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Abstract

In the present work the Large Eddy Simulation approach has been used to investigate the parallel interaction between a
vortex and a SD7003 airfoil at angle of attack equal to 8° and Reynolds number 60000. The numerical code is based
on the Local Discontinuous Galerkin finite element method associated with sophisticated anisotropic subgrid scale model.
During the simulation, the polynomial degree has been adapted locally in space and dynamically in time on the base of the
structure function indicator suitable for LES. The simulation shows the interaction with the vortex which stronghly affects
the transitional separation on the airfoil and the force coefficients.

1 INTRODUCTION

The blade-vortex interaction (BVI) phenomenon is a rele-
vant problem not only on helicopters in maneuvering condi-
tions but also in the design of Micro Aerial Vehicle (MAV)
and drones. The computational fluid dynamics repre-
sents an useful instrument to better comprehend the phe-
nomenon. Parallel BVI has been studied with a RANS ap-
proach, coupled with a vorticity confinement method [1] to
prevent an excessive diffusion of the advected vortex due
to a poor resolution of the grid. Chimera method or over-
lapped grids approach have been also used in the same
framework to predict BVI noise [2]. A hybrid RANS/LES
method to study the parallel BVI has been applied by [3],
however the first fully Large Eddy Simulation (LES) of a par-
allel blade—vortex interaction has been made by [4], where
a simplified aeroelastic model has been presented. In or-
der to deeply understand the mechanism of load generation
related to the pressure field and three dimensional pertur-
bations growth, to focus on the interaction between the vor-
tex and the three dimensional structures in boundary layer
and wake, accurate 3D unsteady numerical simulations of
turbulent flows are necessary. For this reason it is very im-
portant the use of a numerical code based on high order
schemes and a sophisticated subgrid scales model. In the
present work a numerical code based on the Local Discon-
tinuous Galerkin finite element method [5] associated with
sophisticated anisotropic subgrid scale model [6], has been
used to investigate the parallel interaction between a vortex
and a SD7003 airfoil [7] at angle of attack equal to 8° and
Reynolds number 60000, a regime of interest for MAV. Dur-
ing the simulation, the polynomial degree has been adapted
locally in space and dynamically in time on the base of

the structure function indicator [8] in order to save compu-
tational resources preserving the accuracy of the method.
The parallel interaction between a vortex and a SD7003
airfoil at & = 8, Reynolds number equal 60000 and Mach
number 0.2 is investigated. The force coefficients during
the BVI will be compared with the ones obtained in a simu-
lation of the developed flow in the same conditions but with-
out the vortex. As far as the author knowledge, there are
not numerical simulation or experimental measurements in
literature which can be used for a direct comparison. How-
ever some examples of similar works are presented in [3} 14].
Experimental studies on parallel BVI on the SD7003 airfoil
have been made by [9]but they cannot be used for compari-
son, not only for the different Reynolds number, but, mostly,
because two vortices are present in that experimental set-
up.

In the following the numerical method are briefly re-
sumed in Section 2} the setup of the numerical simulation
and the results are discussed in the Section [3] and finally
some conclusions are outlined in Section[4]

2 THE NUMERICAL MODEL

2.1 The Numerical Method

The filtered in space compressible Navier—Stokes equa-
tions, in non dimensional form, are considered to numer-
ically simulate the BVI phenomenon in the present work.
The filtered equations in compact form, suitable for simula-
tion of turbulent compressible flow with the LES approach,
read

(1) o,U+V-F(U)=0

Page 1 of|§]

Presented at the 47th European Rotorcraft Forum, Glasgow, UK, 7-10 September, 2021
This work is licensed under the Creative Commons Attribution International License (CC BY). Copyright © 2021 by authors.



where U = [p,pu’,pe]” are the prognostic filtered vari-
ables density p, momentum pu and total energy per unit
volume pe = p(u;u;/2 + e;), sum of kinetic energy and in-
ternal energy pe; = AT Here k = ¢, /R, being R the ideal
gas constant and T is the filtered temperature. The Favre
filter operator~ = p-/p is introduced bisides the space filter
operator -, as usual in compressible LES to avoid additional
subgrid terms in the mass conservation equation.

In the equation (1) the flux F = F¢ —F¥ — F*¢ contains
the convective flux

pu
) FC — §ﬁ®ﬁ+wﬁm ,
(pe+p)u
the viscous flux
0
() F'= ReMO
YMa® ~T ~ 1~

Re W O~ w4

and the turbulent modelled flux F*€*. Here the Mach number
Ma, the Reynolds number Re, the Prandtl number Pr and
the specific heat ratio Y= ¢, /c, appear. The constitutive
relations

~ 1= -
(4) Oij = 2u(Sij — 3Sudij), g =poiT

express the viscous stresses ¢ and the heat flux q in func-
tion of the strain rate tensor §;; = (d;u; + d;u;) /2 and the
Favre filtered temperature gradient respectively. The dy-
namic viscosity depends on the temperature according to
the Sutherland’s law u = T%7. The system is closed by the
equation of state for ideal gas p = pT. The term F*&* rep-
resents the subgrid scale (sgs) fluxes for which a dynamic
anisotropic model is provided.

The equation is discretized in space by a finite ele-
ment approach based on the Local Discontinuous Galerkin
(LDG) [10] method. In the LDG method the previous equa-
tion is reduced to a first order system

(5) U+V-F(UG) = 0
G-Vo = 0,

by introducing the auxiliary variable G and where ¢ =
[a”,T]T. A tessellation 7, composed of non overlapping
tetrahedral elements is defined in the numerical domain Q
over which a discontinuous finite element space 7/,

®) V= {v € L*(Q):vi|x € PPX(K),VK € T},

is defined. Here PPk (K) denotes the space of polynomial
functions of total degree pg over the element K. The weak
form of the equation is discretized on the discontinu-
ous finite element space using test functions belonging to
the same space as the numerical solution. A modal DG
approach is here applied by using a hierarchical orthonor-
mal polynomial basis, obtained from the Legendre polyno-
mials, for each element K in the finite dimensional space

1},, for both the discontinuous finite element subspace and
the prognostic unknowns, while symmetric quadrature rules
[11] are applied to compute the projection in the physical
space. Since the used formulae must be exact at least up
to twice the polynomial degree g in each element K, the
integrals on internal boundaries between two elements are
computed using the maximum degree between the two ele-
ments when polynomial adaptivity is applied.

Since the grid filter - is equivalent to the projection over
the solution subspace [12,13]14], the filtered quantities can
be identified with their numerical solution counterparts.

The Rusanov flux [15] is employed to compute the ad-
vectiv flux F¢ while centred fluxes are used for the diffusive
fluxes F¥, F*¢ and for the gradient variables {@} [16].

Moreover the explicit five stages fourth order Strong
Stability Preserving Runge-Kutta method [17] is applied to
advance in time the discretized filtered equations. This nu-
merical model is implemented in a numerical code based
on library FEMilaro [18], a generic finite element tool writ-
ten using latest Fortran and MPI standards. A more detailed
description of the numerical code can be found in [19].

2.2 The Anisotropic Sgs Model
The subgrid flux F*e*

0
7 P — o
L )

introduced in equation (7), is composed by the sgs stresses
;5" = puauj — pusitj, the subgrid heat flux Q** = pTu —
pTu and the sgs turbulent diffusion flux J*¢° = puugu; —
puuyiy. All these terms are modelled using the anisotropic
model presented in [20] and extended to compressible flows
in [19] [6].

In the cited model the sgs tensor 1°¢* is assumed to be
proportional to the strain rate tensor of the Favre filtered ve-
locity field, through a fourth order symmetric tensor ‘B

(8) Tij = —pA’(S|B, irsSrs-

The filter size A is determined elementwise as

— s Vol(K)
® AlK) = \/ ne(K)+1°

where ny(K) = ((px+1)(px +2)(pxk +3)/6—1) is the
number of basis functions required to span the polynomial
space PPk (K) of degree pk. The fourth order tensor B can
be contracted in a second order symmetric tensors C by
means of any rotation tensor. In particular, using the basis
of the orthogonal Cartesian reference frame, we get

2 L E
(10) T = —PA GylS1Si)-
The Germano’s dynamic procedure [21] is then applied to
determine the six independent element of the tensor C. The
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subgrid heat flux
(11) 0% = —pA’C2|3[oiT,

and the subgrid diffusion flux

Sgs pA |5|C a ( ukuk)

are modelled in a similar way and are computed at each
time step with the dynamic procedure.

(12)

2.3 The Polynomial Adaptivity

The polynomial degree in each element can varies in space
and time adatping himself to the local resolution require-
ment. The criterion to select the maximum polynomial de-
gree in each element is based on an indicator sensitive to
the local conditions of the turbulent flow and suitable for
LES, presented in [8, 5]. This indicator is based on the
structure function defined as

Dij =< [uj(x+r,t) —ui(X,1)] [uj(x+1,0) —u;(x,1)] >,

to which the contribution due to homogeneous isotropic tur-

bulence
) Fir
iSO i
D;; (r,2)

= Dyn(1t)8;; + (Drr(rt) — Dyn(r:t)) rzj

is removed. Here < - > represents the expected value oper-
ator and Dy, Dyy are the longitudinal and transverse struc-
ture functions, respectively. The structure function is evalu-
ated for each couple of element vertices and then averaged
over the element. The structure function is directly related
to the subgrid stresses and has been widely used to study
turbulence statistics [22} 23} [24]. The structure function es-
timates how much the solution is fluctuating inside the el-
ement and where more resolution is required or where the
reduction of the resolution in that element is possible.

The polynomial adaptativity indicator is then defined as:

(13) Indgp

Although the structure function indicator is more com-
plex then other indicator based on the numerical error
[25, 126], it could give more physical insight on the flow con-
ditions.

In the simulations here presented, the maximum poly-
nomial degrees in each element ranges between 2 and 4. If
the indicator value is lower than a threshold €; the maximum
polynomial degree 2 is imposed, while the degree is limited
to 4 if values higher than the threshold €, are reached, and
degree 3 is imposed for intermediate values. In the dynamic
adaptive procedure the polynomials degrees can increase
or decrease by one degree only. The computational load
among the processors in a parallel run is balanced at the
beginning of the simulation and at each restart on the basis
of the adaptivity indicator obtained by the previous simula-
tion, in order to avoid unbalanced load between computa-
tional processors.

3 NUMERICAL SIMULATION OF BVI

The described p-adaptive numerical code has been applied
to the simulation of the parallel interaction between a vortex
and a SD7003 infinite wing with angle of attack o = 8°, at a
free-stream Mach number Ma = 0.2 and a Reynolds num-
ber Re = 60000 based on the chord. The airfoil is extruded
0.2 in the spanwise direction as in [27} [28]. The leading
edge (LE) is located in the origin of the cartesian orthogonal
reference frame. The non-slip, isothermal Dirichlet bound-
ary condition with 7, = 1 is imposed on the airfoil. The
inflow, the upper and lower boundaries are 5 unit from the
LE while the position of the outflow surface is 10 units down-
stream the airfoil. The far field condition U.. = (1,0,0) and
T =1 is imposed at the inflow, sponge layers have been ap-
plied on the outflow, on the upper and on the lower bound-
ary to avoid reflections [29, [30] while cyclic boundary con-
ditions are applied the in spanwise direction.

Then a vortex is introduced in the field developed
around the airfoil to simulate the BVI phenomenon.

A vortex, with axis parallel to the wing and rotating in
counterclockwise direction, has been introduced upstream
the airfoil, overlapped to the developed velocity field ob-
tained by a previous simulation .

The vortex is similar to those one defined in [31],132] in-
ducing the velocity and pressure

—}’2 X —7'2
Z—FF%eXp <2R%>’ VZFF%eXp (m)7 w=0

_1—*2 _r2
=t g ()

where I is the vortex circulation, r is the distance from
the vortex centre and pq is the pressure in the statistically
steady-state initial condition. The chosen values for the vor-
tex radius R, = 0.05 and I' = 0.0412 are similar to values
measured by [33].The vortex has been introduced in the
position (x,,y,) = (—1,—0.0166). The vortex starting from
this position, slightly below the trailing edge (TE), hits the
LE because of the induced velocity. It has been verified that
one chord upstream is sufficient to avoid any initial influ-
ences of the vortex on the airfoil.
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Figure 1: The two dimensional sketch of the computational mesh:
the global view (top) and the detail of the structured layer around
the airfoil (bottom)

A two dimensional sketch of the adopted grid is repre-
sented in Figurem A refinement line upstream the airfoil,
to prevent the over dissipation of the vortex, is visible. A
structured grid layer 0.01 thick has been designed around
the airfoil. This structured layer is divided in N, = 5 and
N, = 8 layers in normal to the wall and spanwise directions
respectively. Each hexahedra obtained by this way is di-
vided in 6 tetrahedral. The resulting grid with 110577 ele-
ments, corresponds to a resolution for polynomial degree 4
equal to Az =1.38 x 1072 and A, = 4.76 x 10~ in span-
wise and normal to the wall direction respectively. The dy-
namic polynomial adaptivity have been applied considering
the thresholds values €; = 10~* and &, = 1072. The SF
indicator has been computed at time interval At;,,; = 4At
where Ar = 1.1 x 1077 is the computational time step, and
then it was averaged over Atyq,, = 30At;,4 before to up-
date the polynomial degree distribution. These procedure
ensure to accurately follow the vortex advected with a veloc-
ity comparable to the undisturbed one and to correctly rep-
resent the unsteady flow above the airfoil since the adaption
interval is also much lower than the vortex shedding period
on the transitional bubble.

p_deg
20e+00 3
||

4.0e+00

Figure 2: Polynomial degree distribution around the airfoil. The

vortex approaching the airfoil is evident.

Figure [2] shows the resulting polynomial degree distri-
bution when the vortex is approaching the airfoil.

3.1 Results

To evaluate the effect of the BVI the results of present sim-
ulations are compared to the ones obtained for the devel-
oped flow around the SD7003 wing in similar conditions
but without the impinging vortex [34], considered as refer-
ence simulation. The developed flow around the SD7003
airfoil in these conditions is characterized by a short lami-
nar separation bubble close to the LE with a turbulent reat-
tachment. The position & of the boundary layer separation,
& of the transition and of the reattachment &,, evaluated
along the chord, together with force coefficients, resulting
by the reference simulation without BVI are reported in Ta-
ble[T|demonstrating good agreement with literature results.
A remarkable difference between the reference simulation
and the literature is found for the reattachment position: this
could be related to the fact that the ILES presents an es-
sentially dissipative behavior while the dynamic anisotropic
model used in the reference simulation is suitable to repro-
duce the backscatter phenomenon, fundamental for a cor-
rect simulation of transitional separated flow.

The transitional bubble is clearly depicted in Figure [3(a)]
representing the streamlines and the x component of the ve-
locity averaged in spanwise direction, at the instant r = 0.8,
before the influence of the approaching vortex is manifest-
ing. The instability of the separated shear layer and its tran-
sition to turbulence is visible in Figure [4(a)| representing the
spanwise component of the vorticity vector at the same in-
stant t = 0.8. The instantaneous field of the streamline ve-
locity component represented in Figure[5(a)]is also interest-
ing. Here we see the stagnation point located just below the
nose, the separation of the laminar boundary layer on the
suction side, an intense negative velocity in the separated
region, and then the reattachment of the turbulent boundary
layer.

The type of BVI here considered is usually called vis-
cous interaction because of the collision of the viscous core
of the vortex on the LE. After the impact, the primary vor-
tex splits into two secondary vortices which are advected
downstream and, eventually, break down into smaller scales
structures [36]. This behaviour is well represented in Figure
representing the spanwise vorticity at # = 1.1: the vor-
tex hitted on the nose has splitted and on the suction side,
where the effect is more intense, it is broken down in small
vortices. Looking at the streamlines in Figure and at
the streamwise velocity in Figure 5(b)] at the same instant
t = 1.1, it is possible to see a separation region stronger,
shorter and anticipated respect to that one of the undis-
turbed developed flow. The transitional bubble character-
istic of the SD7003 flow is not more present and it is sub-
stituted by a disturbed attached boundary layer. In Figure
it is evident that the vortex shedding of the statistically
steady-state condition is not yet reestablished.
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Table 1: Results of the simulation of the developed flow on the SD7003 airfoil [34] taken as reference simulation. C;, C;, Cy, are the
lift, the drag and the moment coefficients respectively. & indicates the coordinate parallel to the chord; &, &;, &, are the positions of the
separation, of the transition and of the reattachment above the transitional bubble. Some results from literature are also reported.

Mach C Cy Cn &s (t,, &r
Reference P-adapt. LES [34] 0.2 0.9693 0.0346 —0.0186 0.038 0.1 0.175
Experimental [7] <0.01 0936 0.0299 - - - -
P-adapt. ILES 0.1 0.9270 0.0470 - 0.0301 - 0.3123
O(4) ILES [28] 0.2 0.968  0.034 - 0.037 0.105 0.20

velocity X
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h

#/602 003 004 005 006 0.7 008 009 01 011 012 013 0.14 015 016017 0.8 019 02 021 022 023 024 025 026 027 028 029 03 031 032
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o) r=1.1
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e |
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...................... popoyp YOy
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dr=16

Figure 3: Streamlines for the spanwise averaged velocity field
above the separation bubble; from top to the bottom: before the
hit of the vortex, at the instants corresponding to the maximum
and the minimum lift and when the vortex is passed downstream.

() r=1.1

dr=16

Figure 4: Spanwise component of the vorticity; from top to the bot-
tom: before the hit of the vortex, at the instants corresponding to
the maximum and the minimum lift and when the vortex is passed
downstream.
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ure contribution
- Viscous contribution

(a) Drag coefficient

(b) Lift coefficient

c)r=13

Figure 5: Streamline component of the velocity: before the hit of —
the vortex (left), at the instant corresponding to the maximum lift

(middle) and the minimum lift (right).
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0

(c) Moment coefficient

Figure 6: Forces coefficients in function of time during the BVI,
compared with the reference simulation without the vortex.
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Figure 7: Pressure coefficient C,, at different times during the BVI,
compared with the reference simulation without the vortex [34].

The analysis of the loads oscillations is the most inter-
esting result from an engineering point of view and for struc-
tural analysis. The comparison between the force coeffi-
cients during BVI and the value obtained by the reference
simulation without vortex [34] is showed in Figure [6] The
BVI does not affect the force coefficients until # ~ 0.8 when
the vortex is 0.4 upstream the LE. The drag is the first com-
ponent of the aerodynamic force to change, decreasing to
the minimum value of Cy i, = —0.014 at 1 = 1.04 when
the low pressure core of the vortex acts on the LE. This is
confirmed by the Figure which demonstrates that the
stronger variation in the drag is pressure-driven. Since the
impinging vortex is counter-clockwise it induces an increase
of incidence and as consequence the lift coefficient rises
until its maximum value Cj ;4 = 1.228 at t = 1.08, corre-
sponding to an increment of 27% the reference C; value
(see Figure [6(b)). Some different phenomena happen be-
tween t = 1 and r =~ 1.2 which affect the force coefficients
behavior. First of all, Figure [7] shows a modified pressure
distribution at # = 1.0 and for 0 < & < 0.2, on both pressure
and suction sides of the airfoil, as effect of the induced in-
cidence, resulting in an increase of the lift coefficient. The
vortex splits in two at r = 1.04 corresponds to the minimum
drag. After that the low pressure core of the splitted vortices
causes the minimum value of the C), on the pressure side
and the high peak on the suction side for = 1.1. The sec-
ondary vortex moving on the pressure side causes pressure
values higher than in the reference simulation, especially
for 0 < & < 0.3, as shown fort = 1.2 in Figure Conse-
quently the moment coefficient reaches its minimum value
Cnmin = —0.054 with an increment of 190% respect to the
reference value C,, = —0.0186 at t = 1.17. This minimum
value of C,, is also related to a difference between the low
pressure in the vortex core at £ ~ 0.1 and the higher pres-
sure for & > 0.5 caused by the acoustic wave generated by
the collision of the vortex on the leading edge, as shown in
Figure [B(b)] This pressure difference affects also the max-
imum of the drag coefficient Cy jqx = 0.064, for t = 1.15,
representing an increase of 85% respect to the reference
value.

@ t=0.9

() t=14

Figure 8: Visualization of the pressure perturbation p — p, in the
plane z = 0.2 at different time #: when the vortex hit on the LE at
t =0.9; at r = 1.2 just after the minimum of C,;; att = 1.4. The
circle highlight the high pressure caused by the acoustic wave gen-
erated by the impact of the vortex.

The secondary vortex, moving on the suction-side, dis-
turbs the boundary layer and generates a local separation
which get the lift decreases reaching the value Cj i, =
0.855 at the time t = 1.3, with a defect of 18% respect to the
reference value, while the moment coefficient reaches the
maximum C,,, ;uqx = 0.004. Finally it is worth noting that at
t = 1.9 the drag coefficient reaches the steady state value
at r = 1.9, while the lift is still bit lower and, consequently,
the moment coefficient is higher then the corresponding ref-
erence values. A longer simulation should be necessary to
observe the end of the transient. This particular behavior
is probably related to the passage of the vortex on the re-
circulating region on the suction side which takes time to
regenerate.
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4 CONCLUSIONS

The LES using the dynamic P-adaptive approach in a DG
framework has been applied to the study of the parallel, vis-
cous BVI. The results are compared with a reference sim-
ulation of the developed flow in similar conditions to show
the effects of the interaction on the transitional separated
region and on the aerodynamic forces. Lift, drag and mo-
ment coefficients are all strongly affected by this interaction.
It is interesting to notice also the effect on the moment co-
efficient due to the pressure wave generated by the impact
of the vortex.
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