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Abstract Coaxial jets originating from a nozzle interacting with a two-element

wing configuration consisting of a main wing and a flap are computed using large-

eddy simulations (LES) to investigate in the long term the effect of the interaction on

the sound field of this jet-wing-flap configuration. The secondary jet Mach number is

Ms = 0.37 and the Reynolds number based on the secondary velocity and diameter is

Res = 1.32 × 106. The nozzle inlet boundary layers are modeled by Blasius velocity

profiles with a boundary layer thicknesses of 20% of the nozzle channel half-width.

The acoustic far-field is predicted by solving the linearized Euler equations (LEE) in

a region attached to the LES domain. The jet streams interacts with the two-element

wing configuration and lead to a significantly changed mean flow field in the wing-

flap gap area and pressure at the wing surface. Additionally, a strong influence of

the flap on the jet development is observed, especially in the case of a non-zero free

stream velocity.

1 Introduction

Aeroacoustic noise has been investigated intensively during the last decade. Although

big progress was made in many areas, there still is further research needed to obtain

a better understanding, for example, of jet flows interacting with solid structures or

noise emitted by the flow around bodies. Jet flows with higher Reynolds numbers

including the nozzle lip geometry were investigated by Xia et al. [22], Bogey et al.

[4] and Bühler et al. [5], for example. Andersson et al. [1], Vuillemin et al. [19],

Georgiadis and DeBonis [11], Eschricht et al. [7] and Bogey et al. [3] calculated

coaxial jets to investigate the differences compared to canonical jet flows. The noise
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emission of airfoils alone has been investigated by [10, 14, 21] to name a few. How-

ever, the described cases don’t often occur isolated from each other, as turbines are

mounted below wings and the jet flow is interacting with the wing geometry. To

address this, a Reynolds-Averaged-Navier-Stokes computation of a generic jet-flap

configuration has been conducted by Neitfeld et al. [16]. To predict the sound pres-

sure fluctuations they used the eddy relaxation source model. But for the assessment

of acoustical trends, more computations with varying jet-conditions and flap angles

would be necessary.

Because of this, the focus of this work is on simulating a jet-wing-flap configura-

tion, with the final goal of investigating the influence of the jet velocity, jet temper-

ature and coflow as well as wing position and flap angle on the spatial distribution

and directivity pattern of the acoustic sources.

2 Simulation Parameters

2.1 LES Procedure and Parameters

The numerical framework for the intended LES simulations is based on the open-

source package Overture [12]. The compressible Navier-Stokes equations in conser-

vative form (𝜌, 𝜌u,E) are solved on body-fitted overlapping grids, using 2nd-order

central differences for the spatial derivatives and an Adams-Predictor-Corrector

method of 2nd or 4th-order in time. The Lagrange interpolation between the grids

is explicit and of 4th-order accuracy [6]. Artificial damping is further introduced to

prevent spurious waves [12, 13], direct filtering is used as LES model [8]. The com-

putational grid for one of the simulated cases is shown exemplarily in Fig. 1. It is

build up using a background grid with nx × ny × nz = 676 × 401 × 401 grid points

and two embedded foreground grids for the airfoil, as well as four for the nozzle.

Table 1 indicates the relevant parameters. The wing is uniform in spanwise direction

Fig. 1 Simulation grid for the (x, y)-plane at z = 0 (left). Surface grid of the 3D nozzle (right).
Every third gridpoint is shown
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Table 1 Grid parameters. The overline indicates the average value

Grid ns × nr × n
𝜃

(nz) 𝛥s 𝛥r 𝛥rmin 𝛥𝜃(𝛥z)
Wing 426 × 15 × (251) 0.0085Ds 0.0017Ds 0.00064Ds (0.016Ds)
Flap 176 × 15 × (251) 0.0067Ds 0.0017Ds 0.00064Ds (0.016Ds)
Nozzle s 121 × 15 × 563 0.0065Ds 0.0017Ds 0.00064Ds 0.0055Ds

Nozzle p 496 × 15 × 551 0.0036Ds 0.0017Ds 0.00064Ds 0.0035Ds

Plug
a 246 × 15 × 199 0.0057Ds 0.0017Ds 0.00064Ds 0.0038Ds

a
To avoid singularities at the plug peak a grid patch of size na × nb × nr = 76 × 76 × 15 is added

and the boundaries are assumed permeable. To suppress unphysical reflections, a

numerical sponge layer is added at the outflow and lateral boundaries. All important

simulation parameters are depicted in Table 2.

2.2 Definition of the Inlet Conditions

The nozzle consists of a primary nozzle (index p) and a secondary nozzle (index

s). At the inlet boundary the velocity profile is set using a laminar Blasius profile.

Figure 2 (right) depicts schematically the different profiles at the nozzle inlet. Their

components are determined via

uo(r) = upo(r) + uso(r) + u∞o(r) , vo = wo = 0, with (1)

ujo(r) =

⎧
⎪
⎪
⎨
⎪
⎪
⎩

Ujo , if r′j < hjo − 𝛿jo

Ujo
hjo−r′j
𝛿jo

[

2 − 2
( hjo−r′j

𝛿jo

)2
+
( hjo−r′j

𝛿jo

)3]

, else if hjo − 𝛿jo ≤ r′j ≤ hjo

0 , else

u∞o(r) =

⎧
⎪
⎪
⎨
⎪
⎪
⎩

U∞ , if r > R + 𝛿∞o

U∞
r′∞
𝛿∞o

[

2 − 2
(

r′∞
𝛿∞o

)2
+
(

r′∞
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)3
]

, else if R ≤ r ≤ R + 𝛿∞o

0 , else

The indices j = s, p indicate the respective nozzle. hjo is defined as the channel half-

width and 𝛿jo as the boundary layer thickness at the nozzle inlet, respectively. Fur-

thermore we have

r′j =
√

(r − rjo)2 , r′∞ =
√
(r − R)2 .
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Table 2 Reference values, fluid parameters and dimensionless simulation parameters

Parameter Value Normalization Dimensionless value

𝛾 1.4 1 1.4
Rg 287.15 J∕(kgK) Ts∕U2

s 1∕(𝛾M2
s ) ≃ 5.107

Pr = cp𝜇∕k 0.715 1 0.715
cp 1.005 × 103 J∕(kgK) Ts∕U2

s 1∕((𝛾 − 1)M2
s ) ≃

17.84
𝜇 1.823 × 10−5 kg∕(ms) 1∕(𝜌sUsDs) 1∕Res = 7.58 × 10−7

𝜌∞ 1.205 kg∕m3 1∕𝜌s 1
U∞ 60m∕s 1∕Us 0.467
𝛿∞o 0.00264m 1∕Ds 0.017
T∞ 293.15K 1∕Ts 1
p∞ = 𝜌∞RgT∞ ≃ 1.01434 × 105 Pa 1∕𝜌sU2

s 1∕(𝛾M2
s ) ≃ 5.1

a∞ = (𝛾RgT∞)1∕2 ≃ 343.3m∕s 1∕Us 1∕Ms ≃ 2.67
Ds 0.15548m 1∕Ds 1
𝜌s 1.205 kg∕m3 1∕𝜌s 1
𝜌so 1.205 kg∕m3 1∕𝜌s 1
Us 128.5m∕s 1∕Us 1
Uso 128.5m∕s 1∕Us 1
Ts 293.15K 1∕Ts 1
Tso 293.15K 1∕Ts 1
𝛿so 0.00264m 1∕Ds 0.017
Res = 𝜌sUsDs∕𝜇 ≃ 1.32 × 106 1 1.32 × 106

Dp 0.06004m 1∕Ds ≃ 0.386
𝜌p 1.205 kg∕m3 1∕𝜌s 1
𝜌po 1.259 kg∕m3 1∕𝜌s 1.045
Up 108.2m∕s 1∕Us ≃ 0.842
Upo 34.05m∕s 1∕Us 0.269
Tp 293.15K 1∕Ts 1
Tpo 298.38K 1∕Ts 1.018
𝛿po 0.00233m 1∕Ds 0.015
c 0.3m 1∕Ds ≃ 1.93
Rec = 𝜌∞U∞c∕𝜇 ≃ 1.19 × 106 1 ≃ 1.19 × 106

The relation of boundary layer thickness to channel half-width is 𝛿jo∕hjo = 0.2. The

resulting velocity distribution is shown in Fig. 2 (left).
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Fig. 2 3D nozzle inlet profiles of the velocity (left): a without flight-stream b with flight-stream.

Right Schematic illustration of the nozzle inlet

2.3 Verification

To verify the LES procedure various test cases where conducted. As an example,

the flow around a two-dimensional NACA0012 profile with angle of attack of 5o,

Reynolds number Rec = 𝜌∞u∞c∕𝜇=408000 and Mach number M=u∞∕a∞=0.4
is presented next. The background grid uses nx × ny = 701 × 351 grid points, the

embedded body fitted O-grid of the NACA profile consists of ns × nr = 961 × 102
grid points. In the near field −1 ≤ x∕c ≤ 3 and −1 ≤ y∕c ≤ 1 the compressible

Navier-Stokes equations were solved. The data required on both grids is obtained

via 4th-order Lagrange interpolation [6].

The extension of the domain into the acoustic far-field is established by solving

the linearized Euler equations (LEE). This approach was already used by Freund

et al. [9], in the context of jet flow acoustics a similar approach was followed by

Bogey and Bailly [2], amongst others. Therefore, the fluctuating density and velocity

components were stored for three grid lines (determining the interface) at the upper

and lower boundary at y = ±0.5c. The time step size was kept the same and set

to 𝛥tLEE = 0.001 ≈ 100𝛥tLES. The LEEs were discretized using a standard central

difference scheme of sixth order, time integration was performed using a low-storage

Runge-Kutta Scheme of third order after Williamson [20]. To minimize spurious

waves the number of grid points and grid stretching in x-direction was chosen to be

the same in both domains. The LEE-grid uses an uniform grid in y-direction, with

grid spacing equal to the average of the interface grid size. Tam and Webb’s [17]

radiation boundary condition calculated using central and one-sided difference of

fourth order were implemented at the boundaries. The origin of the source region

required in this boundary condition, rer=x−x
ref

, is located in the LES-domain and

was chosen to be x
ref

= (1, 0). Additional stabilisation is introduced automatically via

the direct-filtering LES model, by filtering the solution each time step using a filter of

6th-order [8, 18]. Close to the outflow boundary at x = 2c and the side boundaries

at y = ±0.6c a sponge layer is added via −𝜎(q − q0), using the mean field q0 of
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x/c

y/
c

Fig. 3 2D NACA0012: Dilatation at time t = 45c∕a∞ with continuous color scale between

±0.1a∞∕c within the LES area and 10 contour levels within the LEE area. Contour levels of the

vorticity are shown between 𝜔z = −87a∞∕c (blue) and 𝜔z = 87a∞∕c (red), increment: 4a∞∕c. The

interfaces are located at y = ±0.5c, indicated by the black lines

the quantity q [8, 15]. All calculations are performed dimensionless with reference

values 𝜌∞, a∞, a2∞𝜌∞ for density, velocity and pressure, as well as length scale c.

Figure 3 shows the instantaneous dilatation field of the LES and LEE simulation.

The contour levels show a smooth transition from the LES to the LEE domain, with

a mean flow of (𝜌0, u0, v0) = (1, 0.4, 0), without significant numerical artefacts like

spurious waves or reflections from the LEE domain boundaries. The density dis-

tribution along the x-axis at y ≈ −0.6c is shown in Fig. 4. Both curves are in good

agreement. The distribution of the pressure coefficient, −Cp = (p∞ − p̄)∕(0.5�̄�u2∞),
along the airfoil chord, shown in Fig. 5 (left), is in good agreement with the solution

obtained by XFOIL assuming a viscous flow. The difference at the suction side is

due to the boundary layer development at x ≈ 0.3c, the difference at x ≈ c is due

to the rounded trailing edge and observed separation bubble, as shown in figure on

the right. This and further test cases (not shown here) were used to verify the LES

procedure to predict the flow properties with high accuracy.
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Fig. 5 2D NACA0012: Left Profile of the pressure coefficient−Cp = (p∞ − p̄)∕(0.5�̄�u2∞):—, LES,

- - - XFOIL. Right Streamlines of the mean flow (ū, v̄)

3 Results

Since the simulation of the 3D jet-wing-flap configuration is very challenging, fun-

damental studies were performed first, using two-dimensional test cases originating

from the planned configuration. The flow parameters of the test cases are identi-

cal to the final configuration, but reduce computational time significantly. Figure 6

shows an instantaneous view on the acoustic field of the 2D jet-wing-flap simulation.

The acoustic field, visualized by divergence of the velocity, shows dominant noise

sources in the exit region of the primary nozzle and smaller acoustic sources further

downstream in the region where mixing layers merge. Moreover two smaller sound

sources in the wing-flap gap area and at the flap trailing edge are observed.

Due to the input of momentum by the jet, strong boundary layer vorticity on the

lower wing side develops, as demonstrated in Fig. 7. This leads to a significantly

changed mean flow, too, shown in Fig. 8. In the case of an isolated airfoil, three recir-

culation areas are found in the gap (Fig. 8a), while in the entire configuration only

one large recirculation area can be observed (Fig. 8b). As a result of the changed flow

features, a reduced input of momentum occurs on the upper side of flap, the nega-

tive pressure on the upper side drops as shown by −Cp in Fig. 9b. Additionally, the

stagnation point shifts from the flap leading edge to its lower surface. This results

in a spatially expanded high pressure region compared to the case without nozzle
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x/Ds

y/
D
s

Fig. 6 2D wing with nozzle: Dilatation, ∇ ⋅ u, with continuous color scale between ±0.1Us∕Ds.

Contour levels of the vorticity are shown between 𝜔z = −87Us∕Ds (blue) and 𝜔z = 87Us∕Ds (red),

increment: 4Us∕Ds. The interfaces are located at y = ±1.5Ds, indicated by the black lines

Fig. 7 2D wing without (left) and with nozzle (right). Contour levels of the vorticity magnitude

|𝜔z|. The grey scale ranges from 0 up to the level of 50Us∕Ds, from white to black

(a) (b)

Fig. 8 2D wing without nozzle (a) and with nozzle (b): Streamlines of the mean flow
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Fig. 9 Distribution of −Cp along the 2-D wing chord: a without nozzle, b with nozzle

Fig. 10 3D jet-wing-flap configuration with U∞ = 0.467Us: Isosurfaces of 𝜆2 = −1 colored by

vorticity magnitude, ranging from 0 up to 40 Us∕Ds, from blue to red

(Fig. 9a). In Fig. 10, the 𝜆2 isosurfaces of the 3D jet-wing-flap configuration with

U∞ = 0.467Us are shown, the color scale corresponds to the vorticity magnitude.

The shear layers of the jet interact with the flap trailing resulting in an immediate

potential core breakdown. This is further discussed by looking at Fig. 11. The snap-

shots of the vorticity magnitude in the (y, z)-plane at x = 1.5Ds and x = 2Ds show

the influence of the flap on the shear layer development. Without coflow (top row),

additional weak vorticity shed from the wing due to entrainment interacts with the

jet from above. Furthermore, the development of secondary vortices is inhibited on

top and asymmetries develop, leading to a departure from a round jet development.

This difference shrinks further downstream. For non-zero free-stream velocity (bot-

tom row), the linear growth rate of the jet decreases and boundary layer vorticity

interacts with the upper part of the jet. A spanwise region of vorticity close to the

wing develops, with the vorticity directly on top of the jet interacting with the jet vor-

ticity, being partly entrained by the latter. Close to the wing and sideways of the jet

where the effects of entrainment are lower, two larger localized regions of vorticity

develop, trailing behind the wing subsequently. The magnitude of the jet vorticity

is clearly stronger in this case, compared to the case with zero free stream veloc-

ity. Furthermore the anisotropic shape of the vortical structures is more noticeable.

It should be noticed, that further statistical analysis will be needed and is currently
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Fig. 11 3D jet-wing-flap configuration with U∞ = 0 (top) and U∞ = 0.467Us (bottom): Snapshots

of vorticity magnitude in the (y, z)-planes at x = 1.5Ds and 3.75Ds (left); at x = 2Ds, 4Ds and 6Ds
(right). The grey scale ranges from 0 up to the level of 15Us∕Ds, from white to black

being performed to analyse the differences in detail. Additionally, comparisons with

the single jet and with cases for different flap angles are currently simulated.

4 Conclusions

Preliminary results obtained through LES simulations of a 2D and 3D jet-wing-flap

configuration were performed. Initial results have shown, that the jet leads to a sig-

nificant change of the flow and pressure fields close to and at the wing surface, with

strong influence on the radiated sound. Furthermore, the coflow strongly influences

the vortical structures. In the near future a detailed analysis will be conducted includ-

ing the balance of the Reynolds stresses, turbulent kinetic energy, the length scales

and the invariants of the velocity gradient tensor. Additionally, the influence of the

coflow, jet temperature, wing position and flap angle on the acoustic source terms

and the radiated sound field will be investigated in more detail and compared with

experimental data.
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