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Abstract In order to improve the vortex resolution
in aerodynamic wakes, a locally normalized vortex
feature-based vorticity confinement method is imple-
mented into the multi-block, structured computational
fluid dynamics solver (ROSITA). In this method, the
second vorticity confinement (VC2) scheme with two
well-known vortex feature detection methods (non-
dimensional Q criterion, non-dimensional 4, crite-
rion) is employed to counterbalance the truncation
error introduced by the numerical discretization of
the convective term. The flow field of two benchmark
three-dimensional steady vortex-dominated cases, the
NACAO0015 wing and the Caradonna-Tung hovering
rotor, is simulated with the implemented method. The
improvements in aerodynamics prediction, vorticity
preservation, computational stability, and efficiency
are demonstrated. From the numerical results, the
vortex feature-based confinement models significantly
improve the computational stability, the aerodynamic
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loads prediction and vorticity preservation capability,
especially for the 1,—based VC2 model. In addition, it
allows the use of higher confinement parameters on
a coarse grid with a relatively higher computational
efficiency to obtain better results than those of a finer
grid.

Keywords Vorticity confinement - ROSITA solver -
Vortex feature detection - Vortex-dominated flows

1 Introduction

In vortex-dominated flows, like the airplane wake and
helicopter rotor wake, the numerical solution of vor-
tices tends to dissipate at a higher rate than what is
observed in real life due to the diffusion and dissipa-
tion from the Navier—Stokes equations discretization.
This significantly affects the evaluation of the aero-
dynamic performance. Over the past decades, numer-
ous numerical methods have been proposed to help
reduce vortices dissipation and increase the capabil-
ity of vorticity preservation, including the high fidel-
ity methods (LES [1], IDDES [2], ‘), high-order
flux reconstruction schemes (Sth-order WENO [3],
4th-order MUSCL [4], ), and mesh adaptation algo-
rithms (AMR [5]). Despite the improved accuracy of
these approaches, such techniques are computation-
ally expensive and increase the complexity of numeri-
cal codes. In contrast, the vorticity confinement (VC)
methods, which allow to conserve vortices over a
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long period of time by adding an anti-diffusion source
term into the Navier—Stokes equations, present a rem-
edy with a moderate computational cost. For this rea-
son, the use of VC methods in support of computa-
tional studies for the vortex-dominated flows has led
to an interesting topic in the last few decades.

Since Steinhoft and co-workers proposed the origi-
nal VC (VCI) method in their works [6—8], many
studies have been carried out on this topic. In the
early research, several attempts have been carried out
to extend this method to compressible flows [9-11].
After G.Hu et al. [11] presented a more stable VC
scheme for the compressible flows by interpreting
Steinhoft’s formulation as a body force, the primary
research on the VC method changed to the develop-
ment of high-order schemes and the determination of
the confinement parameter &.

In terms of the high-order VC schemes, Costes
et al. proposed a series of high-order VC formulations
based on the second vorticity confinement (VC2)
scheme and applied them to the rotor wake simula-
tions [12—15]. M. Costes and G. Kowani also derived
a dynamic confinement parameter which is related to
the local vorticity in Ref. [16]. Robinson [17] devel-
oped an expression of the confinement parameter
based on helicity. Hahn and Iaccarino [18] introduced
a new adaptive VC parameter related to the differ-
ence between central and upwind discretisation of
the convection terms. In more recent research, the
VC method is coupled with the TVD (Total Variation
Diminishing) limiters to reduce the sensitivity of the
solutions to the value € [19].

Although many studies on the VC approach were
carried out in the past decades, there still remains an
intrinsic issue. In most of these studies, the non-zero
vorticity magnitude is used as the factor for vortex
identification. It means that the vorticity confinement
term is computed at each point in solution domain
where the vorticity magnitude is not equal to zero.
However, using vorticity magnitude to define a vor-
tex structure is not adequate. It will not provide the
correct results in the areas where the vorticity mag-
nitude is non-zero but there is no vortex, like in the
boundary layer, for instance. To eliminate this prob-
lem, R. Boisard and co-workers [20] used the Q cri-
teria to avoid the application of confinement inside
the boundary layer. Feder et al. [21] employed the 4,
criterion as a limiter to restrict the vortices region in
tracking the tip vortex of NACAO0012 wing. Mohseni
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[22] introduced a class of hybrid methods that com-
bine four different vortex feature detection approaches
with the VC1 method and investigated the effects of
the hybrid techniques on the computational precision
and speed with a 2D stationary single vortex. How-
ever, the investigation of the above hybrid VC meth-
ods on three-dimensional flows are still ignored. In
addition, the performance of different vortex feature
detection VC approaches need to be evaluated.

This paper presents two vortex feature-based vor-
ticity confinement models based on the VC2 scheme
and the well-known vortex detection formulations,
Q-criterion and A,-criterion, for the simulation of
three-dimensional vortex-dominated flows. Both of
these two vortex detection methods are normalized
by the local shear-strain rate. At first, the benchmark
NACAO0015 wing case is calculated; these two for-
mulations are compared with the original VC2 model
regarding the aerodynamics prediction, vortex profile
and computational stability. Then, the influence of
each VC model on typical rotational flows is investi-
gated by calculating the case of the Caradonna—Tung
rotor in hovering flight mode. The original VC2
method and the two vortex feature-based vorticity
confinement methods are briefly referred as OVC2,
FVC2-Q, and FVC2-L2.

2 Computational methods
2.1 Flow solver (ROSITA)

This work is performed using a multi-block, struc-
tured Reynolds-Averaged Navier—Stokes (RANS)
solver developed at Politecnico di Milano, ROSITA
(ROtorcraft Software ITAly) [23]. ROSITA is a three-
dimensional, MPI-parallel, finite-volume solver with
the one-equation Spalart-Allmaras turbulence model
and CHIMERA technique. The Navier—Stokes equa-
tions are formulated in terms of the absolute velocity,
expressed in a relative frame of reference RF linked
to each component grid to simplify the flow field
solution in the overset grid system. The finite-volume
forms could be written as:

2% WdV+/ (fc—fd)-ndS=}I§ fsdv o)
ot Vi Si/’k Vi

where
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W donates the vector of conservative variables
inside the flow domain. The expressions, f, and f,,
represent the convective flux tensor and diffusive flux
tensor, respectively. n is the outward normal unit vec-
tor and v is the entrainment velocity vector. Vi is the
cell volume and Sy is the cell surface, f stands for
the source term due to the movement of the relative
reference frame. Q,, Qy,Qz are the angular velocity
components of the RF in the absolute frame.

In ROSITA, the space discretization leads to a system
of ordinary differential equations for the rate of change
of the conservative flow variables associated with the
centers of the cell volumes, the equation (1) then reads:

d
E(Vw)ijk +R; =0 2)

where R, stands for the flux balance across surface
S, of the hexahedral cell (i, j, k). The flux balance
can be written as:

Rijk = (Qc)ijk - (Qd)ijk - (Fs)ijk 3)

where (Q,); is the convective flux balance (convec-
tive and pressure effects), (Qg); is the diffusive flux
balance (viscous effects), (Fs)ijk is the source terms.
The convective flux is approximated by the use of
Roe-MUSCL 2nd-order discretization with a modi-
fied version of Van Albada limiter [24], and a stand-
ard second-order central discretization calculates the
diffusive flux; the components of stress tensor are dis-
cretized by the application of the Gauss theorem.

An implicit dual-time method is used for the time
derivative; the equation (2) can be replaced by an
implicit 2nd-order backward differential formula:
VWY —avwyr + (VW)

VWG —AVWR+OWR i @)
2At ik

where the state vector W;j‘.:l is solved by sub-iterations
in pseudo-time at each physical time step Az. In the
sub-iteration steps, a generalized conjugate gradi-
ent (GCG) [25], in conjunction with a block incom-
plete lower-upper (BILU) pre-conditioner [26], is
implemented.

The CHIMERA technique is based on the modified
Chesshire and Henshaw algorithm [27]. The Oct-tree
and alternating digital tree data structure are adopted
to speed up the tagging process.

2.2 Vorticity confinement method

In the past, Steinhoff proposed two famous vorticity
confinement schemes, called VC1 [6] and VC2 [28],
respectively. In this work, the VC2 scheme, which
has the advantage of making momentum conserva-
tive and not singular at the vortex center, is adopted
for the preservation of vorticity in vortex-dominated
flows.

The implementation of the VC2 scheme is based
on the experience accumulated with the VC1 scheme,
that is, the confinement term is added to the momen-
tum equation alone as a body force term f}. This
approach is preferred because far better results are
obtained when the vorticity confinement term is
removed from the energy conservation equation [29].
The expression of f, may be written as:

&=\l +6
N (17!
_ o Zn=1(a)ﬂ)
‘ElT] ®)
fb=VX6w

where the quantity 6 is a small positive value to pre-
vent division by 0 in w. The vector w can be inter-
preted as the locally normalized vorticity vector
multiplied by the harmonic mean of vorticity magni-
tude. The harmonic mean is calculated over a local-
ized stencil of N cells ; for a uniform hexahedral
mesh, N = 7, which involves the center cell and six
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neighboring cells. € is the confinement parameter
which is a positive coefficient. The & values used in
this work come from a trial and error procedure. The
vorticity magnitude is defined as follows:

_ow oy

w, = ,
dy 0z

o] = /@ + @} + w2 (7

With the expression of f, the source term f for the
compressible confinement formulation is modified as:

_Odu _dw _dv  Jdu

DT T T oy ©

0
—p(Qw —Qv) = p-f,
fo=] —pQu—-Qw)—p-f, ®)
=Py —Qu)—p-f,
0

2.3 Vortex feature detection method

In this section, two well-known vortex feature detec-
tion methods are introduced: Q-criterion, and A4,
-criterion methods. Both methods are presented in
non-dimensional forms by imposing a normalization
with the local shear-strain rate. The vortex feature
detection approaches establish a threshold function,
Snreshoia» for identifying the vortex. This function is
evaluated at each grid cell, and a vortex is recognized
if the f;,,..n01a Value overtakes a predetermined value.

2.3.1 Non-dimensional Q

Ref. [30] identified the vortex structure in flow
regions with a positive second Galilean invariant (Q)
of velocity gradient tensor Vu. Q is expressed as the
difference of Frobenius norm between the asymmet-
ric tensor  and symmetric tensor S with the follow-
ing expression:

o=>(IQlz-1SIZ) ©)

N —

where S and Q can be respectively written as

S = %[Vu +(Vw)']; Q= %[Vu - (Vu)'] 10)

As the Q value is still dependent on the local
characteristic length and velocity, a suitable
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non-dimensional form is obtained by dividing the
equation (9) by || S ||12,. The resulting threshold func-
tion becomes

1/ 103
fhreshold == —— -1 (11)
! ANTIH

According to the criterion, vortices are identified
where the value of the threshold function f,;, . 15
greater than zero.

2.3.2 Non-dimensional 1,

The A, criterion for the identification of vortex
was first proposed by Ref. [31]. By neglecting the
viscosity and transient terms, the incompressible
Navier—Stokes equation turned into an eigenvector-
eigenvalue problem as

[S> + Q% - 4,1X; =0 (12)

The A, criterion evaluates the second largest eigen-
value of the symmetric tensor S + Q2, namely 4,. A
vortex is then detected with the condition of 4, < 0.
Similar to the non-dimensional Q criterion, || S ||12E is
used to normalize the non-dimensional A, criterion.
The threshold function can be written as

)’2
IS 113

Sitreshota = — 13)
where a vortex is obtained with a positive threshold
value (fesmoe > 0)- In this work, since the $? + Q2
is real and symmetric, the eigenvalues can be readily
calculated by the non-iterative algorithm, presented
in Ref. [32].

3 Results and discussion

This section considers two practical test cases to
analyze the second vorticity confinement method
with different vortex feature detection formulations
in detail. First, in the case of the NACAO0015 wing,
the performance of the vortex feature-based vorticity
confinement methods is evaluated in terms of aerody-
namics prediction, vorticity preservation, and compu-
tational stability. The second part contains the solu-
tions of the helicopter rotor flow with the application
of implemented VC models.
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3.1 NACAO0015 wing

The flow around the NACAOO1S5 wing with square
tips is now considered to demonstrate the perfor-
mance of the implemented VC models with the
Navier—Stokes equations. Numerical simulations
without any VC models are also undertaken for
comparison.

The determination of the value of the confinement
parameter € is the critical issue in applying the VC
models for a given discretization, a too large constant
€ value may lead to some robustness problems in the
simulation. On the other side, a small value may have
an insignificant effect on the vorticity confinement. In
this work, the £ values were carefully determined by
a trial and error procedure, seeking, for the given dis-
cretization, the largest value which allows to obtain a
reduction of the residuals of at least three orders of
magnitude. The values so obtained were considered
as optimal values.

In Ref. [33], an experimental campaign was con-
ducted in the 7 X 10-Foot subsonic wind tunnel at
NASA Ames to measure the NACAOO15 wing pres-
sure and trailing vortex. The experiment refers to a
NACAO0015 wing with aspect ratio of AR = 6.6 and
chord length of ¢ = 0.52m at different operation con-
ditions. In this work, the selected test case is operated
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under the condition of a« =12°, M =0.1235, and
Re =1.5x10°.

An overset grid system generated using the Chi-
mera technique was adopted for the study of the
NACAO0015 wing case. It consists of a background
grid, a vortex grid, and a near-body wing grid (see
Fig. 1). The background grid was discretised with an
H topology. In stream-wise direction, the inflow sec-
tion was located at 12¢ from the leading edge of the
wing, the outflow section was placed at a distance of
19¢ from the trailing edge of the wing. The far-field
boundary was extended up to 9c from the wingtip in
the span-wise direction and to 7c¢ from the wing sur-
face in the normal direction. An intermediate vortex
grid was extended up to 6¢ from the trailing edge to
maintain the integrity of the stream-wise vortex. The
near-body wing grid was built with a C-H topology.
The wall distance of the first layer of body surfaces
was set to 1 X 107¢ so that the y* value was less than
1. A non-slip boundary condition was applied on the
NACAO0015 wing surface. The zipped-grid technique
[34] was employed on overlapping surface grids to
deal with the wing root configuration with no gap
between the wing root section and the wind tunnel
wall.

To account for the grid spatial resolution effects on
aerodynamic loads prediction, different wing meshes

(b)

Fig. 1 Computational domain and detailed view of NACAO0O015 wing grid system: a overset grid system, b cross-section view of the

overset grid system
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on the same geometry and topology were employed
with cell densities increasing from 1.33 to 5.96 mil-
lion. Details of grid discretization information are
reported in Table 1 for background and vortex meshes
and in Table 2 for wing mesh.

3.1.1 Grid sensitivity study

A grid sensitivity study was conducted first for the
wing mesh with three different grid spatial resolu-
tions, namely coarse, medium and fine (see Table 2).
The simulations were performed at two test condi-
tions with @ = 8° and 12° to assess the accuracy of the
predicted aerodynamic loads. A quantitative analy-
sis of the grid sensitivity of the solutions is reported
in Fig. 2. In this figure, C; and Cj, values are com-
pared with the data measured from wind tunnel [32].
The comparisons show that all computed C; values
are slightly lower than the experimental data, small

differences between CFD results can be appreciated
for the C; values. However, the C, value computed
by the coarse grid is significantly different from the
results of the medium and fine grids. A weak sen-
sitivity on the grid resolution can be observed for
the computed C; and C;, values, especially for the
medium and fine grids. Therefore, the spatial discre-
tization of the medium grid can be considered for
further analysis to guarantee precision and computa-
tional efficiency simultaneously.

3.1.2 Effect on computational stability

Regarding the stability of each VC model, Fig. 3
shows the convergence histories of flow solution
residual at € = 0.002, 0.005 and 0.02, as well as the
lift coefficient at € = 0.02. The data of the non-VC
model case is used for comparison. All flow solu-
tions were simulated using the RANS equations,

Table 1 Details of the background and vortex grids (Minimum spacing is outlined in terms of airfoil section chord c¢)

Mesh N,, Ny N, N, AX(x1073) AY(x1073) AZ(x1073)
Background 1545480 159 108 90 50 50 52
Vortex 2528800 160 145 109 375 75 75

Table 2 Details of the wing grid (&: chord-wise, {: span-wise, #: normal, minimum spacing is outlined in terms of airfoil section

chord c.)
Mesh N, N; N, AE(X1073) AL(x1073) An(x1073)
Coarse 1333504 220 124 1.8 0.15 0.01
Medium 3556000 300 165 1.02 0.1 0.01
Fine 5957951 358 181 0.6 0.05 0.01
Fig. 2 Grid sensitivity 1.6 =E —— 1.6
. . } _ xperimen
study:aC; -a,bC; -Cp e Coarse
1.2 F -« Medium 1.2
- Fine
—
O 08 O 08
04 0.4
O 1 1 1 1 0 1 1 1
0 3 6 9 12 15 0.02 0.04 0.06 0.08
a/° Co
(@) (b)
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Fig. 3 Convergence history 0 0
of the NACAQ015 wing for o — w/o, VC =
the cases with and without 5 -1 —w, OVC2 5 -1
VC models: a flow solu- = , FVC2-Q c
tions residual, € = 0.002, T -2 g 2
b flow solutions residual, ko) %
e =0.005, ¢ flow solutions o -3 Eclr) -3
residual, € = 0.02, d lift 3 <
coefficient, € = 0.02 > 4r o 4r
S £=0.002 S €=0.005
-5 1 1 1 -5 1 1 1
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c
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3 -3
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-5 1 1 1 3L 1 1 1
0 4000 8000 12000 16000 0 4000 8000 12000 16000

Pseudo time step

(c)

coupled with the Spalart-Allmaras turbulence model.
The governing equations were integrated with the
implicit dual-time stepping method of ROSITA, using
a pseudo-time Courant—Friedrichs—Lewy (CFL) num-
ber equal to 3.0. From Fig. 3a—c, it is observed that
the residuals of the OVC2 model go up as the value
of the confinement parameter € increases. It indicates
that the stability of the OVC2 model case gradu-
ally worsens as the € value is increasing. In contrast,
the stability of the calculations carried out with two
vortex feature-based VC (FVC2-Q and FVC2-L2)
models could be better preserved for all tested e val-
ues, although there are minor differences between
them when £ = 0.02. More detailed stability behav-
ior of VC models on the C; characteristic is plotted
in Fig. 3d. In this example, an irregular oscillation
can be observed with the OVC2 model, whereas the
cases with the two vortex feature-based VC models
provide periodic solutions. This discrepancy of the
convergence history expresses a potential advantage
of the vortex feature-based VC models in maintaining
the robustness of the original ROSITA solver. From

Pseudo time step

(d)

above analysis, the optimal value of the confinement
parameter € could be determined: €, = 0.002 for the
OVC2 model, £, = 0.02 for both the FVC2-Q and
FVC2-L2 models.

3.1.3 Influence on aerodynamic loads prediction

Different VC models have been tested to check the
consistency of the aerodynamic loads (C;, Cp,), when
the optimal € parameters were applied. Due to the
slightly oscillation behavior of the solutions, an aver-
age procedure was activated over 250 pseudo time
steps at the end of the calculations.

In Fig. 4, the computed sectional distribution of the
aerodynamic loads (C;, Cp) along the wing span are
compared against the measured wind-tunnel data. It
appears that, for the optimal € value, although a good
prediction of the sectional C; distribution is obtained
by the OVC2 model case, the C;, distribution is over-
estimated due to the application of confinement inside
the boundary layer. Nevertheless, two vortex feature-
based VC models provide more acceptable and robust
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Fig. 4 Effect of different 1.8
VC models on wing span

aerodynamic loads: a C;, 15
b Cp 1.2

o
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Fig. 5 Vorticity contour profile is poltted at five stream-wise
stations

results with minor discrepancies between them and
with the simulation without VC. These improvements
may be explained as the over-confinement in the
boundary layer region is avoided by introducing the
vortex feature-detection methods.

3.1.4 Effect on vorticity preservation

The contours of vorticity are plotted at five stream-wise
stations (x/c = 0.05, 0.25, 0.45, 0.65, 0.85), as illus-
trated in Fig. 5. Figure 6 presents the formation pro-
cedure of wing-tip vortex structures at the onset phase
calculated by different VC models with the optimal €
value and non-VC model with € = 0.0. Two strong vor-
tex systems, one from the suction side of the wing-tip
and the other associated with the pressure side of the
wing-tip, are shown. The improvement of vorticity for
both two vortex systems could be seen from the solu-
tions of the OVC2, FVC2-Q, and FVC2-L2 models.
Meanwhile, compared with the OVC2 model case, the
vortex feature-based VC models present better behav-
ior of vorticity preservation.

@ Springer

Figure 7 shows iso-surface of Q criterion at Q =
0.8 with the optiaml € used. It is clear that the stream-
wise vortex shedding from the wing-tip is preserved
much better by the vortex feature-based VC models.
In addition, the FVC2-L2 model provides an almost
identical distance of the downstream tip vortices with
the FVC2-Q model. As for the OVC2 model case,
although the downstream tip vortices are preserved
better than the non-VC model, the vortices diffused
much faster than the vortex feature-based VC models.

The normalized z-velocity through the wingtip
vortex core is one of the indices to evaluate the per-
formance of the VC models. The velocity profile is
extracted by a line passing through the vortex core
parallel to the span-wise direction, as indicated by
Fig. 8. Figure 9 further quantify the improvement of
the VC models on vorticity preservation by compar-
ing the swirl velocity profile recorded at two- and
four-chord lengths downstream of the trailing edge
with measurements. As state previously, the OVC2
model presents the improved velocity profile but a
fast diffusion downstream. In contrast, the vortex fea-
ture-based VC models are able to offer more desirable
values. In addition, the improvement in the predicted
maximum z-velocity for the vortex feature-based
VC models are apparent with respect to the non-VC
model. For example, at two chords downstream, the
solutions of the FVC2-Q and FVC2-L2 models have
increased the maximum z-velocity value by 43.9%
and 44.3%, respectively, compared with the non-VC
model. At location of four chords downstream, the
increase becomes 32.4% and 33.1%, respectively. It
can be said that the vortex feature-based VC models
have somehow more robust values than the OVC2
model. Furthermore, these results demonstrate that
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the vortex feature-based VC approaches have better
performance on vorticity preservation than the OVC2
model.

3.2 Caradonna—Tung rotor in hover

In this section, the flow around the Caradonna—Tung
rotor blades, in hover, is used to demonstrate the per-
formance of the implemented VC models on a three-
dimensional rotor flow. Due to the public availability
of the experimental datasets, this rotor represents a
benchmark to validate the VC models for hovering
helicopter rotors.

The 2-bladed Caradonna—-Tung model rotor has
untwisted planform of 1.143 m radius. The blades are
comprised of symmetric NACA0012 airfoil of 0.1905
m chord length. Experiments were carried out in the
Army Aeromechanics Laboratory’s hover test facil-
ity, where a large chamber with special ducting was
designated to eliminate room recirculation [35]. The
hover conditions considered here employ a blade col-
lective pitch angle of 8°, blade-tip Mach number of
0.877, and precone angle of 0.5°.

A moving embedded grid system is designed for
the present study, composed of background grid, and
two identical body-fitted blade meshes. The grid sys-
tem is presented in Fig. 10. The background mesh
consists of two different cylindrical grids. A coarse
grid (far-field grid) is generated to represent the flow
domain far from the rotor, where outer boundaries are
located 4R (above), 8R (below), and 8R (radial) away
from the blade hub. A finer grid (near-field grid) is
created to model the flow region close to the blades.
The body-fitted blade grid is modelled with a C-H
topology. The wall distance of the first layer of blade
surfaces is set to 1 x 10™¢ so that the y* value is less
than 1. A non-slip boundary condition is applied on
the blade surface.

To account for the grid sensitivity effect for the
solutions around the blade, three structured blade
grid, increasing the mesh size from 0.8 to 2.4 mil-
lion cells, are generated to perform the grid sensitiv-
ity analysis. Furthermore, three near-field meshes are
considered for the assessment of VC models on vor-
ticity preservation and computational efficiency. The
summary of the far- and near-field grids is shown in
Table 3. The blade grid details are reported in Table 4

3.2.1 Grid sensitivity study

A grid sensitivity study is carried out first to obtain
the grid convergence solutions when no VC models
are enabled. Computations are performed by employ-
ing the NGI near-field mesh and three different blade
meshes with coarse, medium and fine grid densi-
ties. Fig. 11 shows the comparison of the calculated
Cp distributions with experimental data [34] at three
radial positions, #/R = 0.5, 0.89 and 0.96. At inboard
station (/R = 0.5), the sectional Cp distributions are
almost identical for three grid density cases. At two
outboard positions (/R = 0.89 and 0.96 ), the grid
resolution effect becomes more notable on the pre-
diction of transonic shock wave. A more smeared
shock is observed for the coarsest grid case. However,
the results of the medium and fine grid cases are in
good agreement with the measurements with negligi-
ble difference between them. Therefore, it is reason-
able to believe that sufficiently converged results are
obtained with the medium blade grid, which can be
used for further study.

3.2.2 Effect on computational stability

In terms of the computational stability of the imple-
mented VC models, Fig. 12 shows the flow solution
residuals of the Caradonna-Tung rotor blade ( NGl
near-field mesh for all the test approaches) under
seven confinement parameter values, where € = 0.0
stands for the solution without any VC models ena-
bled. All flow solutions were simulated by solving the
RANS equations, coupled with the Spalart-Allmaras
turbulence model. The governing equations were inte-
grated with the implicit dual-time stepping method of
ROSITA, using a pseudo-time CFL number equal to
3.0. Typically, 4000 iterations are required to reduce
the residuals by four levels of flow solutions in most
cases. However, it is observed that, for the OVC2
solution with € = 0.02 , some robustness problems
occur after about 500 pseudo-time steps; therefore
values greater than € = 0.02 were not tested for the
OVC2 model. The result for the FVC2-Q model with
e = 0.05 starts diverging after 6000 pseudo-time
steps. The FVC2-L2 model is able to maintain the
stability of the entire calculation process until € =
0.07. This supports the idea that with the introduction
of vortex feature-detection method, the robustness of
the standard VC2 model is maintained with higher
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«Fig. 6 Formation process of wing-tip vortex: a w/o, VC
model, e = 0.0, b w, OVC2 model, ¢, = 0.002, ¢ w, FVC2-Q
model, e, =0.02, d w, FVC2-L2 model, € ,= 0.02

confinement parameters, especially for the FVC2-L2
model. Therefore, the optimal confinement parameter
value can be roughly obtained: ¢, = 0.01 for OVC2
model, £, = 0.04 for FVC2-Q model, and £, = 0.06
for FVC2-L2 model.

3.2.3 Influence on aerodynamic loads prediction

In this part, the medium blade mesh and NGI near-
field mesh are employed for all tested approaches.
Furthermore, the e parameter is set at its optimal
value for each VC model. The sectional lift coefficient
C; are employed to investigate the effect of differ-
ent VC models on aerodynamic loads prediction. An
averaging process is activated over 500 pseudo-time
steps at the end of each simulation. Figure 13 shows
the variation of sectional C; along the rotor radial
direction. It is observed that the FVC2-L2 model
case provides notable improvements, although over-
predictions are obtained for all calculations. As state
previously, this improved result could be attributed to
the use of the vortex feature detection methods, which
avoid the over-confinement in the boundary layer.

3.2.4 Effect on vorticity preservation

As shown in Fig. 14, the contour plots of vorticity
magnitude are extracted from five chord-wise sections
(y/c = 0.5, 0.25, 0.45, 0.65, 0.85). The development
of the tip vortex system over the Caradonna—Tung
rotor blade is presented in Fig. 15, where the results
with three different VC models are compared against
the non-VC model solution. From the section
x = 0.25¢, it can be seen that the application of VC
models has improved the coherent vortex structures.
However, the improvements in the vortex formation
region are not so evident.

Visualization of the Caradonna-Tung rotor wake
using the iso-surface of Q-criteria (Q = 0.15) is
shown in Fig. 16, in which the blade-tip vortex sec-
tions at five selected wake ages are extracted to better
assess the downstream vorticity preservation capabil-
ity of employed VC models. It should be reminded
that, the VC models are employed with the optimal &
values; the non-VC model is used for comparison on

the same near-field mesh. It is observed that the heli-
cal vortex filaments that are shed from the blade-tip
are better preserved with the use of the implemented
VC models when compared with the solution of non-
VC model case. Furthermore, the capacities of the
vortex feature-based VC models to preserve down-
stream vorticity are well demonstrated through the
comparison with the solution of the OVC2 model.
Quantitatively, Fig. 17 illustrated the vorticity magni-
tude of blade-tip vortex core as function of the wake
age in degrees for the solutions with and without VC
models on NG1 mesh. Although a dissipation of vor-
ticity at the vortex core is observed along with the
wake ages, the simulations performed with the VC
models result in an improved vorticity preservation
if compared with the solution without VC model. In
detail, at wake ages of x /6, an improvement of vor-
ticity by 16%, 20.8% and 25.1%, with respect to the
non-VC case, is reported for the OVC2 model, FVC2-
Q model and FVC2-L2 model, respectively. As the
wake age increases, a more notable discrepancy of
vorticity is witnessed for the solutions of three VC
models. After 5z/3, the improvement of the core vor-
ticity shown by the FVC2-L2 model is about twice
as large as found for the FVC2-Q model if compared
with the OVC2 model. These studies confirm that the
introduction of vortex feature-detection methods can
help to effectively enhance the capability of vorticity
preservation of the OVC2 model. Moreover, the 4,
-based VC2 model shows lower dissipation than the
Q-based VC2 model.

The wake structures of the non-VC model case
performed over two finer near-field meshes (NG2 and
NG3) are also shown in Fig. 18. It is observed that,
with the use of finer near-field meshes, the blade-tip
vortex of the case without VC model can be traced
up to about 11z/6 and 2z, respectively. However,
the coherent structures are better preserved up to fur-
ther distance by introducing the FVC2-Q and FVC2-
L2 model on NG1 mesh, as previously illustrated in
Fig. 16¢ and d.

This conclusion is further confirmed looking at the
variations of the blade-tip vortex strength in Fig. 19.
The vortex strength captured by the two finer near-
field meshes without VC model has a faster decay rate
than those of the FVC2-Q and FVC2-L2 solutions. At
the onset phase (y = 7 /6), the core vorticity of the
non-VC model with NG2 and NG3 meshes is greater
than the results of the vortex feature-based VC
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Fig. 7 Wake flowfield for the NACAOO15 wing using Q-criterion (Q = 0.8) obtained with different VC models: a w/o, VC model, &
= 0.0, b w, OVC2 model, £, = 0.002, ¢ w, FVC2-Q model, e, = 0.02, d w, FVC2-L2 model, ¢, = 0.02
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-
2D Probe
vl

Fig.8 Swirl velocity profile (z-velocity data normalized
by freestream) is predicted at two dimensional locations by
extracting a span-wise line, which passes through the vortex
core

models with NG1 mesh. At the wake age of w = 7 /3,
the core vorticity value of the NG2 case turns to be
lower than those of the NGI1 cases. When it is close
to the wake age of w = 2x/3, the calculated vorticity

at the vortex core center for the NG3 case starts to
become smaller than the vorticity value of the NG1
cases. In other words, it indicates that the vortex fea-
ture-based VC models express an excellent vorticity
preservation capability.

3.2.5 Effect on computational efficiency

Table 5 reports the computational time cost for the
Caradonna-Tung rotor blade simulations with the
FVC2-Q and FVC2-L2 models on the NG1 mesh as
well as the non-VC model on the NG1, NG2, and NG3
meshes. Solutions were computed on 64 cores of the
high-performance cluster Galileol00 of CINECA,
comprised of Intel CascadeLake 8260 2.4 GHz pro-
cessors, nodes interconnected by a Mellanox Infini-
band HDR100 high-performance network. As can
be observed, cases with the vortex feature-based VC
models on the coarse near-field mesh present a much
higher computational efficiency than the non-VC
model case performed on the finer near-field meshes.

Fig. 9 A comparison of 0.8 0.8
normalized z-velocity at 'f.
two and four chords down- 04 L o 04
stream for the case with and ' '
without the VC models: a 8 8
at two chords from trailing ZN 0 ) EN 0
edge, b at four chords from > : 517(? e\?g ent =
trailing edge 04 —w, OVC2 04
[ ] r W, FVC2-Q
L —w, FVC2-L2
_0-8 1 1 1 1 1 I _0-8 1 1 1 1 1
-03 02 -01 0 01 02 03 -03 -02 01 0 01 02 03
(Y-Y,)lc Y-Y,)/c
(a) (b)

Fig. 10 Computational
domain and detailed view
of Caradonna—Tung rotor
blade grid: a computational
mesh system b Caradonna—
Tung rotor blade grid

Far-field grid
W Near-field grid
W Biade grid

(a)

,

(b)
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Table 3 Details of the
background grids (t:
circumferential, r: radial, z:
normal, minimum spacing
is outlined in terms of rotor
radius R)

Mesh N, N, N, N, A(x107%)  Ar(x1073)  Az(x1073)
Far-field 1805400 360 20 118  31.1 30.6 31.1
Near-field (NG1) 3402900 360 77 95 0.14 13.1 13.1
Near-field (NG2) 4454460 360 87 115 0.14 10.5 10.5
Near-field (NG3) 5452200 360 94 130 0.14 8.7 8.7

Table 4 Details of the blade grid (¢: chord-wise, {: span-wise, #: normal, minimum spacing is outlined in terms of blade chord c)

Mesh N, N, N N, AE(X1073) AL(x1073) An(x1073)
Coarse 872500 190 100 45 1.6 0.05 0.01
Medium 1722500 305 100 50 1.6 0.05 0.01

Fine 2409066 305 138 50 1.6 0.05 0.01

Fig. 11 Blade surface pres- z -1.5

sure distribution at specified E/V

cross-section positions. Pre- Root X

dictions compared against
measurements: a radial
positions, b /R = 0.5, ¢ r/R
=0.89,d /R =0.96

4 Conclusions

/R=0.50

r/R=0.89
r/R=0.96

Tip

(a)

15

0.5 .

0.5

1.5 1 1 1 1

0 02 04 06 08 1

x/c
(c)

In the present work, the implementation of the vortex
feature-based second vorticity confinement (FVC2-Q
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and FVC2-L2) models in the ROSITA CFD solver
has been presented to obtain the high resolution of
vortical structure for three-dimensional vortex-domi-
nated flows. To assess the performance of the vortex
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Fig. 12 Residual flow 0 0
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Fig. 13 Effect of different VC models on blade span loading

Blade Tip

Fig. 14 Vorticity contour plots at five chord-wise sections
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«Fig. 15 Formation process of blade-tip vortex a w/o, VC
model, € = 0.0, b w, OVC2 model, ¢, = 0.01, ¢ w, FVC2-Q
model, £, = 0.04, d w, FVC2-L2 model, ¢, = 0.06

feature-based VC2 models, a NACAO0015 wing in
steady flow and the Caradonna—Tung helicopter rotor
in hovering flight were calculated. The results were
compared with the standard VC2 model (OVC2) and

w/o, VC, NG1
I T 2.

Vorticity, [1/s]: 0 200 400 600 800 1000 1200 1400

w, FVC2-Q, NG1

Vorticity, [1/s]: 0 200 400 600 800 1000 1200 1400

(c)

non-VC model solutions in terms of computational
stability, aerodynamic prediction, vortex resolution,
and computational time consumption. It was found
that the vortex feature-based VC models express bet-
ter performance on above aspects. Furthermore, the
present methods allowed higher confinement param-
eters on a coarse grid with a relatively high computa-
tional efficiency to achieve better solutions than those

w, OVC2, NG1

Vorticity, [1/s]: 0 200 400 600 800 1000 1200 1400

w, FVC2-L2, NG1

2 Vorticity, [1/s]: 0 200 400 600 800 1000 1200 1400

(d)

Fig. 16 Wake flow-field for the Caradonna—Tung rotor using Q-criterion (Q = 0.15) obtained with different VC models: a w/o, VC
model, £ = 0.0, b w, OVC2 model, £, = 0.01, d w, FVC2-Q model, €, = 0.04, e w, FVC2-L2 model, £, = 0.06
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Fig. 17 Vorticity of the blade-tip vortex core, obtained with Fig. 19 Vorticity of the blade-tip vortex core, obtained with
and without VC models on the NG1 mesh vortex feature-based VC models over NG1 mesh as well as the
non-VC model over NG2 and NG3 meshes

obtained without VC on a finer grid. In particular, On the basis of the conclusions mentioned above,
the A,-based VC2 model showed a higher resolution the future work will apply the vortex feature-based
of the vortical structure, more robust computational VC models for enhancing the prediction of the heli-
procedure , and more accurate aerodynamic loads if copter rotor blade-vortex interaction phenomenon.
compared with the Q-based VC2 model.
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Fig. 18 Wake flow-field for the Caradonna-Tung rotor using Q-criterion (Q = 0.15) : a w/o, VC model, NG2 mesh, b w/o, VC
model, NG3 mesh
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Table 5 CPU run-time for

Case Near-field mesh VC model Mesh number Simulation time
the Caradonna—Tung rotor . .
simulations (x10°) (work units/iteration)

1 NG1 - 8.65 1.0

2 FVC2-Q 1.02 2%)

3 FVC2-L2 1.04 (4%)

4 NG2 - 9.70 1.21 (21%)

5 NG3 - 10.70 1.48 (48%)
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