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Abstract: The accurate prediction of blade tip vortices continues to be challenging for the investigation
of rotor aerodynamics. In the current work, the blade tip vortex system of a Caradonna-Tung rotor
in the hovering state is simulated on account of the framework of a high-order WENO scheme and
hybrid RANS/LES method progressively. With the RANS method based on a fifth-order WENO-Roe
scheme, the spatial resolution of wake age and capture the accuracy of tip vortices are improved
significantly. However, the unsteadiness of the vortex system fails to be distinguished. Then, the
DDES and IDDES methods, coupled with a fifth-order WENO-Roe scheme, are implemented to
further enhance the resolution of the spatial turbulence. Compared with RANS, the improvement of
spatial resolution is reflected in both the statistical and transient results with DDES. The identifiable
vortex core distributions can be predicted at older wake ages. The asymmetrical characteristic of
blade tip vortices is revealed along with the release of fluctuation while the predicted distribution
of velocity profiles in the vortex core is enhanced. With the application of IDDES, the secondary
turbulent structures are captured around the primary vortex core of blade tip vortices while the
complex behaviors of the vortices are observed. However, the statistics of the averaged flow field are
similar to DDES.

Keywords: blade tip vortices; spatial resolution; WENO scheme; hybrid RANS/LES

1. Introduction

The understanding of the rotor flow field is a key issue of helicopter aerodynamics.
Over the past three decades, considerable research has been conducted into the problem of
measuring and analyzing the rotor flow field [1]. As the dominant process in the complex
flow system, the evolution of blade-tip vortices is still a most challenging flow phenomenon,
which not only remarkably influences the aerodynamic performance of the rotor but also
has a severe impact on the aeroelastic and acoustic behaviors [2-4]. Moreover, a rotor
blade can encounter the tip vortices of other blades, and in some cases its own tip vortices,
leading to the blade—vortex interaction (BVI). BVI is manifested as the strong interaction
between the blade trailing edge shear layers and tip vortices, resulting in unsteady blade
loads with a high level of noise and vibration [5-7]. Furthermore, the maneuverability and
stability will be affected under the influence of blade-tip vortices on the airframe. Therefore,
the accurate prediction of blade-tip vortices is crucial, which will lay the foundation for
understanding the mechanisms involved in complex rotor flow and provide theoretical
guidance together with a practical value for rotor optimization design and analysis.

However, due to the inherent complexity of the unsteady turbulence flow field, the
accurate numerical simulation of the rotor flow field continues to be a challenging problem
since the requirement of numerical methodology covers almost all parts of computational
fluid dynamics such as the time-accurate method, dynamic grid system, spatial difference
scheme, and turbulence modeling of even the aeroelastic and acoustic models [8].
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In the aspect of the spatial difference scheme, for the excessive dissipation of traditional
second- or third-order schemes and the requirements for computational source are both
far from satisfactory, the compromise solution is usually based on fifth or seventh-order
ENO-type schemes which originate from a linear combination of lower order fluxes or
reconstructions to obtain a higher order approximation. DLR had used high-order schemes
in their simulations of rotor flow for nearly a decade [9]. Sankar and Sankaran [10,11] used
the fifth- and seventh-order ENO schemes to carry out a series of numerical simulations
of rotor hovering and forward flight cases. The results showed that the higher-order
scheme can greatly improve the simulation accuracy of rotor blade-tip vortices. Yeshala [12]
employed a high-order WENO scheme to calculate and analyze the flow field of the UH-
60A rotor in a hovering condition. They reported that the numerical diffusion of the
seventh-order WENO scheme is smaller. Kowarsch [13] made significant improvements in
the rotor wake conservation with a fifth-order spatial scheme. Xu [14] applied high-order
accurate and low dissipation methods for unsteady compressible viscous flow computation
on a helicopter rotor in forward flight. The obvious benefit of the fifth order scheme in the
application to a helicopter forward flight situation was proved by Kranzinger [15]. Zhao [16]
established a robust unsteady solver with a fifth-order WENO-Roe scheme to predict the
complex unsteady aerodynamic characteristics of the rotor flow field. Frey [17] conducted
an investigation with a high-order spatial WENO scheme on a compound helicopter
RACER of Airbus. The interaction phenomena and flow characteristics were described
for hovering and cruise conditions. Ricci [18] performed the prediction of hovering rotor
flows of Caradonna-Tung, PSP, and UH-60A with a fourth-order WENO scheme. Han [19]
developed the WENO-K scheme and captured more sophisticated unsteady flow structures
compared with the WENO-JS scheme while resolving tip vortices to a larger wake age.
Sun [20] applicated a high-order WENO scheme to predict helicopter rotor blade-vortex
interaction noise. Nowadays, the Discontinuous Galerkin (DG) discretisations of high order
are also employed with Chimera approaches to further enhance the resolution of blade
tip vortices, the typical works including the aeroacoustics computation of Busch [21], the
investigation of hover performance of an 5-76 rotor of Kara [22], and the flow phenomena
simulation of an isolated rotor in hover of Genuit [23].

Nevertheless, the traditional RANS method is deficient for averaging time-accurate
turbulent flow. Thus, in the aspect of the turbulence model, the DES-type method is an
available solution to mitigate the contradiction of simulation accuracy and efficiency, which
integrates the capacity of RANS and LES under a unified framework and the switch of
method brunches depends on the local length scale. The methodology and derivatives
have been commonly applied in the prediction of massive separation. Chaderjian [24-26]
carried out time-dependent simulations of the rigid V22 rotor wake with SA-DES and
adaptive mesh refinement, which revealed a more complex and realistic turbulent flow field.
Yoon [27] investigated the interactional aerodynamics of multirotor flow with a spatially
fifth-order accurate scheme and the DES method. Two different hybrid RANS-LES methods
of DDES and SAS methods were used to predict the turbulence in the flow field of S-76 and
PSP rotors in hover by Coder [28]. However, the current investigation of hovering flow field
with a hybrid RANS-LES method is still limited while improving the effectiveness of each
method is usually confused, and the difficulty to perform proper simulation strategies when
the varying degrees resolution of blade tip vortices are demanded for different problems.

In this paper, the emphasis is placed on understanding and characterizing the effects
of high-order spatial differencing and hybrid RANS-LES models on the prediction of blade
tip vortices of the Caradonna-Tung rotor in hovering conditions. The fifth-order WENO-JS
scheme is introduced firstly with RANS. Then DDES and IDDES methods are integrated
with fifth-order WENO-Roe schemes to perform the high precision simulation. The paper
is organized as follows. Section 2 presents the validation of the RANS method combined
with the high-order WENO scheme. Section 3 provides the formulation of the hybrid
methodology and the detailed comparison among the RANS, DDES, and IDDES methods.
Finally, some conclusions are reached in Section 4.



Aerospace 2023, 10, 262

30f23

2. Efficiency of High-Order WENO Scheme

This section mainly verifies the feasibility of the methodology by analyzing the un-
steady rotation flow field of the Caradonna-Tung rotor in hover flight and focuses on
the comparison of spatial resolution on the primary flow structures between third-order
MUSCL-Roe [29] and fifth-order WENO-Roe schemes, where the fifth-order WENO-JS
scheme [30] is applied to improve the spatial interpolation accuracy based on the flux
difference splitting scheme of Roe.

The test of the Caradonna-Tung rotor was completed in a NASA army aeromechanics
laboratory in 1981 [31]. Figure 1 shows the schematic diagram of the experimental device.
The radius of the Caradonna-Tung rotor was 1.143 m and the aspect ratio of the blades
was 6.0. The cross-sectional shape of the rotor blade was NACAQ012 airfoil. The rotor was
mounted on two cantilever beams and integrally installed on a central body with a rotating
device. Two blades were installed with pressure sensors at three same radial positions. The
purpose of the test was to obtain the pressure distribution on the rotor surface and the
blade load.
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Figure 1. Sketch of Caradonna-Tung rotor experimental device.

The ICEM-Hexa was applied in the generation of multiblock structural grids, and the
O-topology was applied to describe the rotation flow field. The patched strategy was used
in the grid generation, which had the primary advantage of describing relative motions.
Fluxes were interpolated through the patched surfaces, thus the coupling of the flow
information of the adjacent subdomains was realized. The current aim of this section is to
validate the basic computational methodology rather than describe the features of blade tip
vortices. The rotation domain is set as enclosing the rotor. The complete block-structured
grids of this configuration consist of 6 x 10° nodes while the first cell height for the normal
wall grids is set to 107° to ensure y, ~ 1. Figure 2 demonstrates the distribution of grids of
spatial section and rotor surface.
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Figure 2. Spatial sectional and surface grid on Caradonna-Tung rotor.
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The numerical simulation is performed for the hovering case, which is characterized
by a subsonic Mach number of rotor tip and two blade pitch angles, corresponding to
conditions shown in Table 1. Under the framework of an in-house code based on the
finite volume method, the third-order scheme of MUSCL-Roe is implemented first for the
spatial discretization of the convective fluxes and the viscous fluxes are discretized with
second-order central differences. The dual-time approach [32], based on the fully implicit
LU-SGS method [33], is implemented as the time marching method. The two-equation
k — w SST model [34] is applied for the simulation of turbulence. The reliability of the code
has been verified via a series of works [35,36]. In the current study, the step size of per
physical time step is set equivalent to AY = 1.0 deg, and the numerical results are obtained
after eight full revolutions.

Table 1. Conditions for Caradonna-Tung case.

Rotor Tip Mach Number (M;;,)) Blade Pitch Angle (6.)
0.44 2 deg
0.44 8 deg

From Figure 3, the numerical results are in fairly good agreement with the experimental
results in terms of pressure coefficients at different radial positions, however, the peak value
of the pressure distribution is slightly underestimated near the blade tip, which manifests
the capability of the method to predict the near field aerodynamics of the hovering rotor.
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Figure 3. Cont.
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Figure 3. Comparison with experiments on Caradonna—Tung pressure distribution. (a) My, = 0.44,
fc =2 deg, (b) My, = 0.4, 6 = 8 deg.

To avoid unnecessary diffusion when the rotor wake passes through patched surfaces,
the rotation domain is significantly enlarged below the rotation plane of the rotor. Figure 4
presents the improved grid topology and spatial section, where the blue region represents
the rotation domain. The grid distribution in the possible blade tip vortices region is
refined while the shrinkage of the rotor wake is also considered. The total number of grid
nodes in the entire computational domain is about 1.6 x 10°. The calculation condition of
hovering flight is chosen as 6. = 8 deg, and a larger 6. ensures the rapid downward devel-
opment of the blade tip vortices The step size per physical time step was set equivalent to
AY = 0.5 deg. In order to achieve the convergence of the solution in the hovering mode, the
unsteady calculation was carried out by 50 full revolutions first, then the numerical result
of the computation was obtained and averaged after 10 full revolutions. The computation
was carried out with a workstation of 64 cores. From the statistical results of calculation
time, the computational cost was 180 h for MUSCL and 210 h for the WENO to perform
the calculation of a total of 60 full revolutions, the rate of increase in time consumption is
16.67%, which is consistent with previous works [37].

Figure 5 gives the pressure distributions predicted by two schemes at four radial
positions of r/R = 0.5, 0.68, 0.80, and 0.9. The predicted pressure distributions are in
good agreement with the experimental values except that the pressure peak on the upper
surface of the blade leading edge is slightly underpredicted at the blade tip, and the
result of WENO is improved slightly. The efficiency of the high-order WENO scheme is
mainly reflected in the resolution of spatial vortex structures. Figure 6 shows instantaneous
vorticity iso-surfaces at |w| = 0.2. From the plots of the vorticity iso-surfaces, the rotor
tip vortex captured by the MUSCL only developed to the wake age of about ¥ = 240 deg,
while the result of the WENO developed to ¥ =700 deg. The tip vortices contract during
the downward development process and the position of the vortex core shrinks inboard
continually with the increase of the wake age until ¥ = 360 deg. In order to obtain the
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result with the same spatial resolution, the requirement of computational time for MUSCL
will increase significantly, especially for the simulation with a structured grid, since the
refinement of the grid in the focus region will affect the other regions inevitably. Thus, the
application of the WENO scheme is efficient in general.

1]

Figure 4. Improved Caradonna-Tung grid topology and spatial sectional grid.
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Figure 6. Comparison of primary rotation flow field in vorticity iso-surfaces. (a) MUSCL—Roe
(b) WENO—Roe.
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Figure 7 plots the local grid section together with the vorticity contour of blade
tip vortices with two schemes. Under the same grid distribution, the blade tip vortices
predicted by the WENO suggest more complex structures combined with larger vorticity
values. Due to the notable numerical dissipation of the MUSCL scheme, the predicted
vortex core radius is increased unphysically, and the core position is deviated outward.
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Figure 7. Comparison of local grid section and the vorticity contour of tip vortices. (a) MUSCL-Roe
(b) WENO-Roe.

Figure 8 plots the vorticity distributions on each section in the radial directions, the
increment of wake age between each of the two sections is AY = 10 deg. The overall process
of generation and development of blade tip vortices can be observed. With the increase
of the wake age, the decline of vorticity value is manifested gradually, which reflects the
natural dissipation of the wake system in the downward transport. The persistence of
wake age obtained from WENO is improved significantly compared to MUSCL while the
predicted vorticity value is higher, which indicates the less dissipative performance of
WENO and enhances the resolution of the rotor flow field, especially the wake evolution.
Figure 9 further compares the detailed vorticity distributions on four radial sections of
Y =0, 45,90, and 135 deg. For the two-bladed Caradonna-Tung rotor, the difference of wake
age between the upper and lower blade tip vortex is AY =180 deg. Visible in the criterion of
vorticity distribution, the blade tip vortices captured by MUSCL persist at 500 deg of wake
age while the vortices persist at 900 deg by WENO. Due to the notable numerical dissipation
of MUSCL, the shape of the calculated tip vortex is obviously distorted. Moreover, the
adjacent blade tip vortices stick together from ¥ = 180 deg and the vortex shape is difficult
to identify after ¥ = 315 deg while the development of the wake vortex sheet can hardly
be distinguished. From the result of the WENO, both the locations and the outlines of the
vortex are captured well with a longer wake age. It is observed that the descent ratio of the
vortex core position increases while the diffusion effects are enhanced gradually during the
evolution of blade tip vortices. Compared with the behaviors of tip vortices, the descent
and incline of the vortex sheet are more notable.
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Figure 8. Comparison of vorticity distributions on radial sections. (a) MUSCL—Roe, (b) WENO—Roe.
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Figure 9. Comparison of vorticity distributions on four radial sections. (a) \ = 0 deg, (b) \ =45 deg,
() =90 deg, (d) p =135 deg.

The diameter of the vortex core and the velocity distribution can be measured with
the profile through the core of the blade tip vortex. The probe line and the definition of
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the blade tip vortex core diameter are given in Figure 10. The vortex core diameter is
nominally the distance between the peaks in the swirl velocity profile. The comparisons of
velocity profiles at different wake ages of ¥ = 10, 45, 90, 135, 180, and 190 deg are given
in Figure 11. At the same wake age, a smaller magnitude of peak velocity is predicted
via MUSCL compared with WENO, indicating that the rotation effect near the vortex core
is not reflected properly. Meanwhile, it is found that the MUSCL obtains vortex cores
with a larger diameter than WENO, which is demonstrated more clearly in Figure 12. The
predicted diameter of vortex cores is roughly doubled at each wake age with MUSCL while
the abnormal increase of vortex core is observed at ¥ = 180 deg. It is apparent that a more
reasonable velocity distribution of the vortex core is illustrated by WENO with a stronger
swirl velocity profile and gradually increasing core diameter. The combined effects of
gather of tip vortex and diffusion of the vortex core manifested in the overall flow field are
also reflected in the velocity distributions.
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Figure 10. Probe line of blade tip vortex core and the definition of vortex core diameter.
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Figure 12. Comparison of vortex core diameters at different wake age angles.

Figure 13 compares the position of the vortex core during a full rotor rotation in the ra-
dial and axial directions respectively. The radial positions of the vortex core mainly reflects
the contraction of tip vortices during evolution. The contraction ratio of tip vortices is large
before ¥ = 200 deg and declines gradually after ¥ = 200 deg, the vortex radial positions
are nearly maintained. The calculated values are smaller than the experimental values,
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indicating that stronger contractions are predicted. The MUSCL predicts a larger vortex
contraction velocity than the WENO before ¥ = 200 deg. After ¥ = 200 deg, the vortex
radial positions obtained with the WENO scheme are consistent with the experimental
results. The axial positions of the vortex core mainly illustrate the descent motion of tip
vortices. The descent ratio of tip vortices before ¥ = 200 deg is smaller than that after
Y =180 deg due to the interaction between the tip vortices and the advancing blades. The
results of the phenomenon obtained with the two schemes are consistent with the experi-
mental values. In general, the calculated results of the two schemes are basically the same
before ¥ = 180 deg. However, after ¥ = 180 deg, the decline ratio of tip vortices of MUSCL
is increasing unphysically, resulting in a lower vortex axial position than the experimental
values. Thus, the WENO illustrates a higher resolution of spatial vortex trajectories.
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Figure 13. Comparison of positions of vortex coresduring a full rotor rotation in the radial and axial
directions. (a) radial position, (b) axial position.

In general, the application of a high-order WENO scheme enhances the prediction of
wake ages and diameters of blade tip vortices, especially in the region far from the rotation
plane. However, for the turbulence of the flow field that is totally modeled and averaged in
RANS, the time-dependent nature of the rotation flow field is not reflected properly.

3. Efficiency of Hybrid RANS-LES Methods
3.1. The Formulation of DDES and IDDES

This section mainly verifies the capability of the RANS-LES method and focuses on
the comparison of spatial resolution on blade tip vortices especially the secondary turbulent
structures between DDES [38] and IDDES [39], which are two typical RANS-LES methods
aiming at overcoming the inherent flaws of the original DES method [40].

The hybrid RANS-LES length of DDES is defined with the hybrid functions from the

SST model: CoA
Inyp = IppES = min {ZSST, 113551:;:(} 1
where the subgrid length scale is defined as the original form:
Amax = max(Ax, Ay, Az) )

When Fggr is defined as the hybrid function F; or F; of the SST model, the features
of RANS will be maintained near the wall to delay the inappropriate switch from RANS
mode to LES mode.

The hybrid length degenerates to the original DES when Fggr = 0:

Ihyp = Ipes = min[lsst, CppsAmax] ©)
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The function of Cpggs is redefined with the hybrid function F;:
Cpes = Cpd - Fi + Chys - (1= 1) @

The hybrid RANS-LES length of IDDES is defined with the combination of DDES and
WMLES modes:

b = lippes = fa- (14 fo) - Isst + (1 — f4) - CpesA ©)
where the modified subgrid length scale is defined as:
A= min[maX(de, CwAmax/ Ay)/ Amax] (6)

Without the inflow turbulence, the hybrid length degenerates to the original DDES
forf, =0: B N

lippes = Ippes = fa - Isst + (1 — fa) - CpesA @)

When the turbulence content is contained in inflow, the hybrid length is switched to

the WMLES mode:

lippes = lwmies = fa- (1+ fe) - Isst + (1 — fB) - CpesA 8)

The empirical mixing function f; is defined as follows:

fa=max{(1 - fu), fs}
far=1- tanh[(cdtl 'ﬂ:lt)cm} 9)

Tgp = —————
dt x2d%,,/0.5(524+0?)

The definition of f;, will promote the rapid switch of RANS mode to LES near the wall
when the separation occurs:

fo = min{2exp(~92),1.0}, &= 0.25— du/ltmax (10)

The definition of f, will prevent the attenuation of Reynolds stress near the interface of

RANS-LES areas:
fe - er 'max((fd - 1'0>/0'0)

2exp(—9a2), a <0
fa=1 sex (—11.0942), & >
P 09¢%), « >0

feo = 1.0 — max(ft, f;)
fi = tanh((Ct2 : rdt)3)
fl = tanh((Clz . le)lo)

- v
K2d2,1/0.5(S2+07)

(11)

rqr =

3.2. Comparison of Resolution between RANS and DDES

For the spatial resolution of the LES-type method determined by the local distribution
and scale of grid cells, it is necessary to remodify the computational grid, especially in
the wake region of blade tip vortices. According to the experience of Spalart [40], cubic
cells with similar size in three dimensions are desired in the focus region of the RANS-LES
method. In order to improve the prediction precision of the blade tip vortices system while
further reducing the numerical dissipation. The size of the cells is set as equal to 5% length
of the blade chord. The grid topology is also adjusted to match the refinement of the grid.
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The remodified grid consists of 9.5 x 107 nodes, 7.5 x 107 nodes of which are distributed in
the rotation region. Figure 14 demonstrates the topology and spatial section of the grid.

/;5 e
] s
SRR
e T e
= A

Figure 14. Topology and spatial section of the remodified grid.

The calculation of RANS with the fifth-order WENO-Roe scheme was carried out for
50 full revolutions first to provide a convergent flow field solution, then 10 full revolutions
to obtain a primary solution of the flow field. IDDES was introduced based on the fully
developed flow field for 12 full revolutions for the purpose of ensuring the stability of the
simulation. The physical time step is set equivalent to AY = 0.25 deg with 25 subiterations.

The comparison of blade tip vortices predicted by RANS and DDES is given in
Figure 15 in the form of iso-surfaces in Q-criterion, characterized by vorticity values. Due
to the increase of cell numbers in the wake area, the vortex sheet obtained by RANS is
revealed with longer wake age, which is consistent with the phenomenon described by
Chaderjian [25].

However, the prediction of the vortex sheet is not improved with the refinement of the
grid, which is manifested as a consecutive and layered structure. The intensity of blade-tip
vortices still decreases rapidly while the radius of the vortex core expands continually with
the increase of wake ages, which indicates the inherent limitations of RANS to distinguish
the spatial turbulent structures. Compared with RANS, the resolution of the vortex sheet
is significantly enhanced with the application of DDES. It is apparent that the small-scale
helical vortices are better resolved especially near the tip of the blade. Furthermore, wake
ages to an older stage in the refinement region of the grid, which is characterized by higher
vorticity value and smaller diameter of the vortex core. The unphysical dissipation far
away from the rotation plane is suppressed efficiently until the grid distribution is relaxed.

Figure 16 manifests the vorticity distribution of the rotor flow field obtained by RANS
and DDES, which further indicates that the attenuation of vortex strength is avoided in
the focused region. The secondary turbulent structures which are induced via the rotating
effects of the primary vortex are observed around the blade tip vortices, though the intensity
is slight compared with the vortex core. It is noticed that the transient field obtained
by RANS is roughly symmetrical in the blade-tip vortex structure, spatial position, and
vorticity intensity with the turbulence of fluctuation is totally time-averaged. Meanwhile,
the symmetry-breaking of the flow field driven by the interference of vortices from each
blade is obtained by DDES, for the information of time-dependent effects in the rotating
flow field, especially the evolution of rotor tip vortices is retained. The phenomenon is
consistent with the research of Chaderjian [24-26]. Thus, the traditional simplification
where the hovering flow field is treated as symmetry with periodic boundary conditions
might mislead the understanding of the behaviors of the tip vortices.



Aerospace 2023, 10, 262 15 of 23

Vorticity Magnitude

0.600

Vorticity Magnitude
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(b)
Figure 15. Comparison of blade tip vortices distribution in Q-criterion obtained by RANS and
DDES.(Q =10.0). (a) RANS, (b) DDES.

(b)

Figure 16. Comparison of cross-section vorticity distribution obtained by RANS and DDES. (a) Y = 0 section,
(b) X = 0 section.
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Figure 17 compares the averaged velocity distribution in the Z-direction at comparable
wake ages. The statistics of vortex core diameters are given in Figure 18. Similar to the
effect of the high-order WENO scheme, the value of peak velocity obtained by DDES is
further increased while the diameter of the tip vortex core is reduced for all wake ages. The
improvement of vortex diameter prediction is mainly reflected after the wake age of 90 deg
with the reduction rate of over 30%.
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Figure 17. Comparisons of velocity profiles at comparable wake ages.
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Figure 18. Comparisons of vortex core diameters at different wake ages between RANS and DDES.

For the resolving of the spatial turbulence with the switch of LES mode, the major
improvement of DDES compared with RANS is the resolution of primary structures in the
transient flow field, including blades tip vortices and vortex sheet. The enhancement of
wake ages in an averaged flow field is secondary.

3.3. Comparison of Resolution between DDES and IDDES

In this section, the simulation with IDDES is carried out based on the solutions of
DDES. The other computational strategies are maintained. Figure 19 demonstrates the
complete plots of blade tip vortices with different views predicted by IDDES in terms of
iso-surfaces. Compared with the previous DDES result, IDDES successfully predicts the
secondary turbulence structure of so-called vortex worms, which are characterized by a
slender and curled shape in the vicinity of the tip vortices. The phenomenon was first
reported by Chaderjian [24-26] in the simulation with the DES method. These turbulent
structures begin to propagate when the blade tip vortices developed downward to a certain
extent. The mechanism for the formation of turbulent worms can be described as a result of
interference among different vortex systems, namely when the shedding shear layer of the
wake sheet descends and passes by the vortex core of blade tip vortices, the entrainment
effect of blade tip vortices will promote a portion of vortex detaching from the wake sheet,
then the detached turbulent structures roll up and are entrained into the vortex core with
constant radial extending toward the tip vortices. Thus, the integrated effects of crispation
and stretching occur at the same time. Furthermore, it is noticed that small vortices form the
vortex sheet and arrange orderly in the rotation direction of the rotor. Thus, the resolution
of the vortex sheet is also further enhanced.

Figure 20 shows the comparison of cross-section vorticity distribution obtained by
DDES and IDDES. The overall vorticity distribution obtained with IDDES is consistent with
the DDES result. However, some more complicated behaviors of blade tip vortices can be
observed due to the enhancement of spatial resolution. The conspicuous phenomenon of
vortex pairing originating from the two vortices system from corresponding rotor blades is
noticed at the location far away from the rotation plane. For the interaction among adjacent
blade tip vortices is increasing with the development of the wake system, the distribution
of the vortex core is more irregular while the nearby vortex worms are mixed together. The
phenomenon is consistent with the smoke flow diagram of reference [41] and can also be
observed in the research of Chaderjian [24-26]. In addition, with the rotating and inducing
effect of the vortex worm, the vorticity value of the vortex core increases slightly according
to the theory of angular momentum conservation.
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(d)
Figure 19. Blade tip vortices distribution in Q-criterion obtained by IDDES.(Q = 10.0). (a) Overall
view, (b) Cutaway view, (c) Local enlarged view, (d) Worms and wake shear-layer rollup of Ref. [25].
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Figure 20. Comparison of cross-section vorticity distribution obtained by DDES and IDDES. (a) Y = 0 section,
(b) X = 0 section, (c) DES result with adaptive mesh refinement in Ref. [25], (d) Experiment result of vortex
pairing in Ref. [41].

Figure 21 compares the averaged velocity distribution in the Z-direction at different
wake ages. The statistics of vortex core diameters are given in Figure 22. It is noticed that
the further improvement of IDDES to the averaged flow field is limited, which mainly
promotes the increasing of velocity peaks after ¥ = 90 deg while the diameter of the blade
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tip vortex core is reduced correspondingly. The predicted result is closer to the theoretical
value of the vortex core. For the range of ¥ = 10 deg and 120 deg, the predicted radius ratio
between the vortex core and rotor is 0.016 on average. The theoretical value is 0.018 for the
thrust coefficient of 0.00459 [31]. The theoretical results are obtained via the relationship
between the radius of the near-wake vortex core in hover conditions and thrust coefficients
with a kinetic energy conservation approach [42].
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Figure 21. Comparisons of velocity profiles at different wake ages.
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Figure 22. Comparisons of vortex core diameters at different wake ages between DDES and IDDES.

In general, with the rapid activation of WMLES mode in the focused region, the
resolution of transient turbulent structures of blade tip vortices is significantly enhanced
via IDDES, which contributes to the understanding of complicated vortex behaviors. The
effects of secondary structures on the primary flow features is slight, the statistics of velocity
distributions are similar with DDES.

4. Conclusions

The resolution of the blade tip vortices of a two-bladed Caradonna-Tung rotor in
hover flight conditions is enhanced progressively with a high-order WENO scheme and
hybrid RANS-LES methods. The investigation is initiated with the RANS calculation based
on the third-order MUSCL-Roe and fifth-order WENO-Roe schemes. Sequentially, DDES
and IDDES are implemented coupled with the WENO-Roe scheme. The conclusions can
be summarized as the following:

(1) Compared with the third-order MUSCL-Roe scheme, the fifth-order WENO-Roe
scheme enhances the prediction of wake ages and vortex core diameters in the region
far from the rotating plane. However, the turbulence of the flow field is totally
modeled and averaged by RANS, while the time-dependent nature of the rotor flow
field is not reflected properly;

(2) Compared with RANS, for the well-resolving of the spatial turbulence with the
switch of LES mode, the major improvement of DDES is the resolution of primary
structures in the transient flow field, including blade tip vortices and vortex sheet.
The asymmetrical characteristic of blade tip vortices is revealed with the release of
fluctuation. The wake age of the tip vortices is prolonged with a larger vorticity value
and smaller core diameter. Meanwhile, the generation and evolution of multiscale
vortices are well predicted. The magnitude of peak velocity is further increased with
the reduced core diameter at all wake ages.

(38) With the rapid activation of WMLES mode in the focused region, the resolution of
transient turbulent structures of blade tip vortices is significantly enhanced through
IDDES. The behaviors of secondary turbulent structures of vortex worms around
blade tip vortices are successfully predicted, including the interactions and pairing of
adjacent vortices. The effects of secondary structures on the primary flow features are
slight, and the statistics of velocity distributions are similar to DDES.
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