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Wall-modeled large-eddy simulation (LES) of a swept wing with leading-edge ice buildup

is performed using three mesh paradigms and associated flow solvers and compared to

experimental results. The study focuses on an 8.9% scale model of the CRM65 swept wing

featuring both high-fidelity and smooth leading-edge ice shapes. The assessment is conducted

using the Launch, Ascent, and Vehicle Aerodynamics (LAVA) framework using the three actively

supported meshing paradigms in LAVA: structured curvilinear overset, unstructured, and

Cartesian. For the iced configurations, these paradigms use hybrid body-fitted/source-term

immersed-boundary, body-fitted, and ghost-cell immersed-boundary strategies, respectively.

The unstructured and Cartesian mesh paradigms are particularly attractive for complex ice

shapes as they avoid the manual mesh generation effort associated with the curvilinear approach.

For the high-fidelity ice shape, good agreement with the experiment can be obtained with all

three strategies; however, the curvilinear method is particularly sensitive to the source-term

immersed-boundary timescale and spanwise mesh resolution, and the Cartesian implementation

is sensitive to the choice of numerical flux. For the smooth ice, larger discrepancies are observed

across all methods. However, a mesh refinement study guided by flow visualizations leads to an

improved comparison with the experiment that is particularly pronounced for the unstructured

mesh paradigm.

I. Introduction

Understanding the aerodynamic performance effects of ice buildup during ŕight is important to mitigate the negative
impacts of in-ŕight icing, including reduced lift, nonlinear changes in pitching moment, and increased drag [1].

Computational approaches for understanding iced ŕows are attractive as they can be őnancially cheaper and less resource
intensive compared to traditional wind tunnel experiments and ŕight tests. However, iced conőgurations typically lead
to complex ŕows involving separated regions and a range of length scales that are challenging for numerical methods
to capture. Stebbins et al. [2] notes that Reynolds-averaged Navier-Stokes (RANS) methods are commonly used to
simulate iced ŕows (e.g., [3, 4]) due to their relatively cheap computational cost and historical legacy. However, they
have difficulty predicting aerodynamic loads for separated ŕows, which are common for high angles of attack and iced
geometries [5ś7].

As an alternative to RANS, scale-resolving approaches like wall-modeled large-eddy simulation (WMLES), along
with other hybrid approaches, have been introduced as a computationally tractable means of time-accurately resolving
large-scale turbulent structures while modeling subgrid-scale features. Xiao et al. [8, 9] performed pioneering work
applying WMLES to iced airfoils. They noted the remarkable ability of WMLES to predict ŕow separation and resolve
the Kelvin-Helmholtz instability associated with the ice-induced separated shear layer. Similar results were obtained by
Wong et al. [10] for a NACA 23012 airfoil with EG1164 horn ice accretion. This case was also used as a validation test
for Voronoi WMLES in [11]. Bornhoft et al. [12] studied a NACA 23012 airfoil with several different ice shapes and
observed that WMLES accurately captured the aerodynamics of glaze ice shapes with large roughness scales, but that
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special consideration must be taken for rime ice shapes when the roughness scales are sub-grid. Recent WMLES studies
have focused on three-dimensional ice shapes formed on a straight wing with the NACA 23012 airfoil section [13]
and an 8.9% scale version of the CRM65 swept wing, a 65% scale version of the Common Research Model (CRM)
geometry [11, 14]. Note that the CRM geometry was initially created for the AIAA Drag Prediction Workshop [15ś18].

The subscale CRM65 geometry with leading-edge ice accretion is an attractive validation case for numerical
methods in part because it has been studied in detail experimentally [19ś22]. Numerical studies have focused on
two three-dimensional ice shapes: a high-ődelity shape representative of realistic ice accretion and a smooth shape
approximating the high-ődelity ice shape by smoothly lofting the local maximum cross-sectional proőles of the
high-ődelity ice shape across the wing span. The development and study of the latter shape is due to icing simulation
tools that cannot reproduce the high-ődelity shape [23ś25]. This test case has been used to evaluate improved delayed
detached-eddy simulation [26], RANS [27, 28], and WMLES [11, 14] methods.

The objective of this work is to evaluate WMLES of the iced CRM65 geometry with all three mesh paradigms within
the Launch, Ascent, and Vehicle Aerodynamics (LAVA) framework [29]. This work builds upon [11], which presented
results for this case with LAVA curvilinear and unstructured Voronoi paradigms. Speciőcally, sensitivities with LAVA
Curvilinear are addressed which affect accuracy for the high-ődelity ice shape. Also, the moment discrepancy at high
angles of attack with LAVA Unstructured is discussed and rectiőed. For the smooth ice with LAVA Unstructured, ŕow
visualizations are examined leading to judicious construction of őner meshes leading to improved comparison with the
experiment. Furthermore, results with LAVA Cartesian for high-ődelity and smooth ice are presented. Notably, the
unstructured Voronoi and Cartesian results are generated entirely using GPU-ported versions of those codes, leading to
improved simulation turnaround times. Both these solvers have undergone optimizations targeting NVIDIA A100 GPUs
and are capable of simulating a problem to the same level of accuracy as the CPU implementations while using only
a fraction of the energy. Further discussion about the computational cost can be found in Sozer et al. [30]. Relevant
details about the iced CRM65 test case are provided in Sec. II. Subsequently, the computational methodologies for each
mesh paradigm and associated solver within LAVA are described in Sec. III, followed by numerical results in Sec. IV. A
comparison of results across the three mesh paradigms and solvers leads to conclusions regarding WMLES for iced
aerodynamics predictions.

II. Problem Description
This work investigates the aerodynamic performance of CRM65 wing with high-ődelity and smooth leading-edge

ice shapes. These ice shapes were initially conceived in the context of experimental work [20, 21, 23]. To develop
them, portions of the wing were placed inside NASA’s Glenn Research Center’s Icing Research Tunnel at conditions
facilitating ice buildup. The resulting ice shapes were then digitized using a laser-scanning procedure, printed using
additive manufacturing techniques, and affixed to the leading-edge of a wind tunnel model for experimental data
collection. Representative sections of these two ice shapes are shown in Fig. 1. For the ice triangulations, Geomagic
Wrap [31] was used to őx the triangulations and make them manifold and these versions of the triangulations were used
to obtain the numerical results presented in this paper, as opposed to the shrink-wrapped triangulations used in [11].
However, negligible differences were observed between these two versions of the triangulations in terms of aerodynamic
performance. Detailed information about the distinction between the shrink-wrapped and Geomagic-őxed triangulations
is given in [11]. The experimental data used in the present work was obtained at the Walter H. Beech Wind Tunnel at
Wichita State University (WSU) in Wichita, Kansas [20]. The ŕow conditions of interest are summarized in Table 1,
while Table 2 provides the geometric information for the CRM65 wing. The present work compares aerodynamic loads,
surface pressure proőles, and surface oil ŕow visualizations to LAVA WMLES predictions. For the surface pressure
proőles, Fig. 2 and Table 3 detail the pressure tap locations used to collect information about experimental surface
pressure distributions.
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Table 1 Flow conditions for the iced CRM65 wing.

Name Symbol Value

Reynolds number per mean aerodynamic chord Re 1.6 × 106

Mach number 𝑀 0.18

Freestream dynamic pressure 𝑞∞ 2068.43 Pa (0.3 psi)

Freestream temperature 𝑇∞ 288.87 K

Freestream velocity magnitude 𝑢∞ 61.34 m s−1

Freestream pressure 𝑝∞ 91 200.62 Pa

Freestream density 𝜌∞ 1.10 kg m−3

Speciőc heat of air at constant pressure 𝑐𝑝 1005 J kg−1 K−1

Ratio of speciőc heats 𝛾 1.4

Sutherland law constant 𝐶𝑆 1.45 × 10−6 kg m−1 s−1 K−0.5

Sutherland temperature 𝐶 110 K

(a) High-fidelity ice shape

(b) Smooth ice shape

Fig. 1 Renderings of ice shapes from [20] showing representative sections of high-fidelity and smooth leading-

edge ice accretions.
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Table 2 Summary of geometric parameters for the 8.9% scale CRM65 wing [19, 21, 22].

Wing Parameter 8.9% Scale (WSU Model)

Span, 𝑏 60.00 in 1.524 m

Mean aerodynamic chord, MAC 16.67 in 0.423 m

Area (geometric) 865.3 in2 0.558 m

Volume 1069 in3 0.0175 m3

Aspect ratio* 8.3

Taper ratio 0.23

Root chord 27.00 in 0.686 m

Tip chord 6.19 in 0.157 m

Root twist 4.4°

Tip twist −3.8°

Sweep angle (1/4-chord) 35°

Sweep angle (leading edge) 37.2°

Location of rotation center† 𝑥 = 19.37 in, 𝑦 = 0 in, 𝑧 = 0 in 𝑥 = 0.492 m, 𝑦 = 0 m, 𝑧 = 0 m

Location of moment center† 𝑥 = 23.87 in, 𝑦 = 0 in, 𝑧 = 0 in 𝑥 = 0.606 m, 𝑦 = 0 m, 𝑧 = 0 m

Location of MAC (1/4-chord)† 𝑥 = 17.49 in, 𝑦 = 0 in, 𝑧 = 0 in 𝑥 = 0.444 m, 𝑦 = 0 m, 𝑧 = 0 m
*Whereas the other parameters in this table are deőned speciőcally for this geometry, the aspect ratio is deőned for a full aircraft
conőguration using the formula (2 × semispan)/(2 × area of one wing) .
† (0, 0, 0) is the wing root-section leading edge at zero angle of attack.

Fig. 2 Pressure tap locations on the 8.9% scale CRM65 wing [19].
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Table 3 Pressure tap locations on the 8.9% scale CRM65 wing [19, 21].

Row Number Orientation Normalized Spanwise Location*, 𝒚/𝒃 Spanwise Location (m), 𝒚

1 Normal 0.11 0.16764

2 Streamwise 0.11 0.16764

3 Streamwise 0.28 0.42672

4 Normal 0.44 0.67056

5 Streamwise 0.44 0.67056

6 Normal 0.60 0.91440

7 Streamwise 0.60 0.91440

8 Normal 0.81 1.23444

9 Streamwise 0.81 1.23444

10 Streamwise 0.90 1.37160
*Spanwise location is provided for the leading-edge taps at rows 1, 4, 6, and 8 that were oriented normal to the leading edge.

(a) Curvilinear (b) Unstructured Voronoi (c) Cartesian

Fig. 3 Comparison of three mesh paradigms for the CRM65 wing with high-fidelity ice (L2). The contour uses

a color band to represent the cube root of cell volume. Voronoi and Curvilinear meshes have a gradient within

each color band, while Cartesian mesh levels have fixed spacings at each level.

III. Computational Methodology
The LAVA framework [29] is used to perform this computational study. LAVA can handle structured curvilinear,

structured Cartesian, and unstructured arbitrary polyhedral meshes. Separate computational ŕuid dynamics solvers
within the framework are used for each type of mesh, namely, LAVA Curvilinear, LAVA Cartesian, and LAVA
Unstructured, respectively. Examples of the three different mesh paradigms used for the high-ődelity ice shape at
a speciőc spanwise location are shown in Fig. 3. In this work, the unstructured meshes used are based on Voronoi
diagrams and generated using the LAVA Voronoi mesher [32]. Across all meshing strategies, WMLES [33ś36] is used
to accurately and efficiently resolve the unsteady separated ŕows involving a range of length scales typical in icing
application [10ś12, 14]. The WMLES implementation within LAVA evaluates the LES solution all the way to the
wall using wall stress and heat ŕux boundary conditions supplied by the wall model, which provides a stress boundary
condition for the LES. The implemented algebraic wall model is an analytical law that smoothly blends the viscous
sub-layer and log-layer [10]. The constant-coefficient anisotropic Vreman model is used as the sub-grid scale closure,
with a őxed value of 0.07 for all curvilinear simulations and 0.08 for all Voronoi and Cartesian simulations. Additional
details regarding the WMLES approach in LAVA can be found in [10, 37, 38]. The explicit third-order total variation
diminishing Runge-Kutta scheme [39] is used for time-marching with Courant-Friedrichs-Lewy numbers of 1.5 for the
curvilinear simulations and 2 for the Voronoi and Cartesian simulations.

A. Curvilinear

Given the complexity of ice shapes like the high-ődelity ice shape in Fig. 1, it is simply not feasible to construct
meshes using conventional body-őtted meshing practices. Therefore, for the curvilinear paradigm, the wing without ice
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Table 4 Summary of new unstructured Voronoi meshes. GPUs refer to NVIDIA A100 GPUs. The energy

consumption is estimated based on peak power recordings of 800 W per compute node for the FP64 A100 GPU

simulations, where each compute node has 4 GPUs.

Ice

Shape

Mesh

Name

Cells

(million)

Minimum

𝚫𝒙 (mm)

Averaged

𝚫𝒕 (s)

Number of

GPUs used

Wall-clock hours

per CTU

Megajoules

per CTU

HiFi L4 22 0.4 3.222 × 10−7 4 1.14 3.27

HiFi L2 97 0.2 1.530 × 10−7 16 1.95 22.41

Smooth L2 90 0.2 1.641 × 10−7 32 0.80 18.48

Smooth L1 445 0.1 0.817 × 10−7 64 3.99 183.86

Smooth L05 470 0.05 0.345 × 10−7 128 5.28 486.79

is meshed using standard body-őtted techniques and the effect of the ice on the ŕow is enforced implicitly with penalty
terms added to the governing equations using a source-term-based immersed-boundary method [10, 11, 40ś45]. The
speciőc source-term immersed-boundary method used is formulated as a Brinkman penalization [46]. Additional details
regarding this penalty approach as implemented in LAVA can be found in [10, 11, 44]. For the spatial discretization, the
convective ŕux derivatives are expressed in terms of numerical ŕux functions at the half-points [37] and are evaluated
using a second-order KEEP-type scheme [11, 47]. Speciőcally, the KEEP-Scale approach outlined in [47] is used.
Standard second-order accurate central differencing is used for the discretization of the viscous ŕuxes [37].

A new mesh was constructed and results are compared to those in [11]. In contrast to [11] that included the circular
splitter plate and the tunnel ŕoor at a location of 𝑦 = −0.0635 m, here the splitter plate is excluded and a symmetry
plane is placed at 𝑦 = 0, consistent with the unstructured Voronoi simulations in [11, 14]. Another difference with the
new mesh is that the spanwise spacing near the ice is őner and equal to 0.2 mm due to the sensitivity to spanwise mesh
spacing noted in [11]. The őner spanwise spacing corresponds to the off-wall spacing. With these modiőcations, the
new mesh, denoted łImproved Meshž in the numerical results, has 608.6 million nodes.

B. Unstructured Voronoi

The unstructured solver uses a second-order őnite-volume method for spatial discretizations on arbitrary polyhedral
meshes. Further details regarding the general numerical discretization are provided in [38], and speciőc details regarding
the KEEP convective ŕux discretization are provided in [11]. For the unstructured solver, Voronoi-type meshes are
constructed with the LAVA Voronoi mesher [32]. Voronoi meshes are advantageous because they can be generated in an
automated fashion that removes the manual overhead associated with generating body-őtted curvilinear meshes [32, 38].
They also have isotropic cells that are ideal for WMLES and lead to an explicit representation of the ice within the
mesh in the current context, which avoids sensitivities associated with immersed-boundary-type methods. In this work,
new Voronoi meshes for both ice shapes were constructed and compared to those in [11]. Table 4 summarizes the
characteristics of the constructed Voronoi meshes, along with some of the simulation parameters including computational
cost. Here, CTU denotes łconvective time unitsž, where a single convective time unit is equal to the mean aerodynamic
chord (MAC), deőned in Table 2, divided by the freestream velocity magnitude, deőned in Table 1. It is important
to note that energy consumption is sensitive to the number of GPUs used to perform a simulation and the wall-clock
hours it takes to simulate one CTU. Comparing the energy consumption numbers reported here in Tables 4 and 5 with
those in [30] highlights these sensitivities. The main features distinguishing the new meshes compared to the authors’
previous publication are in several additional distinct reőnement regions to more efficiently capture the details of the
iced geometry leading to reduced cell counts while maintaining the same minimum cell size near the ice, the use of the
Geomagic-őxed triangulations as opposed to the shrink-wrapped triangulations, and the generation of őner meshes for
the smooth ice to better capture the ŕow behavior near the leading edge. Fig. 4 depicts the reőnement regions for the
high-ődelity ice shape on L2 and L4 levels. In addition separate meshes for the more challenging smooth ice geometry
which has a smooth-body separation problem are shown in Fig. 5.

All unstructured Voronoi meshes generated for the current work, except for the L05 mesh level used for smooth ice
shape, obey the same description for reőnement regions relative to a single length scale parameter (𝐿𝑠) that allows the
creation of these progressively reőned families of meshes. For these meshes, the base cell size distribution is created
by using telescoping regions that become two times coarser as they move away from the surface, each of them with a
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(a) Unstructured Voronoi L4 (𝚫𝒙 = 0.4 mm) (b) Unstructured Voronoi L2 (𝚫𝒙 = 0.2 mm)

(c) Cartesian L4 (𝚫𝒙 = 0.4 mm) (d) Cartesian L2 (𝚫𝒙 = 0.2 mm)

Fig. 4 Comparison of mesh resolutions L2 and L4 for high-fidelity ice shape between unstructured Voronoi and

structured Cartesian approach at row 3 (𝒚/𝒃 = 0.28).

(a) Unstructured Voronoi L1 (𝚫𝒙 = 0.1 mm) (b) Unstructured Voronoi L05 (𝚫𝒙 = 0.05 mm)

Fig. 5 Comparison of meshing strategies for L1 and L05 unstructured Voronoi meshes for smooth ice at

𝒚/𝒃 = 0.28 (Row 3). Refinement for the L05 mesh is localized to the smooth body separated flow region near the

leading edge.

thickness corresponding to 8-cells of height. The relative size of the őrst layer was chosen to be 4𝐿𝑠 on the top of the
iced wing and 8𝐿𝑠 on its bottom. Additionally, targeted reőnement areas were added to the base cell distribution. A
single 8-cell-height layer with 2𝐿𝑠 was added up to 30% of the chord on the upper side of the wing only. Moreover,
two constant thickness regions with 2𝐿𝑠 cell spacing were included, one 4 mm-thick region near the upper portion of
the iced horn and one 7.5 mm-thick region above the wing, from the up to 10% of its chord. Finally, a region with a
variable thickness equivalent to 4 cells of height with unitary relative length scale was added near the horn ice. These
cell size distributions can be observed in the L4, L2, and L1 unstructured meshes for both high-ődelity and smooth ice
shapes shown in Figs. 4 and 5, respectively.

After obtaining results on the smooth ice conőguration with the L2 and L1 mesh levels with the previously described
cell distribution strategy, it was decided to concentrate the location of the most reőned cells to the upper portion of the
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Table 5 Summary of Cartesian meshes. GPUs refers to NVIDIA A100 GPUs. The energy consumption is

estimated based on peak power recordings of 800 W per compute node for the FP64 A100 GPU simulations,

where each compute node has 4 GPUs.

Ice

Shape

Mesh

Name

Solve Cells

(million)

Minimum

𝚫𝒙 (mm)

Averaged

𝚫𝒕 (s)

Number of

GPUs used

Wall-clock hours

per CTU

Megajoules

per CTU

HiFi L4 79.3 0.4 5.146 × 10−7 16 0.21 2.45

HiFi L2 334.7 0.2 2.317 × 10−7 32 0.94 21.63

Smooth L2 273.8 0.2 2.285 × 10−7 16 0.86 9.91

Smooth L1 718.8 0.1 1.209 × 10−7 32 2.52 58.06

horn ice accretion and to decrease the off-body reőnement over the upper surface near the leading edge. This decision
was made based on sensitivity of the airŕow around the iced wing to mesh reőnement. Ultimately, the L05 mesh was
designed to have the same cell size distribution of the L1 mesh with two exceptions: the constant thickness regions were
set to have an absolute cell size of 0.4 mm instead of 0.2 mm and the horn ice reőnement was restricted to the upper
portion of the ice with an 8-cell-thick layer of 0.05 mm spacing. The effect of these adjustments are exhibited in Fig. 5.

C. Cartesian

Details on the WMLES implementation in LAVA Cartesian are provided in Cadieux and Barad [48]. In this work,
for the convective ŕux discretization, a second-order accurate KEEP scheme designed to match that of the LAVA
unstructured solver [11] and a fourth-order accurate hybrid central-upwind extension of the scheme described in [48]
are compared. The latter scheme is denoted as łCENQž. The Cartesian simulation set-up, like that for curvilinear and
Voronoi, uses a free-air conőguration with a symmetry plane at 𝑦 = 0. The farőeld is located 50 m in the positive and
negative streamwise directions and 100 m in the spanwise direction from the wing root. With this domain, Cartesian
nonconforming meshes using reőnement ratios of 2 are generated with an automated approach. A base forest of octrees,
where the leaves are boxes of 83 Cartesian cells, is generated to cover the domain, and the boxes are reőned into
8 children and their parent discarded until the user-speciőed mesh spacing for various regions is reached. Table 5
summarizes the meshes used in this work, along with some of the simulation parameters including computational cost.
Meshes with minimum cell size of 0.4 mm and 0.2 mm were generated for the high-ődelity ice and őner meshes with
minimum size of 0.2 mm and 0.1 mm were generated for the smooth ice. In both cases, a cylinder region immediately
aft of the ice shape was tagged for reőnement to the őnest level present in the mesh to better capture the separated shear
layer induced by the ice shape. In Table 5, the cell counts, wall-clock hours per CTU, and energy consumption per CTU
are largely dependent on the reőnement region immediately aft of the ice shape and can be signiőcantly reduced with
more judicious reőnement, e.g., with Cartesian adaptive mesh reőnement.

IV. Numerical Results and Discussion
Numerical results are compiled for the CRM65 wing for all three mesh paradigms in LAVA with high-ődelity and

smooth ice shapes. The simulations are run out until the integrated loads reach a statistically stationary state. Experimental
data for comparison is taken from [20ś22] and is based on wind-tunnel corrected values as the computational domain
does not model the entire wind tunnel. The numerical simulations use the corresponding angles of attack based on
the wind-tunnel correction and the aerodynamic moments were taken about the MAC (1/4-chord) location. In [11],
some discrepancy was observed between the numerical and experimental aerodynamic moments at the higher angles of
attack with the Voronoi method. However, after the publication of [11], further discussions with Brett Bornhoft and
the experimentalists revealed that the discrepancy was related to differences between the experimental and numerical
methods of computing the moment about the MAC (1/4-chord) location. Speciőcally, in [11], the experimental moment
about the MAC (1/4-chord) location that was compared against was computed as

𝐶𝑀,MAC (1/4-chord) = 𝐶𝑀,moment center −
𝑥moment center − 𝑥MAC (1/4-chord)

MAC
𝐶𝐿 . (1)
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Fig. 6 Aerodynamic loads with Curvilinear solver for the CRM65 wing with high-fidelity leading-edge ice

compared to experiment.

However, Eq. (1) can be considered as a special case of the following equation that additionally depends on the angle of
attack and drag coefficient:

𝐶𝑀,MAC (1/4-chord) = 𝐶𝑀,moment center −
𝑥moment center − 𝑥MAC (1/4-chord)

MAC
(cos(𝛼)𝐶𝐿 + sin(𝛼)𝐶𝐷) . (2)

When 𝛼 = 0◦, Eq. (2) reduces to Eq. (1). In the present work, the experimental aerodynamic moment about the
MAC (1/4-chord) location is evaluated with both Eq. (1) and Eq. (2). The latter equation, Eq. (2), is consistent with
how the moment is computed in the numerical simulations and is therefore denoted in the plot legends with the suffix
łCORRECTEDž.

A. High-Fidelity Ice Shape

The high-ődelity ice shape was simulated across a range of angles of attack from 2.185° to 24.524°, depending
on the solver. In [11], for the curvilinear method, it was noted that there was signiőcant sensitivity to spanwise mesh
spacing where insufficient resolution led to an inability to capture ŕow through the gaps between the ice shape thus
leading to discrepancy with the comparison to the experiment in terms of moment, skin-friction coefficient, and pressure
proőles. In this work, the new mesh with őner spanwise spacings was compared to the results in [11] at an angle of attack
of 8.423°. The integrated loads for the new mesh, denoted łCURV Improved Meshž are shown in Fig. 6. With the new
mesh, there is relatively little change in lift and drag, but signiőcant improvement in the moment comparison. To address
the remaining moment discrepancy, a study was performed investigating the source-term immersed-boundary timescale.
From Fig. 7, it can be observed that with a source-term timescale of 145.01 × 10−5 CTU, the implicit representation of
the ice is quite porous, allowing up to 15% of the normalized velocity magnitude through the ice. In contrast, when the
source-term timescale is reduced to 1.50 × 10−5 CTU, denoted "CURV Improved Mesh Timescale" in the legend, the
ice appears much more solid to the ŕow, and improves the agreement between the numerical and experimental moment
values even further, as shown in Fig. 6. In both cases shown in Fig. 7, the timestep size used for the simulations is on the
order of 1.50 × 10−5 CTU.

Focusing now on Voronoi and Cartesian results for the high-ődelity ice, Fig. 8 shows integrated loads across a
range of angles of attack. Compared to the Voronoi meshes from [11], the new Voronoi meshes (denoted with the
suffix łNEWž in the legend) with a reduced number of cells and with the Geomagic-őxed triangulation demonstrate
excellent agreement with the experiment. Clearly, the updated moment (denoted with łCORRECTEDž in the legend)
agrees much better with the computational results and addresses the moment discrepancy between the numerical and
experimental values at high angles of attack with unstructured Voronoi identiőed in [11]. For the Cartesian results,
good agreement is obtained at 2.185° and 24.524° with the KEEP scheme; however, at 8.423° and 10.465°, the hybrid
central-upwind scheme (CENQ) gives better agreement with the experiment.

Next, ŕow visualizations with unstructured Voronoi and Cartesian are compared at 8.423°. Figures 9 and 10 give
streamwise velocity contours for Voronoi and Cartesian, respectively, for the L2 meshes at several spanwise sections
along the wing. For both grid paradigms, the separation increases towards the outboard region of the wing. However,
the Cartesian mesh appears to resolve őner structures due to the additional reőnement region aft of the ice compared to
Voronoi. Figure 11 shows time-averaged and instantaneous skin-friction contours compared to the experimental oil ŕow
with Voronoi and Fig. 12 shows an analogous plot for Cartesian. Examining the time-averaged contours for both solvers,
there are streamwise structures near the inboard leading edge portion of the wing similar to what can be observed in the
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(a) Source-term timescale: 145.01 × 10−5 CTU (b) Source-term timescale: 1.51 × 10−5 CTU

Fig. 7 Instantaneous streamwise velocity normalized by velocity magnitude with Curvilinear solver for the

CRM65 wing with high-fidelity leading-edge ice at angle of attack of 8.423° and 𝒚/𝒃 = 0.60 (Row 7) (KEEP

scheme, Improved grid).

Fig. 8 Aerodynamic loads with Voronoi and Cartesian solvers for the CRM65 wing with high-fidelity leading-

edge ice compared to experiment.

oil ŕow visualization. Near the midboard, there is a region of slightly higher skin-friction that appears to be present for
both approaches, but is slightly higher in the case of the Cartesian solver. Figure 13 shows the time-averaged contours
across all three solvers. Similar structures are seen across mesh paradigms with the inboard streamwise structures
being slightly less pronounced for the curvilinear solver, perhaps due to the source-term ice representation, and the
skin-friction is slightly higher in the inboard leading edge and midboard region for Cartesian.

Finally, examining the pressure proőles 2.185° in Fig. 14 shows good agreement between the experiment, Voronoi,
and Cartesian results with slight overprediction in upper surface suction for łCART KEEP L4ž that is particularly
noticeable for rows 9 and 10, but improves on the L2 mesh. Figure 15 shows the pressure proőles across all three mesh
paradigms at 8.423°. The Cartesian solver with KEEP scheme has a tendency to overpredict the upper surface suction.
This improves with mesh reőnement and also when switching to the fourth-order hybrid central-upwind scheme, which
trends faster towards the experiment with mesh reőnement. The Voronoi proőles agree quite well with the experiment
with a slight underprediction in upper surface suction near the leading edge at row 7 that does not seem to improve
with reőnement. Finally, the curvilinear proőles demonstrate a slight underprediction in upper surface suction towards
the outboard portion of the wing. Overall, the pronounced roughness of the high-ődelity ice shape promotes the
rapid development of turbulent ŕow over the wing, making it well-suited for WMLES to capture across all three mesh
paradigms.
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Fig. 9 Instantaneous streamwise velocity normalized by velocity magnitude with unstructured Voronoi for the

CRM65 wing with high-fidelity leading-edge ice at angle of attack of 8.423° (KEEP scheme, L2 grid).

Fig. 10 Instantaneous streamwise velocity normalized by velocity magnitude with Cartesian for the CRM65

wing with high-fidelity leading-edge ice at angle of attack of 8.423° (CENQ scheme, L2 grid).
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(a) Oil flow visualization (b) Time-averaged skin-friction (c) Instantaneous skin-friction

Fig. 11 Experimental oil flow visualization compared to contours of time-averaged and instantaneous coefficient

of skin-friction with unstructured Voronoi for the CRM65 wing with high-fidelity leading-edge ice at angle of

attack of 8.423° (KEEP scheme, L2 grid).

(a) Oil flow visualization (b) Time-averaged skin-friction (c) Instantaneous skin-friction

Fig. 12 Experimental oil flow visualization compared to contours of time-averaged and instantaneous coefficient

of skin-friction with Cartesian for the CRM65 wing with high-fidelity leading-edge ice at angle of attack of 8.423°

(CENQ scheme, L2 grid).
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(a) Curvilinear (b) Voronoi (c) Cartesian

Fig. 13 Contours of time-averaged coefficient of skin-friction with Curvilinear (KEEP scheme, Improved grid),

Voronoi (KEEP scheme, L2 grid), and Cartesian (CENQ scheme, L2 grid) solvers for the CRM65 wing with

high-fidelity leading-edge ice at angle of attack of 8.423°.

Fig. 14 Time-averaged coefficient of pressure with Voronoi and Cartesian solvers for the CRM65 wing with

high-fidelity leading-edge ice at angle of attack of 2.185° compared to experiment.
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Fig. 15 Time-averaged coefficient of pressure with curvilinear, unstructured Voronoi, and Cartesian for the

CRM65 wing with high-fidelity leading-edge ice at angle of attack of 8.423° compared to experiment.
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Fig. 16 Instantaneous streamwise velocity normalized by velocity magnitude with unstructured Voronoi for the

CRM65 wing with smooth leading-edge ice at angle of attack of 8.458° (KEEP scheme, L05 grid).

B. Smooth Ice Shape

Here, the CRM65 wing with smooth ice is studied at an angle of attack of 8.458°. Results with the Voronoi and
Cartesian meshes for the smooth ice summarized in Tables 4 and 5, respectively, are compared to curvilinear and
Voronoi results from Craig Penner et al. [11] and Voronoi results from Bornhoft et al. [14]. In [14], the smooth ice
was hypothesized to introduce laminar boundary layers and laminar-to-turbulent transition effects, due to the lack of
substantial leading-edge roughness present for the high-ődelity ice. This was addressed by introducing additional mesh
resolution near the leading-edge and modeling the smooth ice with a no-slip boundary condition, which lead to good
agreement with the experiment at 8.458° at the cost of 1.2 billion mesh cells and a reduced timestep [14]. This work
follows a similar strategy in an attempt to improve upon the results for the smooth ice presented in [11].

To begin the investigation, Fig. 16 shows contours of instantaneous streamwise velocity normalized by freestream
velocity magnitude for unstructured Voronoi on the őnest mesh considered (L05). Comparing the velocity contours
for the smooth ice in Fig. 16 to velocity contours for the high-ődelity ice in Fig. 9 shows that there is signiőcantly
less negative velocity immediately aft of the smooth ice, which conőrms that the ŕow topology for the smooth ice is
fundamentally distinct from the high-ődelity ice. Figure 17 shows the behavior of time-averaged surface skin-friction
with mesh reőnement and Fig. 18 shows corresponding proőles at several stations along the span to give a sense of how
the ŕow topology changes with mesh reőnement. Notably, there is an initial drop in skin-friction near the leading edge
and it moves further upstream with mesh reőnement. Figure 19 shows the variation in the 𝑥/𝑐 location of the initial
drop in skin-friction with reőnement at inboard, midboard, and outboard stations that reinforces this trend. Figure 20
compares the upper-surface 𝑦+ proőles for the L1 and L05 unstructured Voronoi meshes. For the L05 mesh, the 𝑦+

values are below őve near the leading edge and within the laminar sublayer of the boundary layer, which falls withing
the wall-resolved LES regime.

To analyze the leading-edge ŕow further, Figs. 21 and 22 show the ŕow behavior near the leading edge under
mesh reőnement with unstructured Voronoi near inboard (𝑦/𝑏 = 0.11) and outboard (𝑦/𝑏 = 0.81) stations, respectively.
At the inboard station, three primary ŕow features were identiőed that vary with reőnement: a drop in skin friction
(A), recirculation (B), and boundary layer re-establishment (C). Examining the trends with increasing reőnement
indicates that the drop in skin-friction (A) moves upstream, the recirculation region (B) moves downstream, and the
re-establishment of the boundary layer (C) becomes more gradual. At the outboard station, the leading-edge ŕow is
characterized by an initial separation corresponding to a sudden drop in skin-friction (A), followed by a recirculation
region (B). With increasing reőnement, the initial separation point (A) moves upstream and the recirculation region (B)
decreases in size.
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(a) L2 mesh (b) L1 mesh (c) L05 mesh

Fig. 17 Comparison of contours of time-averaged skin-friction with unstructured Voronoi across three mesh

levels for the CRM65 wing with smooth leading-edge ice at angle of attack of 8.458° (KEEP scheme).

Fig. 18 Time-averaged upper-surface skin-friction profiles with unstructured Voronoi for the CRM65 wing

with smooth leading-edge ice at angle of attack of 8.458°. The horizontal magenta lines denote Cfxavg = 0.

Figure 23 shows the integrated loads compared to experiment. The data denoted by ł3Dsmooth VORO KEEP L4ž
is taken from [11] for comparison. There is little spread across the different methods in lift and drag, and agreement
with the experiment is reasonable. However, there is more discrepancy between the numerical and experimental results
for the moment. Examining the pressure proőles in Fig. 24 shows that the Cartesian KEEP approach produces a large
overprediction in upper surface suction that is reduced both with mesh reőnement and when switching to the fourth-order
CENQ scheme. The Voronoi method also produces an overprediction in upper surface suction, similar to [11], but
trends towards the experiment with mesh reőnement. Speciőcally, the L05 mesh with Voronoi KEEP approaches the
experiment with reduced upper surface suction overprediction, while the curvilinear proőle from [11] underpredicts
upper surface suction along the span. Figure 25 compares the Voronoi pressure proőles to the łFinež and łXXFinež
Voronoi results from Bornhoft et al. [14]. The agreement between the present L05 proőles and the XXFine proőles
of [14] is excellent. Notably, the L05 mesh in the present work has only 470 million cells compared to the XXFine mesh
in [14] that has 1.2 billion cells. However, the timestep size is also a signiőcant contributer to computational cost, and is
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Fig. 19 Variation in 𝒙/𝒄 location of initial drop in time-averaged upper-surface skin-friction with unstructured

Voronoi for the CRM65 wing with smooth leading-edge ice at angle of attack of 8.458°.

Fig. 20 Time-averaged upper-surface 𝒚+ profiles with unstructured Voronoi for the CRM65 wing with smooth

leading-edge ice at angle of attack of 8.458°.

likely similar in for both the XXFine mesh in [14] and the present L05 mesh given that the minimum cell size is the
same for both meshes. Finally, Fig. 26 shows that the skin-friction contours on the L05 mesh reproduce several features
present in the experimental oil ŕow visualization.
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(a) L2 mesh

(b) L1 mesh

(c) L05 mesh

Fig. 21 Flow behavior near the leading edge under mesh refinement with unstructured Voronoi for the CRM65

wing with smooth leading-edge ice at angle of attack of 8.458°. Time-averaged contours of skin-friction coefficient

are shown on the surface, where the magenta lines correspond to Cfxavg = 0. Instantaneous streamwise velocity

contours are shown on a slice at 𝒚/𝒃 = 0.11. The inset shows time-averaged skin-friction profiles.
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(a) L2 mesh

(b) L1 mesh

(c) L05 mesh

Fig. 22 Flow behavior near the leading edge under mesh refinement with unstructured Voronoi for the CRM65

wing with smooth leading-edge ice at angle of attack of 8.458°. Time-averaged contours of skin-friction coefficient

are shown on the surface, where the magenta lines correspond to Cfxavg = 0. Instantaneous streamwise velocity

contours are shown on a slice at 𝒚/𝒃 = 0.81. The inset shows time-averaged skin-friction profiles.
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Fig. 23 Aerodynamic loads with unstructured Voronoi and Cartesian for the CRM65 wing with smooth

leading-edge ice compared to experiment.

Fig. 24 Time-averaged coefficient of pressure with curvilinear, unstructured Voronoi, and Cartesian for the

CRM65 wing with smooth leading-edge ice at angle of attack of 8.458° compared to experiment.
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Fig. 25 Time-averaged coefficient of pressure with unstructured Voronoi for the CRM65 wing with smooth

leading-edge ice at angle of attack of 8.458° compared to experiment and results from Bornhoft et al. [14].

(a) Oil flow visualization (b) Time-averaged skin-friction (c) Instantaneous skin-friction

Fig. 26 Experimental oil flow visualization compared to contours of time-averaged and instantaneous coefficient

of skin-friction with unstructured Voronoi for the CRM65 wing with smooth leading-edge ice at angle of attack

of 8.458° (KEEP scheme, L05 grid).
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V. Summary and Conclusions
This study evaluated WMLES of a swept wing with high-ődelity and smooth leading-edge ice shapes using three

distinct mesh paradigmsÐstructured curvilinear overset, unstructured Voronoi, and CartesianÐimplemented within the
LAVA framework. The őndings demonstrated the strengths and limitations of each strategy while providing valuable
insights into the aerodynamic effects of in-ŕight icing and predictive capabilities of WMLES.

For the high-ődelity ice shape, good agreement was achieved across the three mesh paradigms. However, the
curvilinear strategy demonstrated signiőcant sensitivity to the source-term timescale, a parameter in the hybrid
body-őtted/source-term immersed-boundary method that controls how effectively the ice geometry is represented as a
solid boundary. When the timescale is too large, the representation of the ice becomes porous, allowing ŕow through the
geometry which leads to inaccuracies in predicting aerodynamic loads and ŕow separation. This sensitivity highlighted
the importance of carefully tuning the source-term timescale to achieve reliable predictions. In contrast, the Voronoi
and Cartesian methods avoid this sensitivity as they either explicitly mesh the ice geometry or employ a ghost-cell
immersed-boundary approach that directly enforces the no-penetration boundary condition based on the underlying
geometry. These latter two approaches inherently capture the physical behavior of the ice without requiring additional
parameters like the source-term timescale. In addition, the curvilinear approach requires manual mesh generation,
which demands signiőcant expertise from a domain specialist and can add considerable time to the overall solution
process, particularly for complex geometries. In contrast, the Cartesian method allows for on-the-ŕy mesh generation,
often completing in minutes, while the Voronoi approach can generate meshes for complex iced geometries within a few
hours. This is a dramatic improvement over the manual mesh generation required for the curvilinear approach, which
often takes several days to weeks depending on the complexity of the geometry. Between the latter two methods, the
Cartesian approach exhibited some sensitivity to the choice of numerical ŕux scheme, requiring careful selection to
achieve optimal accuracy; however, both Cartesian and Voronoi methods showed convergence toward experimental
results with increased mesh reőnement.

For the smooth ice conőguration, the results underscored the challenges posed by the laminar boundary layers and
transition effects introduced by the lack of substantial leading-edge roughness. Mesh reőnement, especially with the
unstructured Voronoi paradigm, led to signiőcant improvements, bringing numerical predictions closer to experimental
data in terms of integrated loads, pressure proőles, and skin-friction contours. The Cartesian approach showed similar
behavior to Voronoi in terms of a large overprediction of upper-surface suction near the leading edge, but this behavior
improved with mesh reőnement. Notably, for the Voronoi method, reőnement led to signiőcant improvements when
the upper-surface 𝑦+ values near the leading edge fell within the laminar sublayer, further enhancing agreement with
experimental observations. These őndings are consistent with those presented by Bornhoft et al. [14].

Future work will focus on addressing these challenges by testing different modeling approaches to better capture
the laminar-to-turbulent ŕow behavior observed with the smooth ice shape. Forced transition will also be applied to
coarser meshes, using the transition location identiőed in the L05 results as a guide, to evaluate its effectiveness in
reducing computational costs while maintaining accuracy. Additional reőnement strategies will be explored, including
comparing the effects of localized 0.5 mm mesh reőnement with broader, more global reőnement. Furthermore, a őner
Cartesian mesh with enhanced localized reőnement will be generated to examine its impact on resolving ŕow features
more accurately at reduced computational cost. Lastly, as the smooth ice geometry is less complex, a fully meshed
curvilinear grid will be created to evaluate its performance in capturing ŕow characteristics associated with the smooth
ice conőguration. To further enhance the understanding of iced aerodynamics predictions, additional conőgurations will
be simulated, incorporating varying geometries and conditions, while actively collaborating with experimentalists to
validate őndings and improve the physical ődelity of the simulations.
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