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Abstract: The problem of noise reduction in supersonic aircraft design is one of the key problems,
the solution of which largely determines the speed of development of supersonic aviation as a
whole. The present study examines the noise generation during flights of supersonic civil aircraft.
The effect of a thermally stratified energy source (TSS) used to control the supersonic flow past a
pointed cylinder aerodynamic model on the near-field and ground pressure signatures, as well as on
the perceived loudness in decibels (PLdB) on the ground, is evaluated. The complex conservative
difference schemes, Tomas’ waveform parameter method, and Stevens’ algorithm Mark VII are used
for near-field modeling, obtaining the ground pressure signature, and the evaluation of the PLdB
on the ground, accordingly. The fields of flow parameters and the dynamics of a drag force are
researched at the variation of temperatures in layers of TSS and for different numbers of layers.
Simulations showed that changing the surface pressure due to drag reduction does not necessarily
imply a change in the PLdB on the ground. In particular, it has been shown that when performing
the flow control at freestream Mach numbers 1.5–2 using TSSs with the number of layers from 2.5 to
7.5 and rarefaction parameters in the layers from 0.15 to 0.3, some weakening of the bow shock wave
in the near-field pressure signature due to the effect of TSS occurs, and no additional noise impact on
the ground is introduced.

Keywords: supersonic flow; bow shock wave; thermally stratified energy source; drag force control;
pressure signature; noise generation; sonic boom

1. Introduction

The problem of controlling high-speed flows by non-mechanical means, namely, re-
mote energy input, is currently at the forefront in the field of flow/flight control research. [1].
Recently, the use of electric discharges, microwaves, and laser energy deposition to con-
trol supersonic flows are quite developed areas of research in aerospace technology [1–3].
Historical analysis of breakthrough results obtained several decades ago, indicating the
possibility of controlling supersonic flows by supplying energy to various parts of the
flow and the surface of an aerodynamic (AD) body, is presented in [4]. In [5], the study is
conducted on a sonic boom effect using continuous energy deposition consisting of two
and three longitudinal heated filaments. The flow case was considered when one of the
filaments was located upper to the pointed AD body. Due to the impact of such an energy
deposition on the flow, a decrease in the perceived loudness in decibels (PLdB) on the
ground was obtained, although this was shown to require significant energy consumption.
An overview of studies of noise generation (the Sonic Boom problem) in the field of su-
personic flows/flights is presented in [6], where a summary is provided of the research
conducted in the framework of the Second AIAA Sonic Boom Workshop.
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Previously, the efficiency of energy supply in the form of longitudinal filaments for
the reduction of aerodynamic drag was established theoretically and experimentally [7–9].
At present, researchers are paying attention to the influence of spatially inhomogeneous
plasma structures on the flow. In a supersonic flow, it was obtained that the reflected
SW was suppressed in the region of a multifilament plasma generated by Quasi-DC
electric discharges [10]. In [11], an array of surface plasma actuators was used to control
the interaction of a shock wave (SW) with a boundary layer in a flow. As a result, the
disappearance of a SW fragment inside the inhomogeneous area was established. In
experiments [12], thermal and density inhomogeneities were generated using a discharge
plasma formed by a number of the heated wires, which, when interacting with SW, was a
reason for the RMI manifestation and the vortex lines origination.

The influence of the region of ionization instability of a glow gas discharge, which is
accompanied by the formation of a layered structure of the ionization strata, on an initially
flat plane SW was studied in [13]. In these experiments, it was shown that the stratification
of the electron temperature field leads to the stratification of the gas temperature, and the
impact of an inhomogeneous plasma medium caused distortion and partial SW vanishing.
The calculations performed showed the manifestation of the RMI at many points, leading
to SW smearing, which was consistent with the experimental results [13].

In [14], the effect of a combined energy deposition in the supersonic flow is considered,
and a double-vortex mechanism influencing the AD body was suggested. Besides, it was
shown that the generation of double vortices is the result of the RMIs manifestation at two
points in the flow. A natural continuation of this idea was the study of the effect of a TSS on
the supersonic flow past an AD body [15], where a new multi-vortex mechanism of the TSS
action on the surface of an AD body connected with multiple manifestations of the RMIs
was established. Basic principles for non-stationary and stationary control of a high-speed
flow using TSSs were obtained [16,17]. A possibility of controlling the bow shock wave
(BSW) and the aerodynamic characteristics of a streamlined body, such as parameters at
the stagnation point, drag and lift forces, location, and shape of the BSW, etc., by using a
TSS in front of the BSW has been shown.

In [18], the complex conservative difference schemes are presented, which have the
second order of space–time approximation on a minimal stencil, which is the stencil of Lax’s
scheme. The scheme is conservative in space and time everywhere in the computational
domain, including its parts adjacent to the boundaries of the body. The Thomas waveform
parameter method [19], originally developed to obtain pressure signatures during tests
in a wind tunnel, is now widely used for obtaining far-field pressure signatures based on
the near-field pressure signatures generated by CFD solvers. Currently, there are several
codes for the propagation of these signals, including the Thomas code, PC Boom, and boom
codes, as well as a novel implementation of the Thomas algorithm, the SUBoom code, the
description of which is presented in [20]. The approach for calculating PLdB [21] includes
the PyLdB code, which is based on the Mark VII algorithm [22].

The wide possibilities of flow control using TSSs have been shown previously [14–17].
However, the question remained as to what noise could be introduced to the ground during
flow/flight control with the use of TSSs. The present paper gives an answer to this question;
however, so far, in a limited range of the characteristics of flow and AD models. This work
is devoted to the study of the problem of noise generation during flights of supersonic civil
aircraft (Sonic Boom problem) (M∞ = 1.5–2). The fields of the flow parameters and the
dynamics of the drag forces of a pointed cylinder aerodynamic model by means of a TSS
with a different number of layers and different temperatures in the layers are studied. The
influence of the TSS used for the flow control on the near-field pressure signatures (NFPS)
and the ground pressure signatures (GPS) is considered using the approaches from [18,19],
accordingly, and the impact of the perceived loudness in decibels (PLdB) is estimated on
a base of the code from [21]. It has been shown that when controlling the flow with the
help of TSS of the considered parameters, no additional noise impact on the ground is
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introduced, which is a step forward in expanding the ability to control high-speed flows
using TSS.

2. Statement of the Problem and Methodology for the Near-Field Simulation

The impact of an area of thermally stratified energy deposition (which, for short,
hereinafter referred to as thermally stratified energy source—TSS) on a supersonic flow
past a pointed cylinder body is considered. The freestream Mach number M∞ is equal to
1.5 and 2 (Figure 1). It should be noted that the shapes of AD bodies considered in the
research were chosen to achieve an attached BSW and do not apply to any existing aircraft
shape.
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Figure 1. The scheme of the calculation domain.

The simulation of the flow for evaluating the near-field pressure signature is based on
the Euler system of equations in a cylindrical form for a perfect inviscid gas with the ratio
of specific heats γ = 1.4:

(Ur)t + (Fr)x + (Gr)r = H, (1)

U =
(

ρ, ρu, ρv, E)T, F =
(

ρu, p + ρu2, ρuv, u(E + p))T,

G =
(

ρv, ρuv, p + ρv2, v(E + p))T, H =
(

0, 0, p, 0)T,

E = ρ
(

ε + 0.5
(

u2 + v2
))

.

The state equation for a perfect gas is used:

ε = p/(ρ(γ − 1))

Here ρ, p, u, v are the gas density, pressure, and velocity x- and y-components, ε is the
specific internal energy. The following normalizing values for the parameters are accepted:

ρn = ρ∞, pn = 5p∞, ln = k−1
l R, Tn = T∞, un = (p ∞/ρ∞)0.5, tn = ln/un.

where kl is the dimensionless value of R.
The thermally stratified energy source (TSS) was defined as a set of rarefied gas layers

located in front of the BSW (Figure 1). The layers in TSS were chosen to have the same
width; distances between them were equal to half the layer’s width. Inside every j- layer,
the gas density was reduced, ρj = αjρ∞, with the rarefaction coefficient αj < 1, j = 1 ÷ N,
N is a number of layers in TSS in the calculation area taking into account the cylindrical
symmetry of the problem (for example, in the TSS in Figure 1, N = 3.5). Other parameters
of TSS were set equal to their freestream values, pj = p∞, uj = u∞, vj = 0. So, the temperature
inside the layers was increased compared to its freestream value, Tj = αj

−1T∞. The flow
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cases are considered when the r-coordinate of the upper boundary of the TSS is not greater
than 1.1R, where R is the radius of the cylinder part of the AD body.

For evaluation of the NFPS, we used our own software package based on the complex
conservative difference schemes [18]. When constructing these schemes, differential con-
sequences of Equation (1) are used, which makes it possible to obtain the second order of
space–time approximation on a minimal stencil, which is the stencil of the Lax’s scheme.
So, the grids used are Cartesian and staggered. The boundaries of the body are included in
the computational domain without violating the space–time conservation properties. The
construction of the complex conservative schemes in the computational domain and near
the boundaries of an AD body, as well as numerous test examples, are presented in [18].

The position of the conical part of the body on the difference grid is shown in an
enlarged view in Figure 2. In the calculations, the distance between the stencil nodes at
each time level was assumed to be 2hx, 2hr (where hx, hr are the space steps in the x- and
r-directions).
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Figure 2. A pointed part of the AD model in a computational domain (increased): (a) each node in x
and r is shown; (b) every second node in x and every fourth node in r is shown.

3. Analysis of the Grid Convergence

For the analysis of the grid convergence, the calculations of flow dynamics up to the
establishment of the steady flow mode for three difference grids were conducted (Table 1,
t = 1.5). Here for the grid convergence test, the computational domain was cut off in x- and
in r- directions and the flow near the body was considered.

Figure 3 demonstrates the flow fields in isochores (Figure 3a), the dynamics of the
parameters at the apex of the body (Figure 3b) obtained using these three difference grids,
and the profiles of pressure and density in the BSW for r = 0.504 (Figure 3c). The number of
points in Grid 1 and Grid 3 differs by about 9 times, and in Grid 1 and Grid 2 by 4 times, but,
nevertheless, the isochores of the flow near the body and the shape of the BSW practically
coincide (see Figure 3a). The dynamics of pressure and density at the body’s top point
differ only at the initial stage (where the solution is not smooth) and are practically the
same at the steady flow mode (Figure 3b). Besides, the profiles of pressure and density
in the BSW show the tendency to become more vertical with decreasing the space steps
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(Figure 3c). Note that the difference scheme is not monotonic and gives two numerical
oscillations before and after the SW front [18]. All these test variants show the presence of
grid convergence in the used numerical methods.

Table 1. Difference grids.

Grid Number hx, hr Sizes

Grid1 hx = 0.002
hr = 0.001 3000 × 2000

Grid2 hx = 0.004
hr = 0.002 1500 × 1000

Grid3 hx = 0.00606060606
hr = 0.00303030303 990 × 660
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isochores is 0.08; (b)—dynamics of the pressure pt and density ρt at the top of the model; (c)—profiles
of density and pressure for r = 0.504 in the BSW.

4. Results
4.1. The Effect of TSS on the BSW, Near-Field Pressure Signature, and Aerodynamic
Characteristics of a Body, L/R = 10

First, let us consider the effect of TSS on the BSW and the aerodynamic characteristics
of a pointed AD body for a fairly short body. The angle at the top of the model was
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16.6◦ fore and aft, L/R = 10. The dimensional length of the body is presumably 5 m. The
parameters used in the simulations are presented in Table 2. The TSS is assumed to occur
at the initial stage of the process, at the time ti = 0.001, and it is supposed that it has an
unlimited duration in time. In Section 4.1, for the simulations, we used Grid 2 (hx = 0.004,
hr = 0.002) on the computation domains, which was extended to the entire calculation area
and contained 18 × 106 nodes (counting the middle point of the stencil).

Table 2. Characteristics of the flow and the AD model used in the calculations.

Description Definition Non-Dimensional Value Dimensional Value Normalizing Value

Freestream Max number M∞ 2.0; 1.5

Freestream pressure p∞ 0.2 26.5 kPa pn = 132.5 kPa

Ratio of specific heats γ 1.4

Maximal radius of AD body R 0.4 0.5 m ln = 1.25 m

Length of the AD body L 4.0 5 m ln = 1.25 m

The width of the layers in
considered TSSs rs 0.04 0.05 m ln = 1.25 m

Number of layers in different TSSs N 2.5; 3.5; 5.5; 7.5

Rarefaction parameter in the layer
j in different TSSs αj 0.15; 0.2; 0.25; 0.3

The dynamics of the density fields at M∞ = 2 in isochores under the action of TSS
containing 2.5 layers with equal rarefaction parameters in the layers αj = 0.3 is presented in
red in Figure 4a–c. Here the r-coordinate of the upper boundary of the TSS is Rs = 0.35R.
For comparison, the dynamics of the density fields without the impact of the TSS are also
shown (blue). The density fields are presented for two different time moments, t = 9.0 and
t = 20.0, which reflect unsteady and steady flow modes relative to the flow at the level of
r = 4.0 (Figure 4a,b). Figure 4c shows the density field during the interaction of TSS with
the BSW in an enlarged view. The corresponding density fields for the steady flow mode
(t = 20.0) in colors and isochores are presented in Figure 4d,e. It can be seen that, far
from the body, disturbances provided by the TSS are practically not introduced into the
flow, while near the body, the source introduces noticeable changes in the flow process. In
particular, it can be noted that a fragment of the BSW is completely blurred inside the TSS
region (see red isochores).
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Figure 4. Impact of TSS on the flow past the body: dynamics of the density fields, M∞ = 2, without
energy source—blue, with TSS, αj = 0.3; N = 2.5—red; (a) t = 9.0, isochores; (b) t = 20.0, isochores;
(c) interaction of TSS with the BSW (enlarged, isochores). The distance between isochores is 0.05;
(d) without TSS, t = 20.0, colors and isochores; (e) with TSS, t = 20.0, colors and isochores.

The dynamics of the corresponding profiles of relative pressure ∆p/p∞ for r = 4.0
are presented in Figure 5. Here ∆p/p = (p(x) − p∞)/p∞. Next, we studied the pressure
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profiles for t = 20.0 at the level of r = 4.0 (near-field pressure signatures—NFPS) when these
pressure profiles are close to stationary in time.
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The relative pressure profiles ∆p/p∞ at the level r = 4.0 (NFPS) for TSS with different
values αj are presented in Figure 6a. It can be seen from the enlarged image (Figure 6b) that
the smaller αj in the TSS (the higher the temperature in the layers), the greater the effect
of this TSS on the BSW front. One can also conclude that this effect causes a decrease in
pressure at the BSW front.
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The density fields in isochores of the steady flows at t = 20 and αj = 0.15 under the
action of the TSSs with the number of layers N = 3.5 (Rs = 0.5R), N = 5.5 (Rs = 0.8R), and
N = 7.5 (Rs = 1.1R) are presented in Figure 7a,b, Figure 8a,b and Figure 9a,b, accordingly
(in red). The distance between isochores is 0.05. The enlarged images of the density fields
during the interaction of different TSSs with the BSW are also shown there. For comparison,
the corresponding dynamics of the density fields without the impact of the TSS are shown
(in blue) as well. In Figure 7c, the density field for the steady flow mode (t = 20.0) in
the absence of TSS, in colors and isochores is presented. In Figures 7d, 8c and 9c, the
corresponding density fields under the TSS impact, in colors and isochores are presented.
In the behavior of the density fields for a different number of layers in the TSS, the same
trend can be obtained as for N = 2.5 (Figure 4); namely, the influence of the TSS is localized
in the area immediately adjacent to the body (and behind it).

Appl. Sci. 2023, 13, x FOR PEER REVIEW 10 of 21 
 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 7. Impact of TSS on the flow past the body: dynamics of the density fields, M∞ = 2, without 
energy source—blue, with TSS, αj = 0.15; N = 3.5—red; (a) t = 20.0, isochores; (b) interaction of TSS 
with the BSW (enlarged, isochores); (c) without TSS, t = 20.0, colors and isochores; (d) with TSS, t = 
20.0, colors and isochores. 

Figure 7. Cont.



Appl. Sci. 2023, 13, 7927 10 of 21

Appl. Sci. 2023, 13, x FOR PEER REVIEW 10 of 21 
 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 7. Impact of TSS on the flow past the body: dynamics of the density fields, M∞ = 2, without 
energy source—blue, with TSS, αj = 0.15; N = 3.5—red; (a) t = 20.0, isochores; (b) interaction of TSS 
with the BSW (enlarged, isochores); (c) without TSS, t = 20.0, colors and isochores; (d) with TSS, t = 
20.0, colors and isochores. 

Figure 7. Impact of TSS on the flow past the body: dynamics of the density fields, M∞ = 2, without
energy source—blue, with TSS, αj = 0.15; N = 3.5—red; (a) t = 20.0, isochores; (b) interaction of TSS
with the BSW (enlarged, isochores); (c) without TSS, t = 20.0, colors and isochores; (d) with TSS,
t = 20.0, colors and isochores.

Appl. Sci. 2023, 13, x FOR PEER REVIEW 11 of 21 
 

 
(a) 

 
(b) 

 
(c) 

Figure 8. Impact of TSS on the flow past the body: dynamics of the density fields, M∞ = 2, without 
energy source—blue, with TSS, αj = 0.15; N = 5.5—red; (a) t = 20.0; (b) interaction of TSS with the BSW 
(enlarged); (c) with TSS, t = 20.0, colors and isochores. 

 
(a) 

Figure 8. Cont.



Appl. Sci. 2023, 13, 7927 11 of 21

Appl. Sci. 2023, 13, x FOR PEER REVIEW 11 of 21 
 

 
(a) 

 
(b) 

 
(c) 

Figure 8. Impact of TSS on the flow past the body: dynamics of the density fields, M∞ = 2, without 
energy source—blue, with TSS, αj = 0.15; N = 5.5—red; (a) t = 20.0; (b) interaction of TSS with the BSW 
(enlarged); (c) with TSS, t = 20.0, colors and isochores. 

 
(a) 
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The enlarged images in Figures 4c, 7b, 8b and 9b show that the front of the BSW in
the TSS region is almost completely blurred (see the red contours). This is taken place
due to the influence of three factors that distinguish the effect of TSS from the effect of
homogeneous energy sources. Firstly, this is a manifestation of the RMI in multiple points
at the initial stage of interaction, which smears the BSW [15,16]. Secondly, the influence of
the heated layers interspersed with cold gaps between them changes the shape of the BSW
and gives it a wavy appearance, which also contributes to the blurring of its front. The third
one is, of course, that the BSW also weakens simply due to a change in the Mach number
inside the heated layers. This smearing of the front under the action of the TSS is further
influenced the pressure amplitudes in the near-field signature and, finally, may possibly
affect the pressure amplitudes in the ground signature and the PLdB on the ground.
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The possibility of flow control using heated filaments has been well-proven both
experimentally and theoretically (see [1–4]). Figures 10 and 11 demonstrate the possibility
of flow control for the considered shape of the body at M∞ = 1.5 and M∞ = 2 using the
considered TSSs, in particular, controlling the drag force F. Here

F =
∫ R

0
pbrdr,

where pb is the pressure on the conical surface. For comparison, the corresponding dynamics
of F is also shown in the absence of the influence of TSS (in blue). It can be seen that the
smaller αj in the TSS (the higher the temperature in the layers), the greater the influence of
this TSS on the stationary value of the drag force F (Figure 10). The greatest effect εF for
αj = 0.15 is 10.8% (from the value of F0 without the impact of TSS) at M∞ = 2 and 11.1% at
M∞ = 1.5. Here

εF = (F − F0)/F0 × 100%.
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Figure 11. Dynamics of the drag force for TSS with different N, αj = 0.15: (a) M∞ = 2; (b) M∞ = 1.5.

In Figure 11, the dynamics of F are presented at M∞ = 1.5 and M∞ = 2 for αj = 0.15
under the action of the TSSs with 3.5, 5.5, and 7.5 layers. One can see that the greater the
number of layers N in TSS in the TSS, the stronger the effect of this TSS on the steady value
of the drag force F (Figure 11). The greatest effect (for N = 7.5) is 15.1% of the value of F
without the impact of TSS at M∞ = 2 and 12.3% at M∞ = 1.5.

At the same time, analyzing the corresponding relative pressure profiles at the level of
r = 4.0 at t = 20 (NFPS), it can be concluded that the considered TSSs decrease the pressure at
the BSW front (for example, by 2.8% of p for the best case of the TSS with N = 7.5 for M∞ = 2
and 7.4% for M∞ = 1.5, using the same criterion as for F) (Figure 12). Thus, when controlling
the flow with the help of TSS under the considered parameters at M∞ = 1.5–2, the NFPSs
do not show an increase in the amplitudes of the BSW front values in the near-field region
to the AD body.
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4.2. The Effect of TSS on the BSW and Near-Field Pressure Signature, L/R = 12.5; Energetic
Considerations

In order to evaluate the impact of the PLdB during the implementation of flow control
using the TSS, calculations of the relative pressure ∆p/p∞ in the near-field for a longer
body (L = 10) at the level of r = 16.8 were carried out. An angle at the model’s top is 24◦,
L/R = 12.5. The dimensional length of the body is presumed to be 80 m. Characteristics
of the flow and AD model applied in the simulations in Section 4.2 have an order of real
parameters of aircraft (see Table 3).

Table 3. Characteristics of the flow and the AD model used in the calculations.

Description Definition Non-Dimensional Value Dimensional Value Normalizing Value

Freestream Max number M∞ 2.0; 1.5

Freestream pressure p∞ 0.2 26.5 kPa pn = 132.5 kPa

Ratio of specific heats γ 1.4

Maximal radius of AD body R 0.8 6.4 m ln = 8 m

Length of the AD body L 10.0 80 m ln = 8 m

The half-width of the layers in
considered TSSs rs 0.04 0.32 m ln = 8 m

Number of layers in different TSSs N 7.5

Rarefaction parameter in the layer
j in different TSSs αj 0.25

In Section 4.2, the calculations were carried out on a grid of 9600 × 4500 (43.2 × 106 nod
es, counting the middle node of the stencil) with hx = 0.005, hr = 0.004.

Dynamics of density fields for αj = 0.25 under the action of the TSS with the number
of layers N = 7.5 (Rs = 1.1R) compared with that in the absence of TSS at M∞ = 1.5, 2 is
presented in Figure 13. In Figure 14, the dynamics of F are presented at M∞ = 1.5 and
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M∞ = 2 for αj = 0.25 under the action of the TSSs with 7.5 layers (of the greatest effect). The
effect in the reduction of the drag force F is 20.7% at M∞ = 2 and 19.0% at M∞ = 1.5.

Appl. Sci. 2023, 13, x FOR PEER REVIEW 15 of 21 
 

Table 3. Characteristics of the flow and the AD model used in the calculations. 

Description Definition 
Non-

Dimensional 
Value 

Dimensional 
Value 

Normalizing 
Value 

Freestream Max number M∞ 2.0; 1.5   

Freestream pressure p∞ 0.2 26.5 kPa pn = 132.5 kPa 
Ratio of specific heats γ 1.4   
Maximal radius of AD 

body R 0.8 6.4 m ln = 8 m 

Length of the AD body L 10.0 80 m ln = 8 m 
The half-width of the 

layers in considered TSSs 
rs 0.04 0.32 m ln = 8 m 

Number of layers in 
different TSSs 

N 7.5   

Rarefaction parameter in 
the layer j in different 

TSSs 
αj 0.25   

In Section 4.2, the calculations were carried out on a grid of 9600 × 4500 (43.2 × 106 
nodes, counting the middle node of the stencil) with hx = 0.005, hr = 0.004. 

Dynamics of density fields for αj = 0.25 under the action of the TSS with the number 
of layers N = 7.5 (Rs = 1.1R) compared with that in the absence of TSS at M∞ = 1.5, 2 is 
presented in Figure 13. In Figure 14, the dynamics of F are presented at M∞ = 1.5 and M∞ 
= 2 for αj = 0.25 under the action of the TSSs with 7.5 layers (of the greatest effect). The 
effect in the reduction of the drag force F is 20.7% at M∞ = 2 and 19.0% at M∞ = 1.5. 

 
(a) 

 
(b) 

Appl. Sci. 2023, 13, x FOR PEER REVIEW 16 of 21 
 

 
(c) 

 
(d) 

 
(e) 

Figure 13. Impact of TSS on the flow past the body: dynamics of the density fields, M∞ = 2, without 
energy source—blue, with TSS, αj = 0.25; N = 7.5—red; (a) t = 9.0; (b) t = 20.0; (c) t = 40.0; (d) interaction 
of TSS with the BSW (increased). The distance between isochores is 0.05; (e) with TSS, t = 20.0, 
colors and isochores. 

Figure 13. Cont.



Appl. Sci. 2023, 13, 7927 16 of 21

Appl. Sci. 2023, 13, x FOR PEER REVIEW 16 of 21 
 

 
(c) 

 
(d) 

 
(e) 

Figure 13. Impact of TSS on the flow past the body: dynamics of the density fields, M∞ = 2, without 
energy source—blue, with TSS, αj = 0.25; N = 7.5—red; (a) t = 9.0; (b) t = 20.0; (c) t = 40.0; (d) interaction 
of TSS with the BSW (increased). The distance between isochores is 0.05; (e) with TSS, t = 20.0, 
colors and isochores. 

Figure 13. Impact of TSS on the flow past the body: dynamics of the density fields, M∞ = 2, without
energy source—blue, with TSS, αj = 0.25; N = 7.5—red; (a) t = 9.0; (b) t = 20.0; (c) t = 40.0; (d) interaction
of TSS with the BSW (increased). The distance between isochores is 0.05; (e) with TSS, t = 20.0, colors
and isochores.
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Figure 14. Dynamics of the drag force for TSS with N = 7.5, αj = 0.25 in comparison with the
undisturbed flow case: (a) M∞ = 2; (b) M∞ = 1.5.

Figure 15 shows a comparison of the NFPS ∆p/p∞ at r = 16.8 in the case of the absence
of TSS (blue) and in the presence of TSS with αj = 0.25, N = 7.5 (orange). For this flow
geometry, the NFPS is considered for t = 40. One can see that the action of TSS does not
increase the amplitude of the BSW in the NFPS in spite of the presence of the effect of drag
reduction. The reason for this is that the TSS impact on the BSW is concentrated in the area
closest to the body.

Using the Formulas (20) and (25) from [5], it is possible to evaluate the effective power
P required for the creation of the considered stratified energy sources. Taken into account
that the half-width of the layers in considered TSSs rs = 10hr and the coordinates of the
centers of layers rc in these simulations can be calculated as rc = 30(N − 0.5)hr, the effective
power P can be evaluated as follows:

P = π/4 γ
γ−1 βu∞ p∞r2

s /4
(
1 − αj

)
+ 4π(N − 0.5) γ

γ−1 βu∞ p∞rcrs
(
1 − αj

)
= π γ

γ−1 βM∞c∞ p∞100h2
r
(
1 − αj

)(
1/16 + 12(N − 0.5)2

)
,
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where a constant β = 0.1 [5]. The values of the effective power for the parameters of the
simulations from Sections 4.2 and 4.3, αj = 0.25, N = 7.5 using the obtained expression
for P are 591.27 MW for M∞ = 1.5 and 788.37 MW for M∞ = 2, which are large and likely
impractical. Nevertheless, we examine the maximal possible effect from the considered
TSS to evaluate the perceived level in decibels (PLdB) impact on the ground during the
implementation of the flow control using TSS.
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4.3. The Effect of TSS on the GPS and PLdB on the Ground, L/R = 12.5

To assess the PLdB impact on the ground, we were guided by the approach pro-
posed in [19,20]. According to the calculated near-field, the Thomas waveform parameter
method [19] allows approximating the pressure profile in the far zone by solving the ODE
system, which approximates the ground pressure signature (GPS) after the signal has
passed through the atmosphere. The GPS is characterized by the rates of change in the
sound speed, the density of the environment, and the propagation velocity depend on the
trajectory of the signal.

The profiles of NFPS from Figure 15 were processed with the use of the software
packages from [19], which realizes the Thomas waveform parameter method to simulate
the passage of a signal through the atmosphere. We evaluated the impact of only the
“N-wave” in the profiles; besides, the profiles were shifted to the coordinate origin.

Figure 16 shows the processing of the NFPS profiles and the final GPSs resulting after
using the numerical code from [19]. The GPSs are expressed in pounds per square foot. A
comparison is shown at M∞ = 2 and M∞ = 1.5 for the cases of the absence of the TSS action
(blue) and of the maximal effect of the TSS on the NFPSs (N = 7.5) (orange) at the level of
r = 16.8. The flight altitude was supposed to be equal to 10,000 m or 32,808.4 ft.

The corresponding values of the PLdB impact on the ground evaluated using the
open-source package PyLdB [21] are presented in Table 4. The PyLdB code implements
the perceived loudness level calculation determined using the algorithm Mark VII, where
the perceived value is correlated with the table of the corresponding range compiled by
Stevens, and the value of the perceived amplitude is converted to the PldB, according to
the additional table [22].

One can see that at M∞ = 1.5–2, the TSS, which has the maximum effect on the front
of the BSW (and on the NFPS as well), does not increase the impact of the ground sound
pressure. Thus, it can be concluded that controlling the flow (past an AD model of the
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considered shape) using the TSSs with the considered parameters does not increase the
PLdB impact on the ground.
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Table 4. PLdB impact on the ground for different near-field signatures at M∞ = 1.5 and 2.

Near-field Signatures ∆p/p∞
Ground Sound Pressure

Impact, M∞ = 1.5
Ground Sound Pressure

Impact, M∞ = 2

Without TSS 163.62 dB 166.11 dB

With TSS 163.26 dB 165.60 dB

Besides, from these simulations, one can conclude that changing the surface pressure
on the AD body due to drag reduction does not necessarily cause a change in the PLdB on
the ground.

5. Conclusions

A study was made of the effect of a thermally stratified energy source on the supersonic
flow past a pointed cylindrical body “cone-cylinder-cone” at M∞ = 1.5, 2.0. Density fields
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under the influence of the stratified energy sources (TSS) with different temperatures in
their layers and different numbers of layers were investigated. A comparison was made
with the density fields for steady supersonic flow in the absence of external influence. It
was shown that the higher the temperature in the layers in the TSS and the greater the
number of layers in it, the greater the influence of such a TSS on the amplitude of the BSW
and the value of the frontal drag force of the AD body.

Pressure signatures in the near-field and on the ground, as well as the sonic boom
impact on the ground in decibels (PLdB), have been studied at freestream Mach numbers
1.5, 2. The calculations in the near-field use the author’s code based on the complex
conservative difference schemes. For obtaining the ground pressure signature, the Tomas’
waveform parameter method was employed, and the PLdB was evaluated using the Stevens’
calculation algorithm Mark VII, which was realized in the PyLdB code. The validation of
the results was proved by the analysis of the grid convergence using three difference grids.

The number of layers in TSS varied from 2.5 to 7.5, and the rarefaction parameters in
the layers were set from 0.15 to 0.3. It was found that when controlling the flow by changing
the temperature in the layers of the TSS and changing the number of layers in TSS, there was
some decrease in pressure at the BSW front, in nearfield and ground pressure signatures,
and these values did not exceed those for the flow without a TSS. In other words, it has
been shown that when performing the flow control using considered thermally stratified
energy sources, no additional noise is introduced on the ground. Besides, in a broad sense,
the simulations showed that changing the surface pressure signature due to drag reduction
does not necessarily imply a change in the perceived loudness in decibels (PLdB) on the
ground.

The results obtained are valid for the considered AD models and TSSs with the consid-
ered characteristics. For other models and other characteristics of TSS, the same predictive
simulations should be carried out, which we plan to do in future work. Nevertheless, the
results presented can be considered as a step forward in expanding the ability to control
high-speed flows using TSS.
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Nomenclature

AD aerodynamic
TSS thermally stratified energy source
SW shock wave
BSW bow shock wave
RMI Richtmyer–Meshkov instability
PLdB perceived loudness in decibels
GPS ground pressure signature
NFPS near-field pressure signature
R radius of a cylinder part of the aerodynamic body
M∞ the freestream Mach number
p, ρ, u, v pressure, density, and velocity components of a gas
pb the pressure on the conical surface of an AD body
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t time
αj rarefaction parameter in a j-layer of the stratified energy source
N a number of heated layers in TSS
rs j-layer half-width
rc j-layer center r-coordinate
Rs upper TSS boundary r-coordinate
γ adiabatic index
Indices
j parameters in j-layer in TSS
n scale values
t stagnation values
∞ parameters of the freestream flow
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