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Abstract

This paper presents the AMD-IDDES method, an improved Delayed Detached Eddy Simulation (IDDES)
approach incorporating an anisotropic minimum dissipation (AMD) model, to simulate unsteady flow

over an iced swept-wing. Results show that AMD-IDDES predicts K-H instability and small-scale

vortices more accurately, improves flow velocity diffusion in the wingtip separation zone, and provides

more precise reattachment locations and pressure recovery, outperforming the standard IDDES method.

1. Introduction

When an aircraft passes through an icing cloud, the aircraft surface is impacted by a large number of supercooled water
droplets, leading to the occurrence of icing. Icing disrupts the original aecrodynamic shape of the aircraft, causing
premature boundary layer transition and early flow separation[1,2]. Typical effects of icing include increased drag,
reduced stall angle of attack, and decreased maximum lift. In recent years, aviation safety incidents caused by icing
have frequently occurred both domestically and internationally. In 2006, a KJ-200 early warning aircraft crashed due
to wing icing; in 2016, a Boeing 737-800 passenger aircraft in Dubai crashed due to wing icing; and in 2021, a
Beidahuang General Aviation B-10GD aircraft became unstable and crashed due to severe wing icing[3]. Aircraft icing
has long posed a serious threat to aviation safety.

Since 1997, the U.S. National Transportation Safety Board (NTSB) has identified icing as one of the most critical
factors affecting aviation safety. Numerous organizations, including the NTSB, the Commercial Aviation Safety Team
(CAST), the Federal Aviation Administration (FAA), and the National Aeronautics and Space Administration (NASA),
have invested substantial resources in icing research tunnel (IRT) experiments and computational fluid dynamics (CFD)
studies to improve understanding of the icing process and the aecrodynamic effects of icing. These efforts have led to
significant progress in designing anti-icing systems, improving certification procedures, and enhancing pilot training,
thereby reducing risks associated with icing[4].

Research on icing problems primarily focuses on two aspects: the icing process and aerodynamic characteristics.
Research on the icing process aims to explore the mechanisms of icing, analyze the process of supercooled water
droplets freezing into ice, and determine the critical ice shape to provide a foundation for subsequent aerodynamic
studies. Research on aerodynamic characteristics aims to analyze the flow around fixed ice shapes and ensure that
aircraft can maintain reliability and safety under harsh conditions such as critical ice shapes. This is a key step in
aircraft airworthiness certification and safety assessment.

This study investigates the aerodynamic effects of icing on swept wings using unsteady simulation methods based on
fixed ice shapes. The complexity of separated flow over iced airfoils places high demands on the accuracy of turbulence
modeling methods [4]. However, China’s current research on aircraft icing still has many shortcomings, particularly
the lack of high-accuracy computational tools for predicting the acrodynamic characteristics of iced wings. Therefore,
developing high-accuracy turbulence models suitable for predicting separated flow over iced wings is essential.
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2. Computational methodology
2.1 IDDES

The IDDES approach based on two-equation SST k — w model[5] is formulated by substituting the RANS length scale
with the IDDES length scale in the destruction term of the turbulent kinetic energy (TKE) transport equation while
keeping the o equation unmodified. The TKE equation of the SST-IDDES can be written as[6]
3
a(pk) 6(pujk) _ _ pk2 KA Ok
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where k is the modeled TKE. The IDDES length scale [;ppgs is defined as
Uppes = fa(1 + f)lrans + (1 = fa)ligs (2)

where Igans = Vk/ Cyw and I s = CppgA are the turbulent length scale of the RANS and the subgrid length scale of
the LES. The length scale A in [, g of simplified IDDES model[7] is defined as A = min{C,,max[d,,, Apnaxl, Amax)-
The shielding function f; and an elevating function f, are added in Eq. (2) to control the switch between RANS and
LES branches and to increase the eddy viscosity in the RANS region before the RANS/LES switch, respectively.

2.2 AMD-IDDES

Rozema [8] proposed a anisotropic minimum dissipation (AMD) model, which provided the minimum eddy current
dissipation required to remove sub filter scale energy from the LES solution. An unique advantage of the AMD model
is its good performance on anisotropic grids, as demonstrated by Haering [9] in the decaying isotropic turbulence case.
This model locally approximates exact dissipation and is consistent with the nonlinear gradient model, providing the
necessary scale separation for eddy viscosity. For simplicity, it is assumed that the filter box £ is rectangular with
dimensions Ax, Ay, and Az. For ease of formula expression, these dimensions can also be written as A;. The eddy
viscosity of the AMD model is

—Azg-kg eSii
— CZ kIikY jk2ij 4
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where §x;0; is the scaled gradient operator , S;; = (9;v; + 9;v;)/2 is the resolved rate-of-strain tensor, g;; = du;/9x;
and Cy, is a consistent. Zhou et al.[10] combined the AMD subgrid model with the IDDES method to propose the
AMD-IDDES method. This method aims to leverage the advantages of the AMD model in anisotropic grids to improve
the accuracy of simulations using the IDDES method. The LES length scale in the AMD-IDDES method can be
obtained as:

1

3 =
s = G (5)! () ®
This can also be written as
ligs = Cpes,ampBamp ) (6)
3 =
CDES,AMD =Cy (%)Z:AAMD = (%)2 7

where, Cpgs amp 18 set to be 2.40 in the program.

2.3 Other Numerical Methods

The Navier—Stokes equations are solved using the in-house structured finite volume solver NSAWE[11]. The inviscid
flux is discretized via a hybrid central/upwind scheme; the central part is a fourth-order central difference scheme, and
the upwind part is a fifth-order Roe/WENO scheme. The viscous flux is approximated via a second-order central
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difference scheme. Time advancement is performed by an implicit dual-time-step lower-upper symmetric Gauss-Seidel
(LU-SGS) scheme.

3. Computational Setup

As shown in the experimental data from references[12—14], the model is a 30-degree swept wing with a chord length
of 17.32 inches and a span of 35.18 inches. The airfoil section (in the plane perpendicular to the leading edge) is NACA
0012. The icing model used is a simulated ice accumulation based on measurements of ice accretion on a NACA 0012
airfoil in NASA icing research. The icing conditions include a freestream velocity of 80.782km/h, an angle of attack
of 4 degrees, an icing duration of 5 minutes, droplets with a volume median diameter of 20um, LWC = 2.1g/m3, and
a temperature of 265.37K. Under these conditions, the resulting ice formation is horn ice (clear ice) with prominent
protruding structures. The computational model is shown in Figure 1.
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- = = = Simulated
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Figure 1: Computational model

The computational case used in this chapter is for Ma = 0.2, Re = 1.2 X 10° and AOA = 8’. The computational
domain and boundary conditions are the same as those in reference [12], with a streamwise length of 3.3 m, a spanwise
width of 1.22 m, and a height of 0.92 m. The computational grid is shown in Figure 2, with a total grid count of
approximately 53 million. The inlet total pressure is P, /P, = 1.02828, the total temperature is T; /T, = 1.008, and
the outlet is set as a static pressure boundary with P/P,, = 1.0. A symmetry boundary condition is applied at the root-
side boundary upstream of the wing, while adiabatic no-slip wall conditions are applied to the other surfaces. The tip-
side boundary is also treated as an adiabatic no-slip wall. The dimensionless time step for the computation is AtU,, /c =
0.001, with 40 inner iteration steps.

7

Figure 2: Computational Grid
4. Computational Results
4.1 Instantaneous result

Figure 3 compares the instantaneous vortex structures obtained using the standard IDDES and AMD-IDDES methods.
It can be observed that at the leading edge of the wing, icing causes a strong reverse pressure after the wing leading
edge, leading to flow separation behind the ice and the detachment of the free shear layer at the top of the ice formation.
The free shear layer becomes unstable downstream through K-H instability, generating two-dimensional vortex
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structures, which gradually evolve into three-dimensional structures as they propagate downstream, with an increase
in vortex scale. Additionally, due to the presence of sweep angle, a leading-edge vortex first forms at the root of the
wing and then develops towards the wingtip, where larger-scale vortex structures are formed. The spanwise flow
associated with these vortex structures is particularly evident. Further comparison between the standard IDDES and
AMD-IDDES methods reveals that, at the wing leading edge and mid-span, the AMD-IDDES method is able to
simulate the K-H instability phenomenon earlier and resolve smaller-scale vortices.

(a) IDDES (b) AMD-IDDES

Figure 3: Instantaneous vortex structures (Q (c/U)? = 40.0, colored by streamwise velocity u,/Us)

Figure 4 and Figure 5 present the instantaneous streamwise velocity distribution at different spanwise positions, with
the specific locations shown in Figure 1. The free shear layer behind the leading-edge ice undergoes K-H instability
downstream, generating vortex structures that promote the mixing of low-energy fluid in the separation zone with high-
energy fluid in the mainstream. This results in the formation of a separation bubble at the leading edge of the wing,
and as the spanwise position increases, the length of the separation bubble grows. Comparing the results obtained from
the standard IDDES and AMD-IDDES methods, it is observed that the streamwise velocity in the standard IDDES
method diffuses more slowly, with the simulated low-speed separation region being longer than that predicted by the
AMD-IDDES method. Additionally, near the wingtip, the simulated low-speed separation region is located farther
downstream, leading to excessive drag and a downward pitching moment at the nose of the wing.
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Figure 4: Instantaneous streamwise velocity u, /Uydistribution at different spanwise positions by IDDES



DOI: 10.13009/EUCASS2025-015

SHORT PAPER TITLE

a5
0.4
0.3
b a2

0.1

-0.25 -0.05 0.15 035 055 0.75 085 115 135

-0.25 -0.05 0.15 0.35 0.55 0.75 085 1.15 1.35

’ -0.25 -0.05 0.15 0.35 0.55 0.75 0.95 115 1.35

05 05
04 04
03 e o o
T S — S
0 2 0
1 L L 1 L L 1 L 1 L L L L 1 n
0 05 1 01 0 5 3 01 0 5 j
X x/e x/c
(a) y/b =0.27 (b) y/b = 0.42 (¢) y/b =0.56
-0.25 -0.05 0.15 0.35 0755 075 095 1145 1.35 -0.25 -0.05 0.15 0.35 0.55 0'}5 095 1.15 1.35
05 05
0.4 P 04
03 _— .03 -
So2 So2

-

1
-0.1 )

(d) y/b=0.72

1 : ; : ; 5
05 T 0 0.5 1
x/c x/e

(e) y/b =0.89

Figure 5: Instantaneous streamwise velocity u, /Uydistribution at different spanwise positions by AMD-IDDES

Figure 6 and Figure 7, along with Figure 8 and. Figure 9, show the distribution of instantaneous eddy viscosity and
vorticity at different spanwise positions. Comparing the results obtained from the standard IDDES and AMD-IDDES
methods, it can be observed that in the shear layer separation region, the standard IDDES method results in larger eddy
viscosity, and the formation of the leading-edge vortex occurs later. In contrast, the AMD-IDDES method effectively
reduces the eddy viscosity in the shear separation region, alleviating the "gray area issue."
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Figure 6: Instantaneous eddy viscosity u; /i distribution at different spanwise positions by IDDES
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Figure 7: Instantaneous eddy viscosity . /i distribution at different spanwise positions by AMD-IDDES
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Figure 8: Instantaneous vorticity Qc /U, distribution at different spanwise positions by IDDES
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Figure 9: Instantaneous vorticity ¢ /U, distribution at different spanwise positions by AMD-IDDES
4.2 Average result

Figure 10 shows the pressure distribution at different spanwise positions simulated by the RANS, standard IDDES,
and AMD-IDDES methods, compared with experimental results for the clean wing and iced wing. The pressure
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distribution indicates that leading-edge icing causes the suction peak at the wing's leading edge to be replaced by a
nearly constant pressure plateau, which covers about 20-40% of the chord length. This suggests the presence of a
leading-edge separation bubble in the flow field. Downstream of the pressure plateau is the pressure recovery region,
where, after a certain level of pressure recovery, turbulence in the shear layer reattaches downstream under the
influence of pressure. This behavior is similar to the surface pressure distribution found in laminar separation
bubbles[15]. In fact, in the pressure plateau region, the pressure shows a gradual decline, which is due to the reverse

velocity reaching its maximum value just beneath the recirculation zone.
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Figure 10: Mean pressure coefficient C,, distribution at different spanwise positions

Comparing the pressure coefficient distribution at different spanwise positions, it can be observed that as the spanwise
position increases, the width of the pressure plateau gradually increases. This indicates that from the wing root to the
wingtip, the vortex structures gradually grow, and there is noticeable spanwise flow. Comparing the results obtained
from the standard IDDES and AMD-IDDES methods, it is also evident that the AMD-IDDES method provides a more
accurate prediction of the pressure recovery region, while the IDDES method predicts a longer separation bubble.
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Figure 11: Mean streamwise velocity U, /U, and streamlines at different spanwise positions by IDDES

| -0.25 -0.05 0.15 0.35 055 075 0.85 115 1.35 -0.25 -0.05 0.15 035 055 075 095 1.15 135

-0.25-0.05 0.15 0.35 0.55 0.75 0.95 115 1.35

(¢) y/b =0.56

-0.25 -0.05 0.15 0.35 0.55 75 085 1.15 135 -0.25 -0.05 0.15 0.35 0.55 0.75 695 115 135

(d) y/b=0.72 (e) y/b=10.89

Figure 12: Mean streamwise velocity U, /U, and streamlines at different spanwise positions by AMD-IDDES

Figure 11 and Figure 12 show the mean streamwise velocity distribution at different spanwise positions, while Figure
13, Figure 14, and Figure 15 further present the mean streamwise velocity distribution at different chordwise positions
(x/c = 0.01,0.15,0.30,0.50). It can be observed that the flow distributions simulated by the AMD-IDDES and IDDES
methods are generally similar, but the resulting vortex structures differ significantly. Near the wing root, the AMD-
IDDES method, due to its smaller initial eddy viscosity, is able to resolve vortex structures earlier, whereas the IDDES
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method, with its larger eddy viscosity, severely delays the K-H instability. Near the wingtip, the IDDES method, due
to the delayed separation of the shear layer, results in larger downstream vortex structures. Deck and Thorigny [16]

refer to these large-scale structures as "overly coherent" structures.
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Figure 13: Mean streamwise velocity U, /U, distribution at z/b = 0.27 for different methods
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Figure 15: Mean streamwise velocity U, /U, distribution at z/b = 0.89 for different methods
5. Conclusion

In this study, the flow characteristics around a swept wing with ice accretion were investigated using both the standard
IDDES method and the AMD-IDDES method. A detailed numerical analysis and comparison were conducted to reveal
the effects of ice accretion on the aerodynamic performance of the wing and to assess the advantages of the AMD-
IDDES method in improving simulation accuracy.

The comparison of instantaneous flow fields at different spanwise positions shows that the AMD-IDDES method
effectively reduces the eddy viscosity in the shear layer separation region, enabling the earlier resolution of leading-
edge vortex structures and mitigating the "gray area issue" commonly observed in the standard IDDES method. The
AMD-IDDES method also demonstrated higher accuracy in predicting vorticity distribution within the shear layer and
pressure recovery regions.

The pressure distribution results indicate that ice accretion at the leading edge replaces the leading-edge suction peak
with an almost constant pressure plateau, which extends over approximately 20% to 40% of the chord length,
suggesting the presence of a leading-edge separation bubble. In the pressure recovery region, the AMD-IDDES method
provides a more accurate prediction of pressure distribution, whereas the standard IDDES method tends to overpredict
the length of the separation bubble. Furthermore, the spanwise pressure distribution reveals that the width of the
pressure plateau increases with increasing spanwise position, reflecting the growth of flow structures and the presence
of significant spanwise flow.

The velocity distribution results further reveal differences in the flow structures predicted by the two methods. Near
the wing root, the AMD-IDDES method, due to its lower initial eddy viscosity, can resolve the initial vortex structures
earlier, whereas the standard IDDES method exhibits excessive eddy viscosity, which severely delays the development
of Kelvin—Helmholtz (K-H) instability. Near the wingtip, the standard IDDES method delays shear layer separation,
resulting in larger downstream vortex structures, which Deck and Thorigny referred to as "overly coherent" structures.
In summary, the AMD-IDDES method demonstrates higher accuracy in simulating the complex flow characteristics
of swept wings with ice accretion, particularly in shear layer separation, pressure recovery, and leading-edge vortex
resolution. This study provides valuable insights for further improving the prediction methods for iced airfoil
aerodynamic performance and enhancing the applicability of turbulence models.
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