets for these studies,
where the effect of the shielding plate on the jet is apparent in Figure 7b. Mora et al. [35] reported
that h/D = 1 and 3 have similar overall sound pressure level (OASPL) compared to the no-plate
configuration. The h/D = 0 configuration increases noise levels significantly, starting at an angle of
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128◦. Similar behavior has also been reported by Powers et al. [36]. The acoustic directivity, shown in
Figure 8, revealed the shielding effect of the flat plate at various angles.
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Following the valuable findings from these experiments, Brown [37,38] created empirical models
that can predict acoustic effects for a range of jet flows and surface geometries. Bridges et al. [39]
extended the acoustic modeling of jet–surface interaction from simple single stream jets to a realistic
dual-stream exhaust nozzle. Moreover, the experimental set up considered the presence of the flight
stream around the jet and surface to mimic practical flight conditions.

3. Options for Computation of Jet Noise

Jet noise is produced by the unsteady turbulent fluctuations in the jet. Reynold averaged
Navier-Stokes (RANS) can predict turbulence only by means of time-averaged quantiles; the time-
averaged quantiles do not directly produce noise, it is the time varying that is required for the
calculation of noise. Thus, prior to 1990, the industry relied on empirical formulas for the prediction of
engine noise. The success of such an approach is limited, particularly when addressing new designs
that include various options for propulsion–airframe integration. We discuss here how jet noise can be
calculated with and without the airframe integration effects.

In the 1980s, lacking full computational power, an attempt to calculate the jet noise produced by
large eddies was given by Mankbadi and Liu [40]. They modeled large eddies as a wave packet with
a radial profile that follows that of the nonlinear stability theory. Thus, the unsteady Navier–Stokes
equation (NSE) can be transformed into a set of ordinary differential equations (ODEs), which were
easier to solve computationally. The solution was then plugged into Lighthill’s equation to obtain the
far field. Their solution shows that the large eddies are responsible for the peak noise, as demonstrated
in Figure 9 in comparison with Lush’s [41] experiment. This opened a new avenue, namely, instead of
attempting to resolve all the turbulence scales, we resolve only the large scales, which was shown by
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Mankbadi and Liu [40] to be responsible for the peak noise. Thus, large-eddy simulation (LES) may be
adequate for resolving the noise-efficient sources.

In the early 1990s, computational aeroacoustics (CAA) were developed in which the
aerodynamically-generated noise is predicted based on direct computation of the governing equations.
The full, compressible, time-dependent Navier–Stokes equations govern the noise generation and
propagation process. Conventional computational fluid dynamics (CFD) codes based on RANS are not
appropriate for calculating sound. Noise is obtained via numerically capturing the unsteady small
oscillations in the pressure signal. This is not a trivial task, as discussed below.
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3.1. Numerical Issues in Capturing the Unsteady Flow and Sound Scales

Capturing the noise sources requires capturing the unsteady flow in the noise-producing region.
For the exhaust noise, the source of jet noise is the turbulence created by the jet mixing with the
surrounding air. Jet-mixing noise in subsonic jets is “broadband” in nature (that is, it spans a broad
frequency range without having specific tone content), and it is centered at relatively low frequencies
(St ∼ 0.5). Supersonic jets have additional shock-related noise components that generally peak at a
higher frequency than the mixing noise.

The dominant noise sources in the initial region of the jet can sometimes be classified into two
modes. The jet column mode, which peaks at the Strouhal number based on the diameter of about
0.5–0.8. The other is the shear-layer mode, which scales with the lip momentum thickness (about
3% of the diameter) and peaks at the Strouhal number based on the momentum thickness around
0.01. The supersonic flow may be complicated further by the presence of shock waves. The generated
acoustic pressure waves are about four orders of magnitude smaller the mean flow pressure. Because
of the long propagation field, numerical dispersion and dissipation can alter the sound frequency and
dampen the amplitude. Therefore, to capture such small oscillations, a high-order discretization scheme
is needed. Some of the schemes widely used in computational aeroacoustics include the high-order
MacCormack-type schemes (Ref. [42]), compact scheme (Ref. [43]), and dispersion-relation-preserving
(DRP) scheme (Ref. [44]). A review of high-order computational schemes is given in Ref. [45].

Boundary treatments: Even if the numerical discretization scheme used is of high order, the acoustic
field may not be properly captured. The computational domain is finite and boundary conditions must
be applied in an approximate way at the boundaries. The latter usually downgrades the accuracy level,
dampens the acoustic waves, or creates spurious modes. Therefore, various new boundary treatments
were developed and tested to allow the acoustic waves to properly propagate through the boundaries.
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Outflow treatments were developed based on asymptotic analysis of the linearized Euler equation.
Radiation boundary conditions were developed based on the asymptotic solution of the acoustic wave
radiation, among others (e.g., [43–49]). Figure 10 shows the effect of various boundary treatments in
computing the sound field associated with an acoustic source in a uniform flow. As the figure shows,
spurious modes are created at the inlet or outlet, which are minimized when Tam and Webb [44]
boundary treatment is used.Appl. Sci. 2020, 10, x FOR PEER REVIEW 9 of 29 
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3.2. Extension of the Near Field to the Far Field

Since the FAA noise restrictions are based on sound measurements away from the aircraft, usually,
the experimental data of the radiated noise is taken far from the aerodynamically generated noise
sources. Hence, the far-field sound needs to be calculated. The noise generation process is usually
nonlinear, and it is computationally expensive. On the other hand, the sound propagation is usually a
linear process because the amplitude of the pressure waves is small. If the noise source is identified by
some means, then several techniques can be used for calculating the associated radiated sound.

Lighthill’s Analogy: In the pioneering work of Lighthill [50], the governing Navier–Stokes equations
are manipulated such that the left-hand side represents the wave equation while the right-hand side
represents the sound source. The radiated sound field is then obtained as a volume integral of the time
dependent Lighthill stress tensor (LST), ρuiu j. However, since the time fluctuation of Lighthill stresses
cannot be obtained with RANS, only empirical models were used in utilizing Lighthill’s analogy to
estimate the far-field noise that led to questionable results. However, in the study by Mankbadi and
Liu [40], the Lighthill stress tensor was calculated by integrating the time-dependent NSE across the
radius and using the nonlinear stability theory to obtain the shape of the radial profiles. Solution of
the resulting ODE enabled calculating, for the first time, the noise sources in a round jet based on
the unsteady NSE. This made it possible to conduct Lighthill’s volume integration while using the
time-dependent sources and with proper accounting for the retarded time. The results have shown
that this wave-like large-scale structure is responsible for producing the peak noise at the measured
spectra, and in explaining the forwarded quadrupole-type directivity pattern. The seminal work of
Lighthill was extended by Ffowcs-Williams and Hawkins [51] to account for the presence of solid
boundaries. The Ffowcs-Williams and Hawkins (FWH) method enabled tackling situations where
solid boundaries exist, such as the prediction of rotor noise or jet–airframe interactions.

KirchhoffMethod: Lyrintzis and Mankbadi [52] proposed the use of the Kirchhoff formulation to
predict jet noise. In this formulation, an enclosed surface is established around the source regime.
It is assumed that the pressure distribution and its derivatives on this surface are known and that
the process outside of it is linear. A surface integral solution of the governing wave equation is then
obtained for sound radiation in terms of both the pressure signal as well as its normal derivative on the
surface. The method is simple compared to Lighthill’s analogy, but both the pressure and its normal
derivative are needed on the surface, which are obtained through a numerical solution of the governing
equations inside Kirchhoff’s surface. The computational results are usually not very accurate close to
the boundaries because of the boundary treatment approximations, and this is particularly true for the
normal derivatives.
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Therefore, Kirchhoff results suffer from the drawback of dependency on the location of Kirchhoff’s
surface. This drawback is resolved in Mankbadi et al. [53], wherein a new surface-integration
formulation (SIF) is obtained, which requires only the pressure signal on the Kirchhoff’s surface.
Figure 11 shows the result of Kirchhoff vs. Mankbadi et al. [53] in predicting the noise radiation by a
point source. The figure shows that Kirchhoff results are dependent on the accuracy of calculating
the pressure derivative, which makes it strongly grid dependent. The Mankbadi et al. [53] method
using only the pressure (without its derivative) does not suffer from this problem. For more details on
integral methods, see the review by Lyrintzis [54].
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3.3. Large-Eddy Simulations

Because of the size of the computation domain, the accuracy needed, and the large Reynolds
numbers, direct numerical simulation (DNS) of the full Navier–Stokes equations to resolve all the
scales are not practically feasible. Therefore, we use LES, in which the unresolved scales are modeled
using a simple turbulence mode. While these small scales are not resolved, their effect on the resolved
scales is accounted for. The first LES-based computation of the noise sources in a supersonic jet was
given by Mankbadi et al. [55]. LES is used to compute the noise sources while Lighthill theory is used
to predict the corresponding far-field noise. The first numerically obtained picture of Lighthill stress
tensor in a supersonic jet is shown in Figure 12. We note the wavy-like nature of the Lighthill stress
model, much like that semi-analytically derived by Mankbadi and Liu [56]. In the latter, the large-scale
structure was obtained via the nonlinear integral instability theory for the large-scale structure coupled
with the presence of fine-grained random turbulence.

LES was then developed to capture both the noise generation and propagation in
Mankbadi et al. [57]. The results shown in Figure 13 (from Ref. [57,58]) are for an unheated jet
at the Mach number of 2.1 and the Reynolds number of Re = 70,000. These results are compared in
Figure 13b with the corresponding experimental results of Trout and McLaughlin [59] and shows good
agreement. Figure 14 illustrates the pressure field obtained from LES, when the Mach 2.1 jet is excited
by the first helical mode as obtained from the linear instability theory. The figure shows that in this
case, the 3D nature of the pressure field is enhanced.
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3.4. Faster Simulations Using Linearized Euler Equations

Linearized Euler equations (LEEs) have been proposed both as an extension technique, as well
as for directly predicting the unsteady noise sources in the flow field along with its radiated noise.
Regarding the use of LEE only as an extension technique, Shih et al. [60] developed a less expensive
approach in which LES is used to solve the noise generation region, but LEE is used outside of
this region wherein the process is linear and inviscid. The results were practically the same as the
corresponding full LES but with less computational power requirements.

LEE is expected to perform well in capturing noise propagation but is usually not thought of
for capturing the nonlinear noise generation process. However, Mankbadi et al. [61] showed that
for supersonic jets free from shocks, LEE can successfully capture the noise generation process for a
given mean flow. Thus, LEE can be used for the prediction of noise generation as well. The results
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of Mankbadi et al. [61], though linear, agreed quite well with the experimental results of Trout and
McLaughlin [59]. This is because in this case, the dominant noise source is the Mach waves, which
is produced by the large-scale wave-like structure. One caveat to note is that because LEE is linear,
spurious modes may be easily amplified and, therefore, extra attention is needed when implementing
boundary conditions for LEE calculations. The successful boundary treatments are shown in Figure 15a
for a supersonic jet with M = 2.1. A snapshot of the unsteady jet flow as well as the radiated sound is
shown Figure 15b along with contours of the computed noise level in Figure 15c.Appl. Sci. 2020, 10, x FOR PEER REVIEW 12 of 29 
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The acoustic pressure fluctuations shown in Figure 15 were used to calculate (Sound Pressure Level)
SPL at the distance R/d = 24. The SPL levels and directivity were found to be in excellent agreement
with the corresponding experiment of Trout and McLaughlin [59] for a supersonic jet as shown in
Figure 16. Figure 16a shows the predicted SPL in which the initial disturbances were axisymmetric
but was taken either to be at St = 0.2 or computer-generated random disturbances. Figure 16b shows
the predicted directivity at the distance R/d = 24 in which the initial input disturbance to the jet was
taken to be either an axisymmetric or the first helical mode.Appl. Sci. 2020, 10, x FOR PEER REVIEW 13 of 29 
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3.5. Very Large-Eddy Simulations

In very large-eddy simulation (VLES), introduced by Mankbadi et al. [62], unsteady Reynolds
averaged Navier-Stokes (URANS) is used to simulate solid boundaries and LES otherwise.

In this case, only the very large scales are resolved near the boundaries. In this case, the unresolved
scales are larger than that in LES. Therefore, a higher-order turbulence model needs to be used there.
Figures 17 and 18 show the results for VLES of a M = 1.4 jet, heated at T = 953 K with a co-flow.
The computational domain is set on a rectangular grid with 231 × 140 × 10 points in the axial, radial,
and azimuthal directions, respectively. The k− ε turbulence model is used near and inside the nozzle
while the Smagorinsky model is used for the near field. Outside the jet, the viscous and turbulence
terms are set to zero, thus Euler equations are used. This zonal distribution is shown in Figure 17.
The real part of the pressure escalation is shown in Figure 18 for various Strouhal numbers.
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3.6. Active Flow Control for Jet Noise Reduction

In passive control, a certain permeant change in the design is implemented. This is distinguished
from “active” control, which can be switched on or off as the need arises. While there are several
technologies for passive control, the discussion here is focused on active control.

In active noise control (ANC), a small disturbance (input) is introduced somewhere in the flow
field via an actuator to modify the flow field and its radiation pattern. Modifying the jet flow via ANC
has been extensively studied both numerically and experimentally for various applications.

Figure 19 shows the effect of exciting the jet at a pair of Strouhal numbers on the spreading rate of
the jet. The figure shows that excitation has a dramatic effect on increasing the spreading rate, which
has technological applications in low observables. Thus, one approach for reducing jet noise is through
manipulation of the flow mixing and turbulence generation. Further details can be found in the works
by Mankbadi et al. [63–66], Raman et al. [67], Zaman and Hussain [68], and Raman and Rice [69].
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computation (Ref. [65]) and (b) experimental data (Ref [66]).

Large-eddy simulations have been used to demonstrate the effect of open-looped excitation on
supersonic jet noise [70]. In Figure 20 from Mankbadi et al. [71], a supersonic jet at Mach number
was actuated with different types of signals. Four cases are shown in the figure. In the top two
figures, a single frequency mode (St = 0.4) was used but at different levels of energy levels (0.04, 0.001).
In the bottom left figure, bi-modal excitation at two frequencies of fundamental and subharmonic
(St = 0.4, 0.2) were imposed at the jet exit. At the bottom right figure, disturbances at random
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frequencies were used. These numerical experiments give some guidance in the control process. For
single frequency excitation, the amplitude matters, as demonstrated in the top two figures. It is also clear
from the bottom left figure that bi-modal fundamental subharmonic excitation has a pronounced effect
on the control process. This is believed to be due to the vortex-pairing mechanism. In the studies by
Mankbadi [63], a theoretical analysis was given, which shows that if a jet is excited at a single frequency,
its subharmonic could be considerably amplified. This has been demonstrated experimentally by
Zaman and Hussain [68]. In fact, Arbey and Ffowcs-Williams [72] have experimentally demonstrated
for a subsonic jet that if the jet is excited at a subharmonic of the peak frequency, the radiated
noise is reduced. While this was for subsonic flow, it provides some guidance and evidence for the
supersonic case.Appl. Sci. 2020, 10, x FOR PEER REVIEW 15 of 29 
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Figure 20. Snapshots of the instantaneous pressure fluctuations in a M = 2.1 round jet for four different
cases of inflow excitation with excitation amplitude of ε. (a) Single frequency ε = 0.04. (b) Single
frequency ε = 0.001. (c) Bi-modal frequency ε = 0.04. (d) Random frequency (Ref. [58,71]).

4. Numerical Simulation of the Shielding Effect

To demonstrate the computational capabilities of the current state of the art, we consider the case
of simulating the effects of shielding on jet noise. In this case, a density-based compressible solver
is employed with the advantage of total variation diminishing (TVD) scheme to simulate the flow
field of a supersonic, ideally expanded heated jet exhausting from a 2:1 aspect ratio nozzle. A hybrid
LES—URANS approach is used here to simulate the turbulence fluctuations of the flow and avoid
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computationally expensive LES simulations to model the near-wall boundary layer. Instead, URANS
with the k −ω SST turbulence model is used near the walls. The FWH surface integral approach is
used to predict the far-field acoustics.

Geometry: The geometry of the convergent–divergent (C-D) nozzle is obtained from experimental
studies on the rectangular (12.95 mm× 25.91 mm) supersonic jet by Mora et al. [35]. The equivalent
diameter of the nozzle exit is D = 20.65 mm. Figure 21a shows a planar cut of the 2:1 aspect ratio
rectangular nozzle and the location of far-field microphone probes. In addition, the reflected and
shielded side of the domain are illustrated. The C-D nozzle has the area ratio of 1.18 with a design Mach
number of 1.5, which corresponds to a nozzle pressure ratio (NPR) of 3.67. The nozzle temperature ratio
(TR) is chosen such that it resembles the set-up defined by Mora et al. [35] as (TR = To/Ta = 3.0), where
To is the total temperature of the jet and Ta is the ambient temperature. The nozzle has sharp-edged
throat. In order to simulate the shielding effect and the flow field of the supersonic jet exhausting
over airframe surfaces scenario, a 12.7 mm flat plate is placed parallel the jet axis and aligned with the
nozzle’s major axis, and it extends up to x/D = 30 downstream of the jet axis and z/D = 10.5 in the
major axis. This configuration is illustrated in Figure 21b and is explained in detail by Mora et al. [35].
For the simulations carried out here, the flat plate is located such that the top surface of the plate is at
the same elevation as the inner walls of the nozzle (h/D = 0).
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4.1. Numerical Approach

Computational Grid: The computational grid used in the current simulations contains hexahedrally
dominant cells. The entire computational domain extends to 80D downstream of the nozzle exit and
10D upstream of the nozzle exit; it also extends radially up to 25D from both the major and minor
axis planes. The grid spacing on nozzle walls is chosen such that it ensures y+ to have a value of 30
on the wall, and to make sure the near-wall calculations of the boundary layer in the RANS region
are accurate. This value for y+ is calculated considering the isentropic flow assumption along the
nozzle and using the nozzle exhaust velocity, U j. The grid spacing near the nozzle walls is illustrated
in Figure 22a–c.

The fine grid spacing on the nozzle walls is gradually increased such that the volume inside the
nozzle has the maximum element sizing of D/50. Such grid spacing is kept consistent for both the
baseline and with-plate (shielded) cases. This grid spacing is maintained and extended up to x/D = 5
in the jet axis direction to capture turbulent mixing near the nozzle exit and the shock cell structures
in the plume. The grid spacing is then gradually increased up to D/40 in the jet axis direction up to
x/D = 18. Then, another refinement box is placed that is extended to x/D = 30, which gradually
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increases the cell size up to a maximum value of D/30. Such refinement boxes are shown as blue boxes
in Figure 23a–c. The grid spacing expands gradually in both the major and minor directions up to
y/D = 6, and z/D = 10.5, respectively, and in the axial direction up to x/D = 40. This conservative
coarsening is chosen to have a refined box to maintain acoustic waves. This refined nearfield acoustic
region has the maximum grid spacing of D/10 and is to be used for FWH acoustic predictions, and
is illustrated with the red box in Figure 23a–c. Such grid spacing on the FWH surface would ensure
the capturing of acoustic waves up to Strouhal number St = f D/U j = 0.35, where f is the frequency.
This maximum frequency represents up to 75% of the frequency range of the spectra reported in
experimental studies and contains the main information in the spectral analysis of the acoustic signal,
such as the peak frequency of St = 0.1. The maximum resolvable frequency is calculated based on the
assumption that a minimum of 15 points (cells) per wavelength are required to capture the acoustic
waves up to St = 0.35 with the current numerical scheme. Such a requirement has been tested for the
prediction of waves using second-order finite volume schemes when applied to hexahedral cells [73].
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Numerical Scheme: The rhoCentralFoam solver in OpenFOAM is adopted for this study. OpenFOAM
is an open source CFD software package consisting of a set of flexible C++ modules to resolve complex
fluid flows. rhoCentralFoam is an unsteady, compressible solver that uses semi-discrete, non-staggered,
Godunov-type central (Ref. [74]) and upwind-central (Ref. [75]) schemes proposed by Kurganov and
Tadmor [75]. These schemes avoid the explicit need for a Riemann solver, resulting in a numerical
approach that is both simple and efficient. The directed convective fluxes mentioned above are
interpolated using the vanAlbada scheme (Ref. [76]) to provide a second-order spatial discretization
that, as a TVD scheme, is appropriate for capturing flow discontinuities, such as shocks, and the limiter
automatically provides high-order stable solution.

The finite volume method is applied for expressing the differential equations. In the application of
the finite volume to polyhedral cells with an arbitrary number of faces, each face is assigned to an owner
cell and a neighboring cell. This is explained in detail by Greenshields et al. [77]. The discretization of
a general dependent tensor field, Ψ, of any rank is described by values of ΨP at cell centers to values of
Ψ f at cell faces.

In compressible fluid flows, properties are not only transported by the flow but also by the
propagation of waves. This requires the construction of flux interpolations to consider that transport
can occur in any direction [78]. The convective terms of the conservation equations in the forms of
∇.[ρu], ∇.[u(ρu)], ∇.[u(ρE)], and ∇.[up] integrated over a control volume and linearized.
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The volumetric flux across a face is split into two components of f+ and f−, which are evaluated
based on the cell values on either side of the face. The ‘+’ and ‘−’ sides refer to the owner and neighbor
cells of a face, and a positive flux is in the direction of the face area normal vector, which points out
of the owner cell (‘+’ side) and into the neighbor cell (‘−’ side). The contributions of the two flux
components to the flux evaluation are controlled by the weighted coefficient, α, where it is calculated
using the absolute speed of the fastest traveling waves in the respective directions. For example,
α = 0.5 corresponds to an entirely central scheme. The directed convective fluxes mentioned above are
interpolated using the vanAlbada scheme.

The gradient terms are calculated as:∫
V

∇ΨdV =
∑

f

S f Ψ f =
∑

f

[αS f+Ψ f+ + (1− α)S f−Ψ f−] (1)

The f+ and f− interpolation uses the same limiter described for convective terms. Also, the
discretization of Laplacian with the diffusion coefficient, Γ, is described as:∫

V

∇.(Γ∇Ψ)dV =
∑

f

Γ f S f .(∇Ψ) f (2)

where Γ f is interpolated linearly from cell center values.
In addition, second-order implicit temporal discretization [79] is used to ensure the overall second

order of accuracy of the numerical simulations.
Boundary Conditions: At the nozzle inlet, a total pressure condition of 3.67 MPa is specified and the

jet was expected to be ideally expanded with an NPR value of 3.67. The temperature at the inlet of the
nozzle is prescribed to 900 K to ensure the TR = 3.0, where the ambient pressure is Pa = 101325 Pa and
has a temperature value of Ta = 300 K. An advective far-field condition was imposed on the rest of the
domain boundaries, which corresponds to “wave transmisive” boundary conditions in OpenFOAM.
This non-reflecting condition is based on the same idea of the non-reflecting boundary condition as
mentioned by Poinsot and Lele [80] without full inter-field coupling. The nozzle walls are prescribed
as adiabatic no-slip conditions.

Turbulence modelling: In this study, the k −ω SST DES turbulence model is adopted, where the
URANS models are employed in the boundary layer, while the LES treatment is applied everywhere
else. Therefore, the computational cost is much more efficient compared to the full LES that requires
extensive near wall treatment. For the current simulations, a statistically steady solution is achieved
with the k−ω SST RANS model first, then the DES simulations are carried out using the RANS results
as an initial solution.

The DES formulation of the k−ω SST [81,82] model is achieved such that in the LES regions of
the grid, the solution would reduce to a Smagorinsky-like sub-grid model, as described by Strelets [82],
such that the eddy viscosity is proportional to the magnitude of the strain tensor, and to the square of
the grid spacing. Therefore, the only term of the RANS model that is different in the DES mode is the
dissipative term of the k transport equation. This equation in the DES model is defined as:

∂(ρk)
∂t

+
∂(ρuik)
∂xi

= P̃k − β
∗ρkωd̃ +

∂
∂xi

[
(µ+ σkµt) +

∂k
∂xi

]
(3)

where the length scale, d̃, is defined as:

d̃ = FDES = max
(

Lt

CDES∆
, 1

)
(4)
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where ∆ is the local grid spacing, which for a three-dimensional grid is defined as ∆ = max(∆x, ∆y, ∆z)
and CDES = 0.61. When the local grid is fine enough in all directions, compared to the turbulent length
scale, the d̃ term grows larger than 1. This will in turn reduce k, hence allowing the solution to resolve
turbulence, reducing the amount of modeled turbulent shear stress and allowing the region to be
treated as LES.

FWH acoustics integral surface: Far-field acoustics is obtained using the Ffowcs Williams–Hawkings
surfaces [51] integral technique implemented in OpenFOAM using the dynamic library mentioned
in [83]. The FW-H equation is an inhomogeneous wave equation derived by manipulating the
continuity equation and the Navier–Stokes equations. If one assumes that the control surface contains
all acoustic sources, the volume integrals outside this surface can be dropped.

4.2. Numerical Results

Some results of this simulations are presented here. In Figure 24, the time-averaged axial velocity
component is compared with two sets of data available in the literature. The red line represents the
results presented by Viswanath et al. [84] for a nozzle NPR of 3.67 and TR 3.0, which is the exact
same operating condition as the current work. It can be observed that the current numerical results
definitively agree with the results reported by Viswanath et al. [84].

The numerical shadowgraph is calculated in Figure 25 and compared with the Schillerian imaging
results of the experiment reported by Mora et al. [35]. Looking at the results for the nozzle without
the plate, the Mach waves propagating downstream of the jet seem to be the main sources of noise in
the far field. Mora et al. [35] noticed the existence of crackle noise, specifically for heated jets, which
was pointed out earlier by Ffowcs Williams et al. [85] as a possible component of supersonic jet noise.
Crackle noise is characterized by intermittent positive pressure fluctuations radiating downstream at
an angle associated with the peak jet noise. Such waves are somewhat different from Mach waves,
which are long, straight, and have about equal angles [86]. The crackle waves are mainly due to the
high kinematics of the heated jet and can be observed in the numerical results shown in Figure 25,
much like the ones observed in the experimental imaging.
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Figure 25. (a) Instantaneous numerical shadowgraph, (b) Instantaneous Schillerian from experimental
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Next, the time-averaged velocity is illustrated in Figure 26 for the shielded case with the plate
located at (h/D = 0) and compared with experimental data of the ideally expanded heated jet
(NPR = 3.67, TR = 2.4) reported by Baier et al. [87,88]. The nozzle operating conditions of the
experimental data are much closer to those of the current numerical results. The extension of the core
of the jet predicted by the numerical simulation is in close agreement with the experiment. The core of
the jet can be identified as the red region, where U/U j = 1, the numerical results predict the same
extent for the plume as the experiment, which is located at x/D = 12.
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Figure 26. Time-averaged velocity non-dimensional by jet exit velocity (Shielded case). (a) Numerical
(NPR = 3.67, TR = 3.0), (b) Experiment (NPR = 3.67, TR = 2.4) (Ref. [87]).

The turbulent kinetic energy (TKE) is illustrated in Figure 27. TKE is normalized with respect
to the jet velocity squared (TKE/U2

j ), and is compared with the experimental results for the ideally
expanded heated jet reported by Baier et al. [87,88] (TR = 2.0, and TR = 2.4 for the baseline and the
shielded case, respectively). These experimental results are chosen for comparison, since these results
have the closest operating conditions to the current numerical simulations among all experimental
results available in the literature for this nozzle geometry, at this time.
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Figure 27. Turbulent kinetic energy normalized by jet velocity squared. (a) Baseline, Numerical
(NPR = 3.67, TR = 3.0), (b) Baseline, Experiment (NPR = 3.67, TR = 2.0) (Ref. [88]). (c) With Plate,
Numerical (NPR = 3.67, TR = 3.0), (d) With Plate, Experiment (NPR = 3.67, TR = 2.4) (Ref. [87]).
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The maximum TKE for the shielded case is provided and compared with the experimental data
for an ideally expanded heated jet from Baier et al. [87,88]. The numerical results exhibit the same
structure of turbulence, especially in the near-wall region. Furthermore, the location of the separation
of the boundary layer on the flat plate can be observed in Figure 27c, which is located at x = 6D
and agrees with the experiment (Figure 27d). The jet is held by the flat plate from one side, which
prevents the dissipation of the jet from that side and causes the asymmetric structure of the kinetic
energy dissipation.

Next, the acoustic field of the supersonic jet and the effect of the flat plate on the noise generation
and radiation is illustrated and compared with the acoustic spectra from Mora et al. [35] that has the
same operating condition as that modelled in the current numerical results (NPR = 3.67, TR = 3.0).
Figure 28 shows the pressure fluctuations of the flow and acoustic fields. The fluctuations shown
in these figures are achieved after subtracting the time-averaged pressure from the instantaneous
pressure (p′ = p− p). The fluctuating pressure contours clearly exhibit the shielding effect of the flat
plate. The flat plate prevents the waves generated by the jet to radiate in the shielded direction. On the
other hand, the flow leaving the trailing edge of the flat plate behaves as an additional source of noise.
This resembles the trailing edge noise in the airfoils. The strength of this source is much lower than the
fluctuations in the shear layer and jet plume.

Figure 28. Instantaneous fluctuating pressure, p′ [Pa]. (a) Baseline (BSL) case, (b) Shielded case.

For the spectral data presented here, 4 bins of 1024 samples are collected at a sampling frequency
of 204.8 kHz. A Hanning window function, along with a 25% overlap for each segment, is used and fast
Fourier transform (FFT) is applied to obtain the sound pressure level (SPL) (dB rel 20 µPa ) spectrum.
The frequency is non-dimensionalized and represented as the Strouhal number, as explained in the
earlier sections. The hydraulic diameter, D, and the isentropic exhaust velocity, U j, of the jet are used
as the length scale and velocity, respectively, for the calculation of the Strouhal number.

Figure 29 compares the SPL spectra between the reflected side and the shielded for the free jet
case, and Figure 30 shows the spectra for the same locations for the flat plate bounded case. Generally,
the results shown in both figures show favorable agreement with the corresponding experimental data,
both in terms of the predicted level of acoustics, as well as the trend of spectra. In fact, the agreement
between the numerical results and the experiment is perfect up to the cut-off frequency (St = 0.35)
mentioned earlier calculated from the grid spacing requirements.
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As expected, a drastic reduction in noise levels is observed for all plate configurations relative to
the free jet. The observed reduction of noise levels is caused by the shielding effect of the plate on the
noise sources from the jet plume. This is consistent with the reductions of waves observed in Figure 31.
Such a drastic reduction in the SPL is due to the dimension of the flat plate used in the numerical
simulations and the experiment, and as several experimental studies [27–31] have mentioned, the noise
reduction in the shielded direction is highly influenced by the dimensions of shielding surface.

Comparing the SPL spectra in Figures 29a and 30a, the shielded configuration increases noise
levels across all frequencies, especially at the lower frequencies, about 10 dB more than the free
jet. Mora et al. [35] suggested that this low-frequency noise component is associated with the noise
intensification generated by the jet-trailing edge interaction and the scrubbing noise mentioned by
Bridges [29] and Brown et al. [33]. The recent theoretical work by Goldstein et al. [89] employs rapid
distortion theory and exhibits the asymmetry of the shear layer when it exhausts over a flat plate.
To elaborate the mechanism that causes an increase of SPL in the shielded direction due to the flat plate,
the root mean square (RMS) of the fluctuation component of the pressure (p′ = p− p) is illustrated at
axial cutting plane locations of x/D = 5, 18, and 30 in Figure 31. Comparing the evolution of pressure
fluctuations along the jet axis for the free jet (a) with the shielded case (b), it can be observed that the flat
plate maintains the energy of the jet much further from the jet exit. This was also shown earlier in TKE
contours (Figure 28). The bounded nature of the shielding wall avoids the dissipation of the turbulence
fluctuations in regions closer to the jet exit. The energized flow leaving the flat plate behaves as the



Appl. Sci. 2020, 10, 511 24 of 29

vortex leaving the trailing edge of the flat plate. The trailing edge vortex has a dipole-like structure
that acts as an additional source of noise that increases the SPL in the shielded direction.Appl. Sci. 2020, 10, x FOR PEER REVIEW 24 of 29 
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5. Concluding Remarks

This paper examined the available experimental investigations on the effect of propulsion airframe
integration on jet noise. The reviewed data generally indicates that the perceived noise increases
as a result of the jet plume interaction with the pylon, wing, and flaps, mainly due to the reflection
of acoustic waves from aerodynamic surfaces. These interactions have led to an exploration of
revolutionary designs, such as the hybrid wing body, aft-deck nozzle extensions, and engine-top design.
Such design approaches, while promising in noise reduction, seem to be sensitive to geometrical or
operating parameters.

Optimizing these new design configurations toward achieving higher noise reduction would
require accurate and efficient numerical simulations. Thus, the available numerical options to achieve
this task were reviewed in this paper. Over the past two decades, computational aeroacoustics has
significantly advanced by developing high-order schemes, proper boundary treatments, and the
increase in computational power, aiming for accurate noise predictions of isolated jets. However,
this study suggests that there are currently three options available to predict the generated noise in
various complex scenarios of jet exhaust interaction with the airframe.

The first option avoids solving the full, unsteady Navier–Stokes equations, and relies mainly on
time-averaged data from the Reynolds-averaged Navier–Stokes equations or some empirical formula.
This technique, though, is the fastest, and would be unreliable in testing new proposed geometries
due to the built-in models involved. In the second option, large-eddy simulation was used to resolve
the noise sources over the relevant range of frequencies. The presence of a solid boundary would
make full large-eddy simulations impractical because of the resolution requirement near the boundary.
The third option is the hybrid LES—URANS, which is often referred to as very large-eddy simulations
or detached eddy simulations. In this approach, large-eddy simulation is used everywhere in the
domain except when it switches to unsteady Reynolds-averaged simulations near the walls to avoid
the prohibitive requirements for resolving the boundary layer. Once the near field is resolved via
Hybrid LES—URANS, Ffowcs Williams–Hawkings approach can be used for extending the near field
to the far field. Thus, this option seems to be the viable one for jet–airframe interactions.
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To provide measures of existing noise mitigation approaches, such as chevrons, ejector-mixture,
and high-bypass engines, open-loop noise control of jet was reviewed. For instance, excitation of the
jet and consequently changing the spreading rate have shown promising results. Such alterations in
the flow field of the jet are desired to achieve effective noise reductions in designs that incorporate
propulsion–airframe integration.

The effectiveness of the hybrid LES URANS approach was demonstrated by considering the
shielding effect of solid surfaces on supersonic jets. In this case, an ideally expanded heated jet
exhausting from a rectangular nozzle was considered while shielded by a flat plate parallel to the flow
direction. Transient flow fluctuations were resolved using this hybrid approach. Here, a density-based
compressible finite volume solver was employed coupled with the Ffowcs Williams–Hawkings surface
integral approach to predict the far-field acoustics.

The numerical results were shown to be consistent with experimental observations. Both
simulations and experimental data showed that the shielding plate effectively reduces the noise in
the shielded direction. The acoustic spectra from the numerical simulations strongly agree with the
experimental measurements, and confirmed the shielding effect of the flat plate, as well as the increase
of noise in the reflected side when the flat plate is touching the jet exit. The separation of the boundary
layer from the flat plate induces further fluctuations in the downstream direction, giving rise to the
generation of a dipole-like source at the trailing edge of the flat plate. The directional noise reduction
by the shielding plate is dependent on the dimensions of the plate with respect to the jet.

The numerical simulations presented here confirm the capability of the hybrid LES URANS
approach for modelling the fluid–solid interaction process, as well as accurately predicting the near
and far-field acoustics. Further investigations using this numerical approach can help achieve optimal
and practical integrated designs that can provide effective noise mitigation.
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