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Abstract

Scientific visualization is certainly a very important and useful area of research, providing
utilities not only for visualization, but also for the investigation and analysis of the data ob-
tained. Herewith, the data can be both experimental and numerical.

This paper demonstrates the application of scientific visualization and identification
methods of vortex structures to the problem of the supersonic tip vortex propagation in the
incoming flow disturbed by an energy source. The undisturbed incoming flow Mach number
was M« = 3, the wing attack angle was 10°. Numerical data were obtained in the region of 30
wing chords downstream from the wing axis.

At the same time, significant differences are shown between the results of applying classi-
cal visualization methods, such as A- and Q, and the third-generation Liutex method to the
considered problem for visualization and identification of the tip vortex. Moreover, according
to the results of further research, it seems that a more truthful picture of the flow is given by
the method of the third generation while used classical methods give false additional vortex
data.

Numerical simulations were performed with the developed ARES software package for
modeling 3D turbulent flows on high-performance computer systems on the hybrid super-
computer system K-60 at the Keldysh Institute of Applied Mathematics of the Russian Acad-
emy of Sciences. 112 processors were used for perform the simulations.

Keywords: supersonic flow, energy wake, tip vortex identification, scientific visualiza-
tion tools.

1. Introduction

Under normal conditions, the flow around an aircraft is accompanied by the formation of
various vortex structures. They have a significant impact on the aerodynamics and efficiency
of aircraft control elements, up to a complete loss of control. A special case is represented by
such vortex structures as tip vortices. They accompany the flight of any aircraft, breaking off
from its various elements: the edges of the wings, controls, finned parts of the fuselage. The
properties of tip vortices and their interaction with various objects have been actively studied
since the middle of the XX century.

For subsonic flight modes, the main attention was paid to the safety of aircraft operation,
in particular, the safety of airports. Indeed, an aircraft that caught in the vortex wake of a
leading aircraft suffers an intense circular moment, which can lead to an arbitrary change in
course, altitude, etc [1]. In such situations, even a complete loss of control can occur. This can
be especially critical at low speeds and altitude, especially in conditions of flying aircraft
heavy traffic — and this is the standard operating conditions of airports. In world practice,
both abnormal and catastrophic situations are known, the main cause of which was the de-
scribed phenomenon [2]. There are the other risks in addition to the risk of getting into the
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wake of the aircraft in frontward for supersonic flight modes. Namely, the risks of getting a
tip vortex on other elements of the aircraft located downstream (including control system el-
ements), as well as its possible entry into the combustion chamber of the propulsion system
become relevant. Such situations can also cause loss of control, especially in the case of su-
personic modes. Taking into account the newly increased interest in supersonic aircraft in
both the military and civilian industries, the study of supersonic vortices remains an im-
portant and topical task of aerodynamics.

Scientific visualization methods help not only to visualize the flow, but may be effectively
used as data analysis tools because they serve not only for visualization, but also allow to dis-
tinguish its main structures, to compare them, etc. This undoubtedly useful property makes
from scientific visualization methods a useful tool for scientists around the world. The corre-
sponding reviews can be found, for example, in [3-6].

As a rule, the properties of tip vortices are studied in the case of a homogeneous incoming
flow. Despite the fact that there are studies on the influence of disturbances on the tip vortex
in subsonic modes, in the case of supersonic flow the influence of disturbances remains an
almost unexplored problem. The problem of the presence of an energy source upstream the
wing generator is considered in the work as a special case of the incoming flow disturbance.

2. Problem Statement

Figure 1. General model scheme: wing generator and energy source zone

The supersonic flow around a wing with an energy source upstream from the wing lead-
ing edge was studied (Fig. 1). Namely, the influence of the energy source on the formation and
propagation of the tip vortex from the tip edge of the wing generator was investigated. The
energy input area had the form of a parallelepiped with the coordinates of the corner points
(x1, y1, z1) = (-0.031, -0.0036, 0.094) and (xz, Y=, z2) = (-0.025, -0.0016, 0.096). Thus, it was
located in the upward flow direction symmetrically relative to the intersection point of the
leading and tip edges of the wing at a distance of about a third of the wing chord from its
leading edge, as shown in Fig. 1. The Mach number of the incoming flow was M« = 3. The
simulations were performed in dimensionless variables [7], a unit of length was taken
L =1 m. Density and pressure were non-dimensionalized by its free stream values. The Reyn-
olds number was Rer = 107. The wing generator was a straight half-wing, rectangular in plan,
with sharp leading, tip and trailing edges. The wing had a diamond-shaped base with a thick-
ness of 13.3% of the wing chord. The wing had a half-span [ = 0.095, a chord b = 0.03.

The x axis was co-directed to the sense of incoming flow. The z axis coincided with the
wing axes. The y axis was directed from the leeward side of the wings to the windward side.
The length of the numerical domain under consideration exceeded 30 wing chords down-
stream from the wing axes.

3. Numerical Model

A system of unsteady Favre averaged Navier—Stokes equations (URANS) was used to de-
scribe the three-dimensional turbulent flow of a compressible gas. The hybrid DES method



(detached eddy simulation) realized on the basis of the Spalart-Allmaras (SA) turbulence
model by modification of the linear scale of turbulence was used [8].

The approximation of the model equations in space was carried out using the finite vol-
ume method with a TVD reconstruction scheme of the 2nd order of accuracy. Assuming that
the computational domain is covered by a grid consisting of non-overlapping polyhedral cells,
the finite volume method is implemented by integrating a system of model equations for each
cell with following transformation of volume integrals from fluxes into surface integrals over
the cell faces. A generalized Godunov method with exact Riemannian solver was used to cal-
culate inviscid fluxes on the faces of the numerical cells. Both explicit and implicit (based on
the LU-SGS method) schemes were used to approximate the equations in time (depending on
the series of simulations). The used numerical method is described in [9].

A software package ARES for parallel computing developed at the Keldysh Institute of
Applied Mathematics of the Russian Academy of Sciences was used for numerical simulations
[10]. The simulations were carried out on the K-60 hybrid supercomputer system [11] using
112 numerical cores. The mesh consisted of 15,296,688 cells. The mesh was refined in the
zones of vortex formation and propagation in order to better resolution of vortex structures.

4. Visualization of flow vortex structures

A separate module for determining vortex structures on hexagonal grids in the form of
postprocessing treatment was implemented within the software package ARES used for simu-
lations. Within its framework, some classical methods of scientific visualization, such as the
A2, Q method, etc., are fully implemented. The implementation of the Liutex method of scien-
tific visualization - the latest generation method for determining vortex structures - also add-
ed. The module generates output data in the format of the Tecplot software package.

4.1. A= visualization method

The A2 method (or criterion) is quite widespread and is often used in data processing for
the identification of vortex structures. It was proposed in [12]. According to this criterion, the
vortex flow region identification is based on the analysis of the eigenvalues of the symmetric
matrix
A = S? + Q?, which are always real. Here S and Q, respectively, are strain rate and vorticity
tensors of the flow):

1({0u; , 0u; 1({0u; Ou;
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where Vu is the flow velocity gradient tensor.

According to the method, the vortex region is considered to be the part of space in which
the second eigenvalue is negative 1,(A) < 0 (1, = 1, = 1,).

4.2. Q visualization method

The Q method (criterion) as well as the A2 method, is expressed in terms of the matrices S
(strain rate tensor) and Q (vorticity tensor) and under the assumption of incompressible flow
has the form [13]:

1
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that is a measure of how much the local rotation velocity exceeds the local deformation de-
gree. Thus, the vortex region is determined at Q > 0.

4.3. Liutex visualization method

The Liutex method (criterion) for visualization of vortex structures is one of the latest —
it’s a third-generation method, free from shear and compressive components of the strain
rate tensor by its construction [14]. It allows to evaluate not only the direction, but also the
strength of the vortex.



The method was published in 2018 as Rortex [15], later it was renamed Liutex after one
of the authors [16].

According to this criterion, the flow domain with vortex structures is that where the strain
rate tensor has one real Ar and two complex conjugate eigenvalues. Using these eigenvalues,
the Rotex vector [12] is determined:

R=Rr, R =oo-r—\/(oo-r)2—4/12

ci’

where @ — vorticity vector, r — normalized eigenvector corresponding to the Ar with condition
®-r > 0. It locally coincides with the axis of rotation of the vortex as a solid body. Based on

it, a normalized value Qr € [O,l] is formed which shows the intensity of the flow local rota-
tion:

(o r)z 2
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Here &, is the value intended for filtering of numerical "noise", the maximum is taken
over the entire domain under consideration, k =0.001~ 0.002 [12,13].

5. Results and visualization

The obtained study and visualization results of the supersonic flow around the wing dis-
turbed by energy source in front of its leading edge are presented in this part of the paper
(Fig. 1).

When an energy source is added to the flow, a heat wake is formed behind it. The heat
wake is characterized by such changes in the main characteristics as reduced pressure (P) and
density (R) and increased temperature (7T') (Fig. 2). Thus, instead of a uniform incoming flow,
a stream with an area of changed basic parameters flows around the wing, which is shown in
Fig. 3. It shows the distribution of parameters in the cross-section directly before the leading
edge of the generator wing — at coordinate x = -0.0175 (at a distance of about 1/12 of the wing
chord upward from wing leading edge). Temperature in undisturbed incoming flow equals to
1 and in the heat wake before wing it reaches value of 7.5.
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Figure 2. Heat wake from energy source coming to the wing. Wing is colored by pressure
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Figure 3. Gas dynamic functions distribution in the cross-section at x = -0.0175 in the in-
coming flow disturbed by energy source: a) density R, b) pressure P, ¢) temperature T

The supersonic tip vortex undergoes changes when it is being in a perturbed incoming
flow compared with unperturbed one. In confirmation of this fact we present the density dis-
tribution in a longitudinal section z = 0.093 closing to the vortex axis for an unperturbed (Fig.
4-a) and perturbed by energy source (Fig. 4-b) incoming flow. Density change is obvious un-
der the influence of a heat wake: the density values in the vortex core decrease with the simul-
taneous expansion of the low density region, which is especially noticeable in the vortex near
zone and the vortex formation zone.
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Figure 4. Density distribution (R) in longitudinal section z = 0.093: a) undisturbed in-
coming flow, b) disturbed by energy source incoming flow
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When the incoming supersonic flow is perturbed by an energy source, in addition to den-
sity decrease on the vortex axis, a second local minimum of density R appears, which is
shown in the cross section x = 0.1 in Fig. 5. A decrease in the density values on the vortex axis
in the presence of an energy source is observed throughout the all considered region (Fig. 6).
The vortex axis vorticity increases in the presence of an energy source (Fig. 7). This indicates
an increase in the intensity of the vortex, because the more of the vortex parameters differ
from the free flow, the more vortex is intensive. There are no significant changes in the values
of the tangential Mach number My :in the vortex core when it affected by a heat wake (Fig. 7).
However, there is a change in the shape of the distribution of this parameter, in which a
greater value passes from the wing tip chord side to the wing root chord side. Further re-
searches are worthwhile for a broader understanding of the flow pattern.
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Figure 5. Density distribution (R) in the cross section x = 0.1 for: a) undisturbed incoming
flow, b) incoming flow with an energy source

Figure 6. The density value (R) on the tip vortex axis in an undisturbed flow (black) and in
energy source disturbance (green)
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Figure 7. Tangential Mach number My and vorticity Vort along the line passing through the
vortex axis in the cross-section x = 0.1 in an undisturbed flow (dashed) and in energy source
disturbance (solid)

The methods of vortex structures scientific visualization described in section 4 (A2, Q and
Liutex) were applied to the considered problem of the supersonic tip vortex propagation in
the upward presence of an energy source. By traditional methods (A2 and Q), a bifurcation of
the tip vortex was obtained in the near region behind the wing (Fig. 8). According to these
methods, the double vortex propagates to the value x = 0.265, which corresponds to 8.83
wing chords downstream the wing axis. Then the two its parts merge, forming one main vor-
tex. Fig. 8 shows the results of visualization with the following parameter values: A2 =-1000
(orange) and Q = 1000 (blue); a) in the near field, b) in the entire calculation area.

A more detailed study shows that a small additional vortex structure is observed directly
behind the wing in the place where the second vortex is determined by classical methods.
This can be seen in Fig. 9-a, where the density distribution and stream traces in the cross sec-
tion x = 0.03 are shown. However, already at a distance of slightly less than one wing chord
from the wing trailing edge (at x = 0.04), only one main structure of the tip vortex is observed
(Fig. 9-b), and further downstream, second vortex does not appear in this location. This does
not correspond to the application results of classical visualization methods A2 and Q which
define two vortex structures at these distances downstream the wing. Additional vortex struc-
tures directly behind the wing trailing edge are associated to a greater extent with the vortex
formation zone.

Figure 10 shows the application result of vortex visualization Liutex criterion at (1, =
0.45. According to the Liutex criterion, several vortex structures are determined in the cross
section x = 0.03, including the same second vortex that is shown in Fig. 11-a by red lines that
correspond to the value of , = 0.4. At the same time the value of J; = 0.45 no longer shows
such an insignificant vortex structure (Fig. 11-b). Starting from the value x = 0.05 (which cor-
responds to 1.166 chords downstream the trailing edge), according to the Liutex criterion, on-
ly one vortex structure is observed - a tip vortex, which corresponds to the flow pattern (Fig.
12). Figure 12 shows the density distribution R and level lines (1, = 0.45 at cross-sections
X = 0.04 and x = 0.05.
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Figure 8. The application result of the scientific visualization traditional methods A= and Q:
a) in the near field, b) in the entire computational domain. The isosurfaces A== -1000 (or-
ange) and Q = 1000 (blue) are shown
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Figure 9. Density distribution R and stream traces in cross-sections: a) x = 0.03, b) x = 0.04
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Figure 10. Application result of Liutex criterion of vortex identification, {1, = 0.45

Thus, traditional methods of vortex structures identification and visualization respond to
the density gradient, namely to the second local minimum of density, defining a second "vor-
tex" at this aria. Unlike the Liutex method which in this problem does not show a second vor-
tex in the region of the second local density minimum.
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Figure 11. Density distribution R and level lines of Liutex criterion in cross-section x = 0.03:
a) (I, = 0.4,b) 0, = 045
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Figure 12. Density distribution R and levellines of Liutex criterion {1, = 0.45in cross-
sections: a) x = 0.04, b) x = 0.05



6. Conclusion

The paper presents the results of analysis and scientific visualization of the supersonic tip
vortex propagation problem in the incoming flow disturbed by an energy source in front of
the leading edge of the generator wing. The Mach number of the undisturbed incoming flow
was M« = 3, the angle of attack of the wing generator was 10°.

The numerical simulations were performed by the author's ARES software package, with-
in which the used visualization methods are implemented as a post-processing module, where
the output datais generated in the format of the Tecplot software package.

Scientific visualization methods allow not only to visualize the obtained data, but also to
effectively analyze them. However, it is necessary to pay more attention to the limitations as-
sociated with the use of a particular method of scientific visualization, taking into account the
pros and cons of each of them.

Thus, for the considered supersonic problem (with an energy source), it was found that
classical methods of vortex structures visualization and identification, such as A= and Q, give
an incorrect idea of the flow, namely, its implication determines the bifurcation of the tip vor-
tex in the near zone (up to 8.83 chords of the wing downstream the wing axis). This is refuted
by additional studies that show that one tip vortex is observed after the formation zone
(bounded by one chord downstream the wing trailing edge), which is characterized by multi-
ple vortex structures and by active influence of the wing veil.

However, the application of the vortex structures identification method of the third gen-
eration the Liutex criterion gives as a result one vortex starting from the distance of about one
chord of the wing downstream from the wing trailing edge, which coincides with the flow pat-
tern.

Thus, the method of vortex structures visualization of the third generation Liutex criteri-
on, due to the fact that it is free from shear and compressive components of the strain rate
tensor by its construction, seems promising to the authors for further development and appli-
cation to vortex structures identification in various flow configurations.
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