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Abstract. This paper presents the development and implementation of
the OpenFOAM library for far-field sonic boom prediction using quasi-
linear Whitham theory. The proposed numerical algorithm differs in the
order of application of the area balancing rule, which makes the algo-
rithm easier to implement and debug. The numerical simulations of the
Seeb-ALR, 69°-delta wing and ¢25d aircraft models presented in the first
and second sonic boom workshops are performed. The supersonic flow
solvers rhoCentralFoam and dbnsFoam from the OpenFOAM software
are used to obtain the near-field pressure signatures. To validate the de-
veloped library, the far-field pressure is calculated with the OpenFOAM
simulation data. The results show good agreement with the experimental
data and the simulation results of the workshop participants.
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1 Introduction

Supersonic flight is characterized by intense noise exposure to the environment,
including sonic boom, which can cause damage and adverse effects to biological
and anthropogenic objects [5,19]. As a result, civil supersonic flights were re-
stricted over the surface of most countries. Currently, the problem of developing
a new generation of civil supersonic aircraft whose noise on the ground does
not exceed the permissible level is relevant again [2, 3]. Researchers are actively
working on this problem in the USA, Russia, China, UK and other countries [2,
3,16, 25]. International sonic boom workshops were organized by NASA [9, 11,
12].

The far-field sonic boom is affected by many physical phenomena. For exam-
ple, a stratified atmosphere with wind, aircraft manoeuvrers including accelera-
tion, etc. [15, 20, 26]. The noise level at the ground is calculated from the pressure
response, which can be obtained in three different ways. The first method is to
perform a real flight with pressure measurements on the ground. The main ad-
vantage of this method is to obtain a pressure signature that takes into account
all the physical effects that occur during the propagation of shock waves in the
atmosphere to the ground. Numerical methods can be further validated using
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the experimental data obtained. The disadvantages are high time and financial
costs. It should be noted that a wind tunnel experiment is not possible due to
the scale of the problem, as the far field is at a distance of more than a hun-
dred characteristic lengths of the model. The second method is CFD, such as
the numerical solution of the Navier-Stokes equations. This method is less ex-
pensive than a physical experiment, but it requires a detailed mesh with a large
number of cells to accurately resolve shock waves. Modeling the propagation of
shock waves to the surface would require a supercomputer with thousands of
cores. The third approach is the most widely used. It uses approximate theories
to calculate far-field sonic boom. This method is less accurate than CFD, but
it allows the computational cost to be significantly reduced. Such approaches
include the quasi-linear theory of Whitham [23,24], the waveform parameter
method [20], the theory of Yu.L. Zhilin [8,26]. These theories are based on the
results of geometric acoustics. The difference between these theories and geo-
metric acoustics is the consideration of nonlinear effects that occur during the
propagation of shock waves to the ground, which lead to waveform distortions.
The paper [8] provides integral formulas that simplify the calculation of a func-
tion similar to the Whitham function. The disadvantage of these theories is that
the shock rise time is zero. Therefore, quantitative noise level metrics such as
PL [18] cannot be used to infer the acceptability of the sonic boom, because the
Fourier transform is used to calculate the metric and is not applicable to a func-
tion with discontinuities due to the fact that the resulting spectrum will have
infinite energy. Another weakness of the theory is the lack of consideration of
advanced physical phenomena such as molecular relaxation and thermoviscous
adsorption. These physical phenomena are taken into account, for example, in
the method based on the solution of differential augmented Burgers equations.
This method is implemented in [4,16,17]. In contrast to the quasilinear theory,
the shock rise time is not corrected by empirical dependencies, but is calculated
by solving differential equations. The method allows molecular relaxation and
thermoviscous adsorption to be taken into account. In the above papers, the
stratified atmosphere with horizontal wind is also considered.

In this paper, the quasi-linear Whitham theory is used because of its sim-
plicity of implementation. However, this theory is sufficient to predict the far
field sonic boom to a first approximation. According to the theory, the Whitham
function or a similar function describes the evolution of the acoustic noise at
any distance from the aircraft. This function depends on the geometric shape
of the aircraft. There are several ways to calculate the sonic boom based on
the quasilinear theory. The first method is based on the calculation of Whitham
function from the shape of the aircraft and is used in the papers [8, 20, 23, 24, 26].
In addition to the calculation of the sonic boom in the far field, this method can
be used for the approximate calculation of the near field, which is useful in sonic
boom minimization problems where it is necessary to have a fast algorithm for
the calculation of the pressure signature for a constantly changing shape of the
aircraft. The second method is proposed in the paper [6] for the case of a given
near-field pressure field, e.g. from numerical simulation or experiment. In this
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paper, based on this approach, a numerical algorithm has been developed and
implemented using the OpenFOAM open source library[l], since OpenFOAM
allows the numerical modeling of various physical problems and has an actively
developing user community. Despite the fact that a large number of applications
were developed to model the propagation of far-field sound effects: PCBOOM
[14], sBOOM [17], bBOOM [16], vBoom [4] and others, the main problem is that
they are not open and therefore each research group working on this topic has
to develop its own numerical modeling algorithm. A lot of time and resources
are spent to develop such programs. Errors can occur in the development of new
code and these errors can lead to incorrect results. Therefore, the problem of de-
veloping an open source far-field modeling program is relevant. The advantage of
open source software is the possibility to check the correctness of the algorithm,
to search for errors and to develop the code further by the community.

The paper is organized as follows: equations for the calculation of the far-field
pressure signature using Whitham’s theory are described in section 2. A correc-
tion factor for the real atmosphere, where pressure and temperature vary with
altitude, is also given. A detailed description of the numerical algorithm is given
in section 3. Issues that may arise during the implementation of the proposed
algorithm are discussed in subsection 3.1. Features of the implementation in
OpenFOAM are presented in subsection 3.2. The results of far-field sonic boom
simulations using the proposed method for the Seeb-ALR, 69°-delta wing and
c25d are described in section 4. The obtained near- and far-field pressure signa-
tures are validated against NASA sonic boom workshop data and discrepancies
are discussed.

2 Mathematical model of far-field shock waves

Pressure perturbations at a distance r from the point of origin in the homoge-
neous atmosphere are described by the Whitham function F(y), which is related
to the overpressure relative to the undisturbed flow %(x) as follows [23, 24]:

Fly) = Y280 2p W

S AM? p,
where p, is the pressure of undisturbed air at the flight altitude, M = 7 is the
Mach number, v = g—f/’ is the ratio of specific heats of air, and the coefficient

B = VM2 — 1. The relation between the coordinate x and the argument of
Whitham function y is defined by the equation:

y=x—Br+kyr-Fly), (2)
where the coefficient k is given by the formula:

(v +1M*

b
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To compute the pressure signature at the ground, the correction for inhomo-
geneous atmosphere is needed:

Ap = Apw - K, K, (4)

where Apyy is the overpressure calculated by Whitham theory using equations
(1) and (2), K, = 4 /% is the rough correction factor for inhomogeneous atmo-

sphere, where pressure and temperature vary with altitude [13], py is the pressure
at the ground, K, is the ground reflection factor, which is the amplification of
the wave magnitude due to the interference of the ground reflected wave with
the incident wave.

3 Numerical algorithm

The Whitham function depends in a complex way on the aircraft geometry. In
the case of a known near-field pressure distribution from physical experiment or
numerical simulation, Hicks and Mendoza [6] proposed an algorithm to calculate
the far-field pressure. From the near-field pressure distribution (Fig. 1a), the
Whitham function (Fig. 1b) is found using the formulas (1), (2). In order to
evaluate the non-linear shape distortion with the formation of shock waves during
propagation to the ground, it is necessary to correct the Whitham function by
the area balancing rule. The final far-field pressure signature (Fig. 1d) is then
calculated using equations (1), (2) with the modified Whitham function.

The algorithm implemented in this paper differs from the algorithm of Hicks
and Mendoza in the order of application of the area balancing rule. In the pro-
posed algorithm, the Whitham function is not modified but used to compute
a multivalued coordinate function (Fig. 1c). To eliminate the ambiguity, the
shockwaves are placed according to the equal-area rule. This makes the algo-
rithm easier to debug, as it is possible to draw the calculated shocks on the
multi-valued pressure distribution and visually check that the cut-off areas to
the left and right of the shock are equal. The numerical method proposed by
Yu.L. Zhilin [8, 26] calculates a function similar to Whitham’s from the geomet-
ric shape of the aircraft, whereas in this paper it is calculated from the near-field
pressure fields obtained from the OpenFOAM simulation.

A full description of the proposed algorithm is given below to clarify the
differences between the discussed algorithms.

1. Calculate Whitham function (Fig. 1b) using equations (1) and (2) from the
known near-field pressure signature JF(z) (Fig. 1a)

2. Calculate multi-valued far-field pressure distribution (Fig. 1lc) using the
Whitham function by the equations (1) and (2).

3. Place the shocks to obtain the single-valued pressure distribution (Fig. 1d)
using the area-balancing technique: the shock is placed so that the areas it
cuts off from the pressure signature on the left and right are equal.
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Fig. 1: Far-field pressure prediction algorithm: a) near-field pressure; b) Whitham
function; ¢) multivalued far-field pressure; d) final far-field pressure distribution

3.1 Numerical algorithm for shock waves placement

The pressure distribution is interpolated by a piecewise linear function and con-
sidered as a set of points on the plane. To make the algorithm more universal and
work for arbitrary pressure signatures, auxiliary points are added. As an exam-
ple, consider a possible pressure signature (Fig. 2a). After executing the far-field
pressure calculation algorithm described in the previous section, the multival-
ued pressure distribution shown in Figure 2b is obtained. Next, the shockwave
placement algorithm is executed using the area-balancing rule. This involves the
calculation of the areas cut off from the distribution by vertical lines. For the
distribution in the figure 2c this cannot be done for the shock waves shown in
red. To solve this problem, auxiliary points (A, B, C) are added and the resulting
distribution is shown in the figure 2c.

Fig. 2: Auxiliary point addition algorithm: a) near-field; b) far-field without aux-
iliary points; ¢) far-field with auxiliary points
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Auxiliary point B is added by extrapolating the pressure distribution from
the right to zero. Later, the coordinates of points A and C will be estimated.
The pressure distribution points are denoted as (x;,p;), where i = n, f for the
near and far fields, respectively. Using the equations (1) and (2) it is possible to
obtain the relationship between the coordinates of the near and far fields:

o7 = 00+ By = 1) = (T~ V) L o)

If p,, = 0, the points are shifted by Ag = B(ry —1,,), denoted by zo = x, +A¢. If
pn, > 0, then the point is shifted to the left by A(p,) = k(\/ﬁf\/ﬁ)%mﬂ >
0 relative to g, similarly, if p,, < 0, it is shifted to the right by A(p,,) relative to
xo. Then the coordinates of the help point A are (minz — A(maxp,,),0), those
of point C are (max(maxz,zp) + A(maxp,)), where xp is the abscissa of the
point B.

As an example, the far-field pressures have the distribution shown in Figure
3. To speed up the algorithm, an array of orientation points 0-11 is created
during the first traversal of the pressure distribution points. The first and the
last point are always orientation points. The inner point is the orientation point
if the distribution line at that point «changes direction» from left to right or
vice versa (the line has a right direction if x; and 2,11 are x;1 > z; for two
adjacent points ;11 > ;). Due to the presence of auxiliary points A and C,
shock waves must be searched for between odd 2k — 1 and even 2k orientation
points, k € N. The shocks between points xo;_1 and xo are searched for using
a simple iterative method. The segment [zof,x2r—1] is divided into N parts.
A shock wave is placed at each partition point and the areas cut off from the
pressure distribution are calculated. The final position of the shock is the point
where the difference in modulus between the right and left regions is the smallest
(Fig. 3a). In this situation, the shock waves s and sy overlap sz and s5 (Fig.
3a), so, the retarded one are removed. The final unambiguous far-field pressure
distribution is shown in figure 3b.

Fig. 3: Shockwave arrangement algorithm: a) placement of shockwaves according
to the area balancing rule (equal areas are shaded with the same color); b)
removal of overlapping shockwaves
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The area of the polygon cut off from the pressure distribution by the shock
wave is calculated using the trapezoidal integration formula (Fig. 4), the shock
wave AB is shown in green, the pressure distribution points are numbered 1-19.

Fig. 4: An algorithm for calculating the area cut by a shock wave from a pressure
distribution

An iterative algorithm is used to increase numerical stability. The new pres-
sure distribution is calculated slightly away from the current height, instead of
calculating immediately at the far field. This iterative process is repeated until
the height reaches the far field.

3.2 Implementation in OpenFOAM

The algorithm described above is implemented as a library [21] based on the
OpenFOAM software. The implemented library consists of a dynamic library
containing far-field pressure calculation functions and a solver in which these
functions are used. Due to this architecture, the user can use the solver directly
or call the functions of the dynamic library in his own programs. For the solver,
physical parameters are set by the user in the OpenFOAM dictionary, pressure
signatures are read and written in CSV format. To speed up the computation,
orientation points and areas under each segment of the linearly interpolated
pressure distribution are cached in a dynamic array.

4 Numerical simulation of the sonic boom with
OpenFOAM

The following approach is used to model the far-field sonic boom using Open-
FOAM (Fig. 5). The near-field pressure at distances of the order of 1-5 model fea-
tures is calculated using the rhoCentralFoam solver (Kurganov-Tadmor scheme)
of the OpenFOAM package or dbnsFoam (HLLC scheme) of foam-extend. The
pressure in the far field at distances of the order of 200-1000 model features is
then determined from the obtained pressure distribution using the developed
library.
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Fig.5: A workflow for sonic boom prediction in OpenFOAM

Numerical simulations of the Seeb-ALR and 69°-delta wing models from the
first NASA sonic boom workshop [9] and the ¢25d aircraft from the second [12]
are performed. The results of the computation are compared with experimental
data and the results of the workshop participants.

4.1 The Seeb-ALR model

The physical conditions at an altitude of 16 764 m similar to the experimental
conditions are used in the simulation [9]: pressure of the upstream airflow po, =
9 183 Pa; sound velocity ¢ = 295 m/s; temperature 7' = 216.65 K; Mach number
M = 1.6. The turbulence model is not applied.

The model and fragments of the computational mesh are shown in Figure
6. The two-dimensional axisymmetric mesh is generated using the OpenFOAM
utilities: snappyHexMesh and extrudeMesh. The characteristic size of the model
is L = 0.449 m.

The rhoCentralFoam solver is used with the vanLeer interpolation scheme.
The dbnsFoam solver is used with the HLLC scheme. The time step is chosen so
that the Courant number is C'o = 0.3. The comparison of the near-field pressure
signatures to check the mesh convergence for different solvers is shown in Fig.
7. An additional comparison of these solvers on the same mesh showed that
dbnsFoam completes the simulation significantly faster than rhoCentralFoam.
For this reason, only dbnsFoam will be considered for further cases.

A comparison of dbnsFoam simulation results on the most detailed mesh with
the experiment [9] is shown in Figure 8. A standard deviation is shown with a
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Fig.6: The Seeb-ALR model and fragments of the computational mesh
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Fig. 7: Comparison of near-field pressure signatures at distance H/L = 1.2 to
check mesh convergence for the Seeb-ALR: a) rhoCentralFoam with vanLeer
scheme; b) dbnsFoam with HLLC scheme

shaded area. It can be seen that the positions of the shocks are in good agreement
with the experiment and the pressure level of the first two peaks and in the flattop
region are within one standard deviation of the experiment. The simulation tends
to give sharper shocks than the experiment, although two front shocks are within
one standard deviation of the experiment, the rear shock is quite lower than in
the experiment. As stated in [22], these discrepancies are observed because the
peaks in the experiment are rounded due to the measurement approach. The
simulation gives lower pressure in the tail region than in the experiment, the
same result was observed by the workshop participants [10].Several theories were
proposed and discussed in the paper [7] to explain this difference.

4.2 The 69°-delta wing model

The physical conditions used in the numerical simulation are similar to the ex-
perimental ones [9]: upstream pressure po, = 9 183 Pa; sound velocity ¢ =
295 m/s; temperature 7 = 216.65 K; Mach number M = 1.7; dynamic viscosity
g =5.34-107% Pa - s. The characteristic size of the model is L = 0.175 m.

The geometric model and fragments of the computational mesh are shown
in Figure 9. The numerical simulation is performed with the fixture used in the
aerodynamic experiment. Standard meshes proposed in the first NASA sonic
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Fig. 8: Near-field simulation results for Seeb-ALR: a) pressure field; b) pressure
signature comparison with experimental data at distance H/L = 1.2

boom workshop[9] are used. The number of cells in the most detailed mesh is
11.5 million.
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Fig.9: The 69°-delta wing model and computational grid fragments

Numerical simulations are performed using the dbnsFoam solver with the
HLLC scheme. The Courant number is set to Co = 0.3 and calculations are
performed until steady state is reached. The near-field pressure field is shown in
the figure 10a. Mesh convergence (Fig. 10b) is performed for meshes of 2.8, 5.9
and 11.5 million cells.

The comparison of the simulation results with the experiment[9] for the angle
o = 0° is shown in the figures: for r/L = 3.6 (Fig. 11a), for /L = 4.6 (Fig. 11b).
The plots show that the amplitude of the second shock wave exceeds the exper-
imental values, but similar behaviour is observed in the results of the SBPW-1

[10].
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Fig. 10: Near-field simulation results for 69°-delta wing model: a) pressure field;
b) mesh convergence check, /L = 3.6, angle ¢ = 0°
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Fig. 11: Comparison with experimental data for the pressure distribution angle
© = 0° at distance: a) /L =3.6;b) r/L = 4.6

4.3 The c25d aircraft model

The physical conditions used in the numerical simulation are similar to the ex-
perimental ones [12]: upstream pressure p,, = 10 682 Pa; sound speed ¢ =
295 m/s; temperature T = 216.65 K; Mach number M = 1.6; dynamic viscosity
p = 14.23 - 1076 Pa - s. The characteristic size of the model is L = 32.92 m.

The geometric model and fragments of the computational mesh are shown
in Figure 12. The simulation does not take into account the presence of the
engine, i.e. a flow configuration is used. The mesh proposed by the workshop
[12] is used for this calculation. The number of cells in the mesh is 10.4 million.
The calculation is performed using the dbnsFoam solver with Courant number
Co = 0.5.

The near-field pressure field is shown in the figure 13. A comparison of the
simulation results with those of the workshop participant [12] for the angle ¢ =
0° for r/L = 1 is shown in figure 14. It can be seen that the result of the
numerical simulation qualitatively reproduces all the main features of the flow.
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Fig. 12: The ¢25d aircraft model and computational grid fragment

Fig. 13: Near-field pressure for flow around the ¢25d aircraft model
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Fig. 14: Comparison of near-field pressure with experiment at /L = 1, ¢ = 0°

4.4 Validation of numerical algorithm for far-field sonic boom
prediction

The far-field pressure distribution is calculated using the proposed numerical
algorithm and the results of the near-field numerical modeling of OpenFOAM
as input data. In all cases, the most detailed grid is used. The far field sonic
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boom for Seeb-ALR is calculated at a distance of r/L = 224, for 69°-delta-wing
at r/L = 622, for ¢25d at r/L = 479.

The figure 15 shows the comparison of the far-field calculation results with
the results of the NASA workshop participants [9, 12| for models: Seeb-ALR (a),
69°-delta-wing (b), ¢25d (c). The abscissa is the characteristic time obtained
by dividing the coordinate by the aircraft speed. In the workshop, the ground
reflection factor K, was 1.9, which means a single reflection of the shock waves
from the ground.
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Fig. 15: Far-field pressure distributions for: a) Seeb-ALR; b) 69°-delta wing; ¢)
¢25d model
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Conclusion

An open-source OpenFOAM library is developed to compute the far-field sonic
boom pressure using the quasi-linear Whitham theory. Numerical simulations
of the flow field around the Seeb-ALR, 69°-delta wing, ¢25d aircraft models
presented at SBPW-1 and SBPW-2 are performed using the rhoCentraFoam
and dbnsFoam solvers. Flow structures and near-field pressure distributions are
obtained. Comparison of the near-field pressure distributions with experimen-
tal data and simulation results from NASA workshop participants shows good
agreement. Based on the results, computational cases for these models have been
prepared in OpenFOAM. These cases can be further used for validation in other
investigations. The results of the near-field simulation in OpenFOAM are used to
calculate and validate the developed numerical algorithm for the far-field sonic
boom prediction.In general, the far-field pressures for all models under consid-
eration are in good agreement with the benchmark data. The developed library
and calculation cases are available on github [21].
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