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AHHOTANUA

B paboTe mpencTaBiIeHO YMCICHHOE HCCIIEAOBAHUE JBYX MPOTHBOIOJIOKHO BpAIAIOLINXCS
CBEPX3BYKOBBIX BHUXpEU. J[Ba COOCHBIX MPAMBIX IOJIYKPbUIA C OCTPBIMM IEPEIHEH U 3aqHEHN
KPOMKaMH paccMaTpHBalliCh B KauecTBE BHXpe-TEHEpaTopoB Mpu uucie Maxa Haberaromiero
moToka M, = 3. UncieHHbIe pacueThl ObLTH MMPOBE/ICHBI Ha CYTIEPKOMITbIOTepHOU cucTteMe K-60
B Muctutyte [Ipuknannoit Marematuku um. M.B. Kengsima PAH ¢ ncnons3oBannem napadi-
JIENIFHOTO aJITOpUTMa ISl MOAETHPOBaHUs TypOyJIeHTHBIX TeueHuid. Beul mpumeneH moaxon,
ocHoBanHbli Ha Metone URANS ¢ mozenbio TypOynenTHOCTH SA. UHCIEHHBIE PE3YIbTaThl
ObUTH TTONTydeHBl B 00JacTH paBHOH 10 XopIaM KpbeUIbeB OT OCH KPBIJIbEB BHU3 IO MOTOKY. B
BUXPEBOM Clleie OBbUTM YMCIICHHO IOJTYyYeHBI TapaMeTpbl TeUEHHs, B YaCTHOCTH, JaHHBIC Ha
0CSIX KOHLIEBBIX BUXPEH M B MONEPEUHBIX CEUCHUSX. BbIT MpOBeeH aHAIN3 JaHHBIX B 3aBUCH-
MOCTH OT PAcCTOSIHUS OT KPbLIbEB-T€HEPATOPOB.

KiroueBble citoBa: CBEpX3BYKOBBIE TCUCHUs, TYpOyJICHTHBIE TEUCHHUS, IPOTHUBOIIOIOKHO Bpa-
LIAIOIINECs BUXPH, KOHIEBOW BUXPB.
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I'eHepaTopsl KOHTP-BpalAOLINXCS BUXPEU € pac- B3aumonelcTBre ynapHOM BOJHBI U KOHLIEBBIX
MIpesleJICHNEM JaBICHUS Ha HUX, JUHUM TOKa C BHXpEH: paclpeleieHne AaBJICHUS B CEUCHHUH
KOHIICBOI XOpAbI, MOIYJIb 3aBUXPEHHOCTH B 10- BJOJb IOTOKA, MPOXOIAIIEM depe3 OOyl OCh
nepeuyHoM ceueHnu x=0.12, M, =3 KpbUTbeB-TeHepaTopoB (¥ =0.0) M, =3
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Abstract

A numerical investigation of two counter-rotating wingtip vortices propagation in a supersonic
flow was performed in this paper. A straight coaxial wings with sharp leading and trailing edges
at an attack angle of 10 degrees were considered as wingtip vortices generators at Mach number
of incoming flow M, = 3. Numerical simulations were carried out on the supercomputing system
K-60 at the Keldysh Institute of Applied Mathematics RAS using the parallel algorithm for tur-
bulent flow simulation. An approach based on the URANS method with using the SA turbulence
model was applied. Numerical data were obtained in the domain of 10 wing chords downstream
from a wings axis. A numerical data on the flow parameters in the vortex wake was obtained, in
particular, data on the wingtip vortices axis and in the cross-sections. The data was investigated
depending on a distance from the wings - vortex generators.

Keywords: supersonic flow, turbulent flow, counter-rotating vortices, wingtip vortex.

1. Introduction

The study of tip vortices, including supersonic ones, is an important problem of aerodynamics.
This is primarily due to aviation safety associated with trailing-vortex hazard, but also to the impact
of aircraft on the environment. For supersonic aircrafts, the study of tip vortices is also concerned
the danger of tip vortex hitting on other elements of the aircraft located downstream and the solution
of the aircraft visibility problem. In addition to studying individual tip vortices, studying the influ-
ence of acoustic disturbances on them [1, 2], it is important to understand how the mutual propaga-
tion of several tip vortices occurs. In particular, the mutual propagation of two supersonic tip vorti-
ces is an important aerodynamics problem. One of the last extensive reviews of vortex pair dynamics
and interactions was made in [3] as well as in [4]. Experimental data and investigations on a dynam-
ics of vortex pairs concern mainly subsonic regimes.

The aim of this work is to study the mutual propagation of two supersonic counter-rotating
wingtip vortices. The results will be detailed in 4™ paragraph.

This work is a continuation of the series of studies effectuated by co-authors and dedicated to
supersonic wingtip vortices. The main of ones are [5, 6, 7, 8]. In these previous works, supersonic
semi span wing tip vortices at a great distance from the wing-generator (30 wing chord downstream
the wing axis) and an influence of acoustic-type perturbations on them at different Mach numbers
of the incoming flow were investigated. For steady state incoming flow a comprehensive numerical-
experimental data on the position and dimension of the single vortex core for different inflow Mach
numbers with quantitative data on the distribution of gas-dynamic characteristics of the flow have
been obtained [5, 8]. The influence of acoustic type disturbances on the wingtip vortex was studied
numerically [6, 7, 8]. The investigated semi span wing from the mentioned works was the same as
one of the vortex generators in this study (the one that is longer). In this paper, in paragraph 3, the
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main results of the previous works of the authors concerning the study of the wing tip vortex de-
pendence on the Mach number at large distances from the wing in supersonic regimes for steady
state incoming flow are briefly presented. The results for the influence of acoustic type disturbances
on the wingtip vortex may be found in [6, 7, 8], where the disturbances were introduced in steady
state incoming flow in the form of a monochromatic plane wave with small amplitude at the inlet
boundary by analogy with the [9].

2.  Model description

2.1. Numerical method

A system of unsteady Reynolds averaged Navier — Stokes equations (URANS) with the one-
parameter Spalart— Allmaras (SA) turbulence model for compressible flows [10] with Edwards
modification [11] was used for describing a supersonic flow of a perfect viscous compressible fluid.
SA is one of a widely-used turbulence models, especially in aerodynamics. It was first published in
1992[12] and afterwards a number of modifications and a great number of validations were carried
out [13, 14 etc.]. This model appears to be the most accurate for practical turbulent-flow applications
[15] among one-equation models and it is used in many well-known software packages such as
CFL3D, Ansys etc. In previous works of co-authors an application of the SA model gives a satis-
factory agreement between numerical and experimental data [5].

The finite volume method based on the reconstruction schemas of the second order (TVD) or
the third order (WENO) was used for the discretization of equations. Time approximation was per-
formed by means of either an implicit scheme based on the LU-SGS method or by an explicit
scheme. A more detailed description of the numerical algorithms and the mathematical model used
in this work is given in [16].

The numerical simulations have been performed at the Keldysh Institute of Applied Mathe-
matics RAS using the hybrid supercomputer system K-60 [17].

An unstructured grid with hexagonal cells was used. Number of cells was 7 284 116. In pre-
vious work of co-authors associated with a single half-wing [5], the grid had about 18 000000 cells
but calculating domain was three times longer downstream from the wing axis. In those simulations,
a comparison of numerical data with experimental data was carried out, which showed a satisfactory
agreement that suggest sufficiency of constructed grid.

The grid was refined in the zone of vortex formation (especially near the wing tip chords, fig.2
—b) and in the zone of the wingtip vortices propagation throughout all simulation area. It was done
in such a way that the average size of the cells in the vortex zone approximately corresponds to the
size of the same ones in work [5].

All calculating values were nondimensionalized during numerical simulations. Nondimen-
sionalization was carried out in a standard way for URANS equations [18].

2.2. Geometry

The supersonic flow behind two wings — wingtip vortex generators was studied. The wings
were coaxial straight with sharp leading and trailing edges and sharp tip chord. The wings had a
diamond-shaped base which small diagonal was 4.5 mm, a chord » =30 mm, a half-span 75 mm and
95 mm (fig. 1, fig. 2, a). The distance between wingtip chords was 30 mm. The wings attack angle
was 10 degrees. The problem was considered in a dimensionless statement.

Numerical grid was constructed for nondimensionalized variables where the chord length was
0.03. Length of simulation domain was 10 wing chords downstream from the wings axis. The Mach
number of incoming flow was M. =3 and Reynolds number Re =1x10". Represented Reynolds
number corresponded to a linear size of 1 m. The simulation aria was a parallelepiped. The origin
of coordinates was located on the common axis of the wings. The plane x =0 passed through com-
mon wings axis and was perpendicular to the incoming flow direction. The plane y=0 passed
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through common wings axis and was parallel to the incoming flow direction. Common wings axis
coincided with axis z. The direction of the axis x coincided with the direction of the input free stream.
The wings-generators were fixed by a root chord on the walls, so the width of the considered domain
(domain z size) was 0.2.The mentioned walls were parallel to the plane z=0 and coincide with the

planes z=0.2 and z=0.22. The height of the considered domain (domain y size) was 0.225. Coordi-
nate x changes from — 0.04 till 0.3018.

The parameters of the incoming flow were set as the initial conditions.

Boundary conditions were as follows. On the inlet boundary the incoming flow was set. On
the vortex generators and on the walls of their attachment, the wall no-slip boundary condition was
set, i.e., the velocity vector was equal to zero. On the other two side surfaces the incoming flow was

set. On the outlet boundary supersonic outlet condition was set: the gradients of all variables were
set zero in normal direction.

95 mm

Mooﬁ

200 mm

75 mm

Fig. 1. Schema of study problem

// .\.
\
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Fig. 2. Wing — generators: simulation domain («) and wing surface mesh (b)

Wingtip vortex in steady state incoming flow at wide distance

Previously with the same numerical approach the authors have been investigated the super-
sonic wingtip vortex for different incoming Mach numbers M, =2, 3 and 4 for a large distance of

30 wing chords downstream from wing axis [5, 8]. The wing-generator had the same geometry as

ness.

the longer one in this work. These results will be briefly outlinedbelow in this section for complete-
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A formed supersonic wingtip vortex develops as a kind of longitudinal structure with an axis
(fig. 3). This axis is characterized by a minimum of such values as density, pressure; by static tem-
perature increase and a maximum of longitudinal vorticity X Vorticity and of Helicity. Helicity
H =V -VxV have a topological interpretation as a measure of vortex lines knottiness in the flow,
where V =(u,v,w) is a velocity vector. At the boundary of the wingtip vortex core, a maximum of
the tangential Mach number M,. and of the mass flow root-mean-square pulsations are observed.

I: M2A10

Fig.3. Pressure P on the wing-generator, the stream traces passing

through/near the wingtip and helicity contours in the cross section x=0.12
for M, =2

It was found that the wingtip vortex loses intensity when moving downstream from the wing-
generator, but it spreads over the entire simulation region and the vortex flow parameters do not
reach their values in the free flow. For example, on the figure 4 there are two parameters on the
vortex axis: a pressure coefficient Cp, Cp=(P—Po )/ 0.50-V3 , and normalized Mach number.

This two parameters increase with increasing of coordinate x (i.e. downstream from the wing).

a b
Fig. 4. Pressure coefficient C, (a), and normalized Mach number (b) on the wingtip vortex
axis along the coordinate x for different inflow Mach numbers

A satisfactory agreement between numerical and experimental mass flow data was confirmed
in [5].
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It was foundthat with increasing Mach number the intensity of the wingtip vortices increases
in the sense of decreasing on the vortex axis such parameters as pressure or pressure coefficient, and
ascending on the axis of the vorticity magnitude, and ascending of the tangential Mach number in
the vortex body [5—8]. A wake-like type flow was found in the supersonic wingtip vortices (when
normalized Mach number is less than one) except the near region behind the wing-generator at in-
coming Mach number M., =2 when flow was jet-like (fig. 4, ). Aerodynamic parameter values in
wingtip vortices do not reach the values of the incoming flow until the end of the calculation region,
1.e. the vortices do not disappear in the considered region of 30 wing chords.

4. Two counter-rotating wingtip vortices

As mentioned above, a mutual propagation of two counter-rotating supersonic vortices is nu-
merically investigated in this work up to the distance of 10 chords downstream from the axis of
coaxial wings-generators at Mach number My, = 3.

Figure 5 gives a general representation of the obtained flow. It shows a pressure distribution
P on the wings - vortex generators surfaces, tip edge streamtraces and vorticity magnitude contours
in the cross section x=0.12. The wingtip vortices extend from the tip edge of the wings downstream
along the calculation area.

Fig. 5. Wings-generators with pressure distribution on it, tip edge streamtraces,
vorticity magnitude in the cross section x=0.12, M,=3

Figure 6 shows pressure distribution in the stream wise section passing through the wings-
generators mutual axis (y=0.0). Figure 7 shows pressure distribution in the cross-section x=0.09,
coordinate axis y is directed from the leeward side to the windward side of the wings. There is an
interaction between wingtip vortices and relatively weak compression waves from the neighbour
wing on these figures. Vortices pass the region of these relatively weak compression waves without
significant changes. The magnitude of the pressure change in these waves is comparable to the am-
plitude of the pressure fluctuation at a distance of 30 chords (x=0.9) downstream from the wing
axis in the study of the influence of acoustic disturbances on a single wingtip vortex at M., =3 and
o =100 (fig. 15 in [7]).
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Fig. 6. Shock waves wingtip vortices interaction: pressure dis-
tribution in the stream wise section y=0.0 passing through the
wings-generators axis, M. =3

Fig. 7. Shock waves wingtip vortices interaction: pressure
distribution in the cross-section x=0.09, M, =3

The position of the wingtip vortex axes is of particular interest. Figure 8, a shows the vertical
vortex axes coordinates y, fig. 8, b shows the horizontal vortex axes coordinates i.e. coordinates

along direction of wings mutual axis (coordinate z).
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Fig. 8. Vortex axis coordinates of wings — generators: y (a) and S (b)
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S is the distance between the vortex axis coordinate z and the tip chord of corresponding wing -
generator. The wingtip vortex axes mutual upward displacement is noted (fig. 8, a) i.e. axes dis-
placement in the direction of the y axis decreasing, which is directed from the leeward wing side to
the windward wing side. This fact is in agreement with other data from a literature [19, 20]. Also it
can be stated that the convergence of vortices is not observed at the considered distances. On the
contrary, there is a slight repulsion of the vortex axes from each other. Similar results were obtained
in [20]. Small differences in the graphs of vortex axes coordinates require a further study. Presumably,
the reason for this is the mutual influence of vortices.

Separately, it is worth noting the change in the shape of vortices (fig. 9). There is a skew of
the tangential Mach number value in the core of the wingtip vortices towards the neighbour vortex.
That is, the Mach number in the vortex cores is greater from the side of the neighbour vortex. This
is due to additional velocity induction from a neighboring vortex.

x=0.15

Myz: 010.203040506070809 1

. 005 01 . 015 0.2
Z V4
a b

Fig. 9. Tangential Mach number M, : (a) in cross-section x=0.15; (b) in cross-section x=0.15 along
the line y=0.00126784

The values y=0.00126784 presented on the fig.9 and y=-0.00018033 presented on the
fig. 10 correspond to y coordinate of half-span 95 mm wingtip vortex axis in cross-sections x=0.15
and x =0.24 respectively.
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Fig. 10. Total pressure F,, tangential Mach number M,. and
Vorticity magnitude in cross-section x=0.24 along the line
y=-0.00018033
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The tip vortex of wing with a half-span 95 mm is located on the right side of each of these
graphs. In the fig. 10 three flow parameters are presented in the cross-section x =0.24 along the line
y=-—0.00018033: total pressure R, tangential Mach number M,. and Vorticity magnitude. The
main properties of vortices are clearly distinguishable on this figure, such as the minimum of the
total pressure and the maximum of the vorticity magnitude on the vortex axes and the maximum of
the tangential Mach number in the vortex cores. A skew in the shape of the vortex cores in the sense
of increasing of the tangential Mach number values from the side of the neighboring vortex is also
noted.

5. Conclusions

This paper presents the results of the numerical study of two counter-rotating supersonic vor-
tices mutual propagation behind two coaxial wings-generators in the supersonic flow at Mach num-
ber M., =3. Wingtip chords situated at distance of one chord from one another. A numerical simu-
lation was performed for the region of 10 chords downstream within the framework of the URANS
approach with the Spalart — Allmaras turbulence model. The flow parameters in the vortices wake
were obtained as a result of the calculations.

The analysis of the results showed that there is an interaction of two vortices with shock waves
from the neighbor wing-generator. However, these shock waves are rather weak and the vortices
pass through this region without significant changes.

A shift of the vortex axis towards the leeward side of the wings was obtained. The spacing
between vortex axis increases with the distance downstream from the wings-generators in the con-
sidered domain.

Vortex core facing to the neighbour vortex has greater values of tangential Mach number M, .
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